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Preface

This volume, Proceedings of the 16th International Symposium on Operational Research,
called SOR'21, contains papers presented at SOR'21 (https://sor.fov.um.si/), organised by
Slovenian Society INFORMATIKA (SDI), Section for Operational Research (SOR),
University of Maribor, Faculty of Organisational Sciences, Kranj, Slovenia (FOV), and
University of Ljubljana, Faculty of Mechanical Engineering, Ljubljana, Slovenia (UL FS).
The SOR'21 symposium, held 22-24 September 2021, was originally planned to take place in
Bled, Slovenia, but was moved online due to the situation of COVID-19 in Slovenia and
beyond. The volume contains blind peer-reviewed papers or abstracts of papers presented at
the symposium.

The opening address at SOR’21 was given by Prof. Dr. Lidija Zadnik Stirn, President of
SOR, Mr. Niko Schlamberger, President of SDI, representatives of FOV and UL FS, Prof.
Dr. Mario Jadrié, President of Croatian Operational Research Society (CRORS), Dr Sarah
Fores, manager of The Association of European Operational Research Societies (EURO),
and presidents/representatives of some others Operational Research Societies from abroad.

SOR'21 is the scientific event in the field of Operational Research, another in the traditional
series of biennial international OR conferences organised in Slovenia by SDI-SOR. It is the
continuation of fifteen previous symposia. The main objective of SOR'21 is to promote
knowledge, interest and education in the field of OR in Slovenia, Europe and worldwide in
order to build the intellectual and social capital essential for maintaining the identity of OR,
especially at a time when interdisciplinary cooperation is proclaimed as particularly
important for solving problems in today's challenging times. By joining IFORS and EURO,
the SDI-SOR has also agreed to collaborate with different disciplines, i.e., to balance the
depth of theoretical knowledge in OR and the understanding of theory, methods, and
problems in other fields within and outside OR. We believe that SOR'21 creates the
advantage of these goals, contributes to the quality and reputation of OR by presenting and
sharing new developments, opinions and experiences in the theory and practise of OR.

SOR 21 was highlighted by five distinguished keynote speakers. The first part of
Proceedings SOR’21 contains invited abstracts, presented by five outstanding scientists:
Assist. Prof. Nikolina Ban, University of Innsbruck (UIBK), Department of Atmospheric and
Cryospheric Sciences, Innsbruck, Austria, Assist. Prof. Vedran Koji¢, University of Zagreb,
Faculty of Economics & Business, Zagreb, Croatia, Prof. Panos Patrinos, KU Leuven,
Department of Electrical Engineering (ESAT), STADIUS Center for Dynamical Systems,
Signal Processing and Data Analytics, Leuven, Belgium, Prof. Suresh P. Sethi, Eugene
McDermott Chair Professor of Operations Management, Director, Center of Intelligent
Supply Networks, Naveen Jindal School of Management, The University of Texas at Dallas,
Dallas, USA, and Prof. Jerneja Zganec Gros, Alpineon Ltd, Ljubljana, Slovenia.

The Proceedings includes 118 papers or abstracts by 240 authors. Most of the authors of the
contributed papers came from Slovenia (82), then Croatia (52), Hungary (23), Portugal
(23), Serbia (17), Poland (9), Czech Republic (8), Slovak Republic (7), Spain (6),
Netherlands (4), Bosnia and Herzegovina (2), Austria (1), Belgium (1), France (1), Germany
(1), Romania (1), Ukraine (1), United Kingdom (1), and United States of Amerika (1). The
papers published in the Proceedings are divided into Plenary Lectures (5 abstracts), eleven
special sessions: Application of Operational Research in Smart Cities (6 papers),
Computational Mathematical Optimization (7 papers and 6 abstracts), Data Science —
Methodologies and Case Studies (10 papers), Graph Theory and Algorithms (2 papers),



High-Performance Computing and Big Data (3 papers), Industry & Society 5.0:
Optimization in Industrial and Human Environments (6 papers), International Projects in
Operations Research (2 papers), Lessons Learned from the COVID-19 Pandemic:
Applications of Statistical and OR Methods (8 papers), Logistics and Sustainability (9
papers), Operational Research in Ageing Studies and Social Innovations (5 papers),
Operations Research in Agricultural Economics and Farm Management (5 papers), and
eight sessions: Econometric Models and Statistics (6 papers), Environment and Social Issues
(5 papers), Finance and Investments (6 papers), Location and Transport, Graphs and their
Applications (5 papers), Mathematical Programming and Optimization (5 papers and 1
abstract), Multi-Criteria Decision-Making (10 papers), Theory of Games (3 papers), and
Problems Approaching OR (3 papers).

Proceedings of the previous fifteen International Symposia on Operational Research
organised by the Slovenian Section on Operational Research, listed at https://www.drustvo-
informatika.si/sekcije/sor/sor-publikacijepublications/, are indexed in the following
secondary and tertiary publications: Current Mathematical Publications, Mathematical
Review, Zentralblatt fuer Mathematik/ Mathematics Abstracts, MATH on STN International
and CompactMath, INSPEC. It is expected that Proceedings SOR'21 will be covered by the
same bibliographic databases.

The success of the scientific events at SOR'21 and of the present conference proceedings
should be seen because of joint efforts. On behalf of the organisers, we would like to express
our sincere gratitude to all those who assisted us in the preparation of the event. Without the
dedicated and advice of the active members of the Slovenian Operations Research Section,
we would not have been able to attract so many top-class speakers from all over the world.
Many thanks to them. In addition, we would like to express our deepest gratitude to the
prominent keynote speakers, the members of the Programme and Organising Committees,
the reviewers who improved the quality of SOR'21 with their useful suggestions, the section
chairs and all the numerous people - far too many to list individually here - who helped in
organizing of the 16th International Symposium on Operational Research SOR'21 and
compiling this proceedings. Finally, we thank the authors for their efforts in preparing and
presenting the papers that made the 16th Symposium on Operational Research SOR'21 a
success.

We would like to give special thanks to the Partnership for Advanced Computing in Europe
(PRACE) for their financial support.

Ljubljana and Kranj, September 22, 2021

Samo Drobne

Lidija Zadnik Stirn
Mirjana Kljaji¢ Borstnar
Janez Povh

Janez Zerovnik
(Editors)
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Abstract: Mountains play a major role in shaping the weather and climate of the world. However, the
current understanding of mountain climate and how it will change with further warming of the
atmosphere is still very limited. The uncertainty is in large part related to the coarse grid spacing of
current climate models (12-50 kilometres in regional and >50 kilometres in global climate models),
which are not able to properly represent the complex mountainous orography and related processes.
Thus, employing climate models with a kilometre-scale grid spacing provides a promising path.

In this work, we use the COSMO (COnsortium for Small-Scale MOdelling) climate model (COSMO-
CLM) that is capable of using Graphics Processing Units (GPUSs), thus providing a significant
performance increase in comparison to its standard version, which runs on CPUs. The model is run on
Piz Daint (Cray XC50 with Nvidia Tesla P100 GPUs) system at the Swiss National Supercomputing
Center, thanks to the computing resources awarded through the PRACE project.

In this presentation, | will present simulations performed with a horizontal grid spacing of 2.2 km over
the region of Europe (focus on European Alps) and High Mountain Asia (HMA). The simulated
domains, with 1542x1542 and 2640x1475 grid points for Europe and HMA, respectively, are
unprecedented in their size and resolution for climate simulations of these regions in general and
COSMO-CLM applications in particular. The focus of the presentation will be on the model
performance and evaluation in present-day climate, as well as future climate simulations of extreme
events like heavy precipitation.
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Abstract: Although differential calculus is a powerful and often inevitable technique for solving
numerous optimization problems, it is not always easy to implement. Therefore, many researchers
propose different non-calculus methods as complementary tools in finding the optimal solution to
certain problems whenever possible. In this talk, we give a short survey of an extensive research
dealing with the application of mathematical inequalities when solving the economic order quantity
(EOQ) inventory problems. Moreover, we present some ideas on how mathematical inequalities can
be used as an easy-to-apply and simple-to-understand method to compute the global optimum, not
only for EOQ models but for selected problems in microeconomics as well. We also give some
guidelines for improving mathematical education by using mathematical inequalities as a non-
calculus optimization method.

Keywords: optimization, non-calculus method, mathematical inequalities, economics, mathematical
education



ALGORITHMS FOR LARGE-SCALE STRUCTURED NONCONVEX
OPTIMIZATION
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Abstract: Optimization problems are ubiquitous in many engineering and science disciplines, such as
machine learning, signal processing, data science, communications, control and robotics. Optimization
methods have to cope well with the demanding requirements of modern applications. These include
handling large numbers of variables and constraints, being amenable to distributed computations and
finally being able to cope with nonconvexity, typically encountered in applications such as deep
learning. In fact, it is has long been recognized that the great watershed in optimization is between
convexity and non convexity. However, in recent years important progress has been made in bridging
these two fields. On one hand, it has been recently discovered that certain structured nonconvex
problems posses benign landscapes which means they are easier to solve to global optimality. On the
other hand, numerical algorithms that have been traditionally developed under the realm of convexity,
have had recently many successes in nonconvex optimization. In this talk, 1 will present highlights of
these achievements and focus on our recent work on provably convergent algorithms for nonconvex,
nonsmooth, large-scale optimization, as well as ways of accelerating them. The key enabler for these
advancements is the concept of proximal envelopes. Examples coming from the fields of machine
learning, signal processing and control of autonomous systems will be presented.
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Abstract: A critical assumption in the vast literature on inventory management has been that the
current level of inventory is known to the decision maker. Some of the most celebrated results such as
optimality of base-stock have been obtained under this assumption. Yet it is often the case in practice
that the decision makers have incomplete or partial information about their inventory levels. The
reasons for this are many: Inventory records or cash register information differ from actual inventory
because of a variety of factors including transaction errors, theft, spoilage, misplacement, unobserved
lost demands, and information delays. As a result, what are usually observed are some events or
surrogate measures, called signals, related to the inventory level. At best, these relationships may
provide only the distribution of current inventory levels. In the best case, therefore, the relevant state
in the inventory control problems is not the current inventory level, but rather its distribution given the
observed signals. Thus, the analysis for finding optimal production or ordering policies takes place
generally in the space of probability distributions. The purpose of this talk is to review recent
developments in the analysis of inventory management problems with incomplete information.



SPEECH SYNTHESIS IN LANGUAGE DIGITISATION:
THE SLOVENIAN USE CASE
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Abstract: In an attempt to increase user experience when using digital products and services, it is
crucial to improve the interaction with smart devices using multimodal user interfaces. Speech
represents one of the most natural ways of interaction. In order to successfully develop and use speech-
enabled user interfaces, effective and high-quality components of the speech dialogue system need to
be provided: accurate automatic speech recognition and high-quality, intelligible, and natural-sounding
speech synthesis. Here we quickly encounter a constantly widening gap between technologically
"supported" and "unsupported" languages; that is, between languages where users can use advanced
speech and language technology solutions and those that are more or less "useless" for these purposes.
The role of speech technologies in digitisation of language technology products and services will be
presented and demonstrated for the Slovenian use case, along with relevant ethical aspects.
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Abstract: The concept of smart cities is evolving faster and faster. More and more cities claim to have
smart initiatives, and it is difficult to compare the success of individual initiatives as well as the maturity
of such a city, as there is no generally accepted measure. This article highlights the issue of defining
the concept of smart cities and the problem of non-compliance of their index components with their
definitions. It presents the foundation for future research and opportunities to improve the existing
indexes of a smart city. Analysis of 170 components of the relevant indexes shows that indexes extend
to common areas, however in some places they overlap. Despite reviewing many smart city definitions
and indexes, the paper focuses on the key or most commonly used ones. Combining components within
one index would be a suitable solution to eliminate the repeating. The most optimal solution for
researchers is to combine index components that exclude the size of the city.

Keywords: smart city index, smart city definitions, DESI, SCI, CIMI
1 INTRODUCTION

In the past years, the world's population has been growing rapidly. As the population grows,
so do the cities, populated by more and more highly educated and intellectually active citizens,
establishing diverse personal networks [5]. These actions are often associated with the
phenomenon called urbanization, which can either help us in the light of the future or lead us
into disappointing path problems [15]. Smart cities, which stem from rapid urbanization,
appeared as a possible solution to sustainability problems.

The concept of a smart city goes beyond as it also involves smaller municipalities and towns.
Given the popularity of the concept, there are a number of initiatives by place to transform
places into smart habitats. As a result, many places are self-flagged as smart, as there is no
single system for assessing the maturity of the places. Yet there hasn’t been a unified index
that measures the level of its smartness. Although the smart city concept is becoming popular,
it is hard to identify what smartness means as there are numerous definitions of a smart city.
Definitions of different authors contain different components, therefore there is no consistency
[9].

At this point, we highlight the need for further research to focus on how to define the city
as smart. In the following, we highlight what is missing and what is necessary to focus on. All
of the research consists of similar dimensions of smart city and components, which depend on
the size of the city. This research aims to review the definitions of smart cities and existing
indexes and to aggregate their components in such a way as to exclude the size of the city. The
definitions presented are taken from academic papers and institutes definitions, which ensures
representativeness.

In the Literature review, we present how individual authors and studies define smart city’s
components. Further on are presented selected indexes and a comparison of their components.
The analysis procedure is described in the Research Methodology, while the results and
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recommendations for further research are explained in the Results and Discussion section.
Finally, the research is summarized in the Conclusion.

2 LITERATURE REVIEW
2.1 Elements of a smart city

Numerous authors identify Urban Infrastructure as one of the crucial components for defining
smart cities as it improves urban economic development as well as addresses urban social
progress. It covers crucial infrastructure connected with energetics, water supply,
transportation, sanitation, communication and infrastructure that deals with damage prevention
[3, 4,14, 10, 13]. Different studies also incorporate the ecological aspect into the Environment
component, emphasizing the conservation of natural resources and the environment, and also
promoting the production of clean energy [11, 13]. Generally, all these studies promote the
principles of sustainable development. The attractiveness of the natural environment, the level
of pollution, activities in the field of environmental protection, and resource management
methods are stated as criteria for the component Smart Environment [15]. The carrier of
intergenerational capital is the Sustainability component. Sustainable orientation is considered
as care for the environment, which includes e.g. preserving the natural environment and
reducing the use of non-renewable resources, as well as the social aspect, namely the
preservation of economic diversity, the preservation of community autonomy, the well-being
of citizens, and also the satisfaction of basic human needs [12, 13].

Another important component included in the definitions is also the Economy referring
mainly to the competitiveness of the city, which is defined by factors such as productivity,
innovation, and flexibility of the labour market [11, 13]. Moreover, Citizens as a component
present important stakeholder, as they build social capital and connect with the active presence
in public life into the wider ecosystem [1, 2, 11-13]. One of the components is Government.
With open data, which also influences more transparent public information, smart government
motivates citizens to participate in public life as they are more included [11, 12]. Component
Technology consists of ICT and its elements (wireless sensor networks, 10T, Al, etc.). Itis vital
for the building and maintenance of a smart city as it embraces each of its elements [7, 10, 12,
14, 15]. By setting up and providing infrastructure and transportation, the component Smart
mobility supports technology (ICT) and all other smart city systems [11]. The component
Quality of Life aims at improving the quality of life for their citizens through the use of smart
technologies [1, 7, 12]. The component Open data includes gathering data from smart
technologies and allows citizens to collect data through the use of smart software [1, 12].

Definitions of smart cities differ by various studies, as is shown in Table 1 representing
important definitions together with main components.

Table 1: Definitions of a smart city by different authors and their recognized components.

Author | Definition | Components of definitions

Academic definitions

Technology, Urban

[10]

“Smart city is a city that uses digital technology and ICT to manage urban infrastructure.”

Infrastructure

[13]

“Smart city is a concept of urban transformation that should aim to achieve a more
environmentally sustainable city with a higher QoL ... enabled by various types of
technologies.”

Urban Infrastructure,
Environment, Sustainability,
Economy, Citizens

[12]

The smart city contains the following components: “Architecture to sense economic
information by/from citizens for QoL ... Systems to process environmental data by
governments ... Policies to communicate technical knowledge... Processes to translate
political information to citizens.”

Quality of Life, Citizens, Open
Data, Environment,
Sustainability, Government,
Technology

[11]

“Smart city is when investments in human and social capital and traditional (transport) and
modern (ICT) communication infrastructure fuel sustainable economic growth and a high
QoL with a wise management of natural resources, through participatory governance.”

Economy, Citizens,
Government, Mobility,
Environment, Quality of Life
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“A city’s networked infrastructure that enables political efficiency, social and cultural

Government, Urban

citizens and businesses by enhancing and adding city services.”

[3] development, emphasizing urban growth ... social capital in urban development ... the | Infrastructure, Citizens,
natural environment as a strategic component for the future.” Environment
“The goal of the smart city concept is modern urban management using technical tools that
[15] offer state-of-the-art technologies, considering the applicable ecological standards while | Technology, Environment
saving resources and achieving the expected results.”
“In a smart city, ICT-infused infrastructures enable the extensive monitoring and steering of | Technology, Urban
[14] city maintenance, mobility, air and water quality, energy usage, visitor movements, | Infrastructure, Mobility,
neighborhood sentiment ...” Environment
“Smart cities are all about networks of sensors, smart devices, real-time data, and ICT - -
[7] . A o s Technology, Quality of life
integration in every aspect of human life.
Selected institutes’ definitions
“Smart cities are defined as “initiatives or approaches that effectively leverage digitalization | Quality of life, Citizens, Open
[1] to boost citizen well-being and deliver more efficient, sustainable and inclusive urban | Data, Technology,
services and environments as part of a collaborative, multi-stakeholder process.” Environment
“Smart City iS an urban area that is more environmentally friendly and more socially Environment, Technology
[2] inclusive through the use of digital technologies. The goal is to improve its attractiveness to ’ i

Citizens, Urban Infrastructure

2.2 Comparison of indexes and their components

Researchers approach the measurement of smart cities differently. Common to all definitions
is that they define cities as sustainable, but when we add an ICT component to them, they
become smart. The comparison includes the Smart City Index (SCI), The Digital Economy and
Society Index (DESI), and the Cities and Motion Index (CIMI). The smart city index (SCI) “is
a composite indicator, by aggregating various domains and indicators, which are: Smart
Environment, Economy, Society, Governance, Energy, Infrastructure, Transportation,
Pandemic Resiliency [2].” DESI or The Digital Economy and Society Index “monitors
Europe’s overall digital performance and tracks the progress of EU countries in their digital
competitiveness”. It is calculated as the weighted average of five dimensions, which are
Connectivity, Human Capital, Use of the Internet, Integration of IT, and Digital Public
Services. Each of these dimensions has subdimensions, the majority of them are furtherly
divided. Dimensions, as well as their components, are pondered by different weights [6]. The
goal of the IESE Cities and Motion Index (CIMI) is to measure the future of urban
sustainability and the quality of life of its citizens. CIMI includes nine fundamental dimensions
of a city: Economy, Governance, the Environment, Mobility and Transportation, Urban
planning, International projection, and Technology [8]. The indexes are comparable to each
other, as they contain similar components. In Table 2, the components and the number of
subcomponents of different indexes are presented. The total number of subcomponents of all
indexes is 145, but for some indexes, the subcomponents are further divided so the final number
is 170.

Table 2: Definitions of a smart city by different authors and their recognized components.

SCI index components Number of SCI | DESI index Number of DESI | CIMI index Number of CIMI
subcomponents | components subcomponents components subcomponents

1. Smart Environment 4 . 1. Environment 11
1. Connectivity 4

2. Smart Economy 4 2. Economy 12

3. Smart Society 4 . 3. Human Capital 10
2. Human Capital 2 - -

4. Smart Governance 4 4. Social Cohesion 15

5. Smart Energy 4 3. Use of Internet . 2 ;c;vbe_:.rlanac:d 12
Services : ity

6. Smart Infrastructure 4 Transportation 13

7. Smart Transportation 4 4. Integration of 7. Urban P_Iannmg 5
Digital Technology 2 8. International 6

. - Outreach

8. Pandemic Resiliency 4 — -
5. Digital Public 1 9. Technolo 17
Services ) 9y

The total number of

subcomponents 32 12 101

13



3 RESEARCH METHODOLOGY

In this paper we used three earlier mentioned indexes (SCI, DESI, CIMI) for the comparative
analysis. The paper presents a data collection technique for index construction in which the
existing components of smart city definitions were linked to the components of the indexes.
Based on the definitions of smart cities, we identified the main components that a smart city is
supposed to contain. We obtained data about that index components. By combining the
components of indexes according to the content of their subcomponents, were able to identify
the unified components. We examined how many times the identified main components of
smart city definitions appear within definitions and how many times they appear in indexes.
The analysis of the relationship of the smart city definitions with index components is presented
in the following sections.

4 RESULTS AND DISCUSSION

Based on the examination and aggregation of identical subcomponents between indexes, the
results show that subcomponents of different indexes are not consistent between the different
indexes. There are 170 subcomponents in the indexes. By extracting 15 of them, we provide
that each one is repeated only once. After all, merging and eliminating repeating components
enabled us to obtain, 155 different components.

In Figure 1, a dashed line presents the frequency of individual definition components that
occur in individual smart city definition from the Literature review section. We find that the
most common factor is Technology, followed by Environment, Citizens, Quality of Life,
Government and Urban Infrastructure, lastly Open Data and Mobility. The red full line
represents the frequency of individual definition components that occur in individual indexes
as main components. Index components are related to definition components based on the
definitions of individual index components in the Comparison of indexes and their components
section. The second index component is Technology and it includes four components, more
precisely Technology from CIMI and Connectivity, Use of Internet Services, Integration of
Digital Technology from DESI. Citizens are another index component perceived also in the
definitions. It includes three components, such as Smart Society from SCI, Human Capital
from CIMI, and Human Capital from DESI. Smart Economy from SCI and Economy from
CIMI are index components connected to the definition component Economy. Another index
component is Environment, which includes two components - Smart Environment from SCI
and Environment from CIMI. Urban Infrastructure includes two index components, namely
Smart Infrastructure from SCI, Urban Planning from CIMI. Mobility has two index
components, as Smart Transportation from SCI and Mobility and Transportation from CIMI.
Government includes three index components, such as Smart Governance from SCI,
Governance from CIMI, and Digital Public Services from DESI. Based on definitions,
components Quality of Life, Sustainability and Open Data cannot be associated with any of the
index components. For unified illustration and comparability, the results are weighted and
shown as percentages.

14



= == Smart city definition w— Smart city index

Technology
2,

8,0,
6,04
qhl "\
1’ \
7.0

19,0 \
’8,0

Open Data N Quality of Life

Government Citizens

Mobility Economy

Environment Sustainability

Urban Infrastructure

Figure 1: Recurrence frequency of components in %.

The selected aggregated components contain many subcomponents that define each component
in more detail. Subcomponents of components that are not in the selected indexes must be
taken from other indexes or obtained when reviewing definitions. Therefore, our proposed
solution for future researchers is to construct the unified index by using all of the components
from smart city definitions and indexes taking into account also the size of cities. Not all
measures are namely proper and valid for all types of cities. Thus, additional technical and
quantitative methods for the new index creation should be used in the future research.
Independent subcomponents from the city size of the selected components could also be
selected by surveying various residents in different cities. After all, the newly built index could
allow the comparison of smart cities regardless of their size; and thus enable comparing the
success of different smart initiatives in different cities.

6 CONCLUSION

It is difficult to compare cities that use different indexes to determine their “smartness”.
Moreover, it is even more difficult to compare cities with different size, needs and function. In
this paper components of smart city definitions were matched to the components of the indexes.
We, therefore, propose that future index construction should take into account key components
that are consistent with the definitions and appropriate for both small and large cities, without
making the “smartness” of a city dependent on components that are inherently found in smaller
or larger cities or villages and that have so far been included in existing indexes. An additional
technical and quantitative methods for developing a more universal, generally applicable and
widely used smart city index should be used. A possible approach could also examine citizen’s
behaviour, needs and preferences. Moreover, the emphasis should be on the components that
have been identified as suitable for both large and small towns and cities. This would achieve
uniformity in the very definition of smart places, regardless of size. After all, since smaller
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places are also increasingly adopting the smart city concept, a proper and comparable index
should measure their smartness maturity and progress.
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Abstract: This paper contains a brief description of a singular value decomposition method as a tool
for data management and performance improvement in the context of tourism activities — online hotel
ratings. Throughout the paper, the authors introduced elementary linear theory background and SVD
mathematical algorithm in a simplified way in order to express its contribution to the analytical value
of data. Demonstrated algorithm and achieved results indicate two decisions. To perform high
compression despite potential analytical and misinterpretation risks due to the details loss or keeping
the data volume, only with minimal reduction for a largely dependent, false, and outlier data.

Keywords: singular value decomposition, tourism, data management, dimensionality reduction

1 INTRODUCTION

The continuous rise of digital technologies in everyday activities has led to an exponential
volume increase of digital data [29], drawing attention to big data terminology [13]. Generally,
big data can be defined across three dimensions: VVolume, Velocity, Variety [24], with volume
as its main characteristic [9]. Along with an increased volume, various data types started to
appear, making it challenging to analyze. Some studies pointed out key challenges such as
analytical complexities, data storage, and data management [6][33]. Over the years, the impact
of big data also grew on tourism due to the influential role of customers' online activities [10].
Hotels and other tourism and hospitality companies become closer to the big data, considering
helping them generate more revenue and deliver a better experience for customers. Moreover,
the ability to manage a large amount of data means an option for value creation from big data
and its supporting technologies, which justifies considering hotel reviews in a smart tourism
context. It is often used for predictive and behavioral analytics to assist companies in
recognizing the patterns related to their business practices [17]. But occasionally, defining
relations between data, information, and knowledge is not always fully transparent.
Knowledge is often seen as an organized data structure that creates information uniquely
observed by specific users due to its experiences and practices [2]. Therefore, depending on
the data source, type, and user perception, data receive different traits that define its meaning
[1]. The accepted view of data is a fact that becomes valuable as it is formed into a structure
that creates high-quality information [30]. The quoted definition is accepted regardless of
differences between scientific and practical disciplines, but at the same time doesn't answer
questions about what data structure is and how it is manageable. For that matter, it is essential
to add a suitable numerical representation, a collection of individual numerical values that
accurately describes the data [31]. Correspondingly, this paper aims at presenting the
simplified mathematical view on data management as the numerical presentation of elemental
pieces of information, in this case, the hotel reviews.

2 MATRIX STORAGE AND DIMENSIONALITY REDUCTION

Every numerical analysis starts with a single number, a numerical representation of data with
the corresponding value called a scalar [12]. An array of scalars creates a vector where each
value is in order according to the corresponding index. As the scalar index in an array defines
the vector, the corresponding index of vectors describes the matrix structure ordered in m rows
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and n columns of unit vectors [31]. A more practical way to think about matrix is to view it as
a data set, where columns and rows represent particular data attribute and each attribute make
its dimension. Dimensionality reduction within stored data aims at reducing the number of
data attributes for future analytical examination [8]. But before reviewing data reduction, it is
necessary to analyze the term dimension. Generally speaking, term dimension can be
associated with mathematical space and related objects positioned in correspondence with
spatial coordinates needed to specify its location. From a data point of view, a dimensional
,feature” of a scalar is determined by its data attributes that create dimension [22]. The
dimensionality of a data set filled with scalar values is the minimum number of attributes
needed for data representation without significant information loss [3]. With additional added
dimensions, data is stored in multidimensional tensor-based structures [32]. From the tensor
perspective, a vector with two scalar values is a principal component of the first-rank tensor
in a two-dimensional space [25]. A vector with three scalar values requires a third space
dimension - a second-rank tensor. An example of a typical additional dimension for a large
proportion of stored data within numerous databases is time series [4]. Depending on the
analytical approach, the structural rank of a matrix can be viewed as the maximum achievable
rank among all matrices taken into an analytical procedure with the same structure but
different scalar values [23], as a number of its positive singular values [20] or as a number of
linearly independent column vectors of the matrix [28]. The simplest forms of the data
structures are one-dimensional matrices, where each of the scalar values is positioned on the
component line in space (Figure 1).
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Figure 1: Matrix A rank 1

For each matrix transformation from an array of scalars x1, x2, x3, newly calculated values
will be on the hypothetical line — rank one. Just by looking at the presented example, the
simplicity of the formed matrix can't be unnoticed. However, most of the time, connections
between values within data sets aren't noticeable and acquire more data aggregation. In order
to show that the maximum number of column vectors of the matrix does not always define its
structural rank and that linear dependence can be more challenging to see, a simple matrix
A rank 2 (mxn = 3x3) is presented in the example below.
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Figure 2: Matrix A rank 2

If we examine matrix A (Figure 2), at first glance, it could look like the scalar values within
the matrix are randomized. If that is true, it would mean that the structural rank of the matrix
A equals 3. But in this case, this is not true because there is linear dependence of the third
column vector as a sum of the scalar values of first and second vectors. Thus, a presence of
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linear dependence among column vectors suggests that stored values can lower their
dimensionality level [31]. For each matrix transformation from an array of numbers x1, x2, X3,
newly calculated values will be on the hypothetical two-dimensional plane because the third
matrix column is linearly dependent as a sum of the first two column vectors. In statistical
terms, there is a multicollinearity problem of the third column vector, so its values are
predictable as a combination of the first and second column vector - the column has no
analytical value [7]. If none of the vectors are a linear combination of other vectors, the matrix
is linear independent [12].

A

Figure 3: Matrix A rank 3

In the examples above, the intention was to present data management in two-dimensional
matrices. Although two-dimensional structures are essential for data management, it is
necessary to exclude the possibility that all data is: (1) stored in square matrix where m=n; (2)
low dimensional order; (3) relations are easily manageable. In addition to that, the authors
introduced a standard singular value decomposition (SVD) model as one of the most universal
and fundamental mathematical methods for dimensionality reduction and data management.
Although some noted studies point out limitations for a particular field [21][5][16], authors
consider the SVD model essential for understanding data management and manipulation,
especially in this study format, as a straightforward introduction to raw data management.

3 SINGULAR VALUE DECOMPOSITION

Theoretical analysis and data experimentation suggested that the theory of matrix
decomposition is one of the most beneficial ideas for data management. Therefore, it is not
surprising that matrix decomposition is a fundamental discipline of linear algebra for various
analytical problems within collected and stored data [27]. Dimensionality reduction aims to
lower dimensionality space without significant loss of information [19]. With dimensionality
reduction, practicing the matrix decomposition algorithm reduce the time complexity, memory
usage and potentially increase accuracy of data analysis [16]. Although SVD is a well-known
technique in various fields across computer science, machine learning, and more, social
scientists are often very familiar with the value of observed results [15]. The equation for
SVD of a given m x n matrix A with scalar values for structural rank r in m >n matrix structure
is a factorization of three matrices [11]:

A=UsV' (1)

where diagonal r x r matrix > contains singular values 01, 02, ..., on > 0 valued from highest
to lowest, matrix U contains left singular vectors inmdimension, and matrixV
transpose contains right singular vectors in n dimension. If the observed matrix is a square, its
factorized matrices will be orthogonal. An orthogonal matrix is a square matrix whose
columns and rows values are mutually orthonormal containing eigenvectors for A4 and AA®
[26]. Calculated eigenvalues on diagonal of orthogonal matrix > are singular values of matrix
factorization for m#n, and their index presents the structural rank of matrix A.
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4 RESULTS AND DISCUSSION

In this section, the authors examined an available dataset to demonstrate matrix factorization
on simple data matrix examples [14]. Out of available data attributes, the focus was on object
categorization: hotels, name of the object, username, and hotel rating.

axd e \\~\\ \{ ooV ot a o W .

Barbara 5 5 5 0 0 0 56 -.70 -42 0 0 0 || 0 0 0 0 .62 -.68 -39 0 0 0
Karen | 4 5 3 0 0 0 47 56 -080 0 0 0O 0710 0 0 0 7170 090 0 0
Theresa 3 R 4 0 0 0 41 44 -42 0 0 0 0 0 438 0 0 0 33 22 -920 0 0
Judy 5 -] 0 0 0 0 -43 -.07 .63 0 0 0 0 0 0 n 0 0 0 0 -58 -.61 -.55

Ein | 4 4 o 0 0 0 ~ 1 .35-0550 0 0 0 0O 0 0 0 0970 0O 0 0 -79 .58 .20
Diane 0 0 0 3 4 0 0 0 0 =34 -08 -94 0 0 1] 0 1] 297 0 0 0 =19 -55 .81
Tammy 0 0 0 4 ) 5 0 0 0 .67 .72 18 -
Michele | 0 0 0 5 R 5 0O 0 0 -.66 -.69 .30

A(mxn) U(mxr) Z(rxr) 'V (nxr)

Figure 4: Singular Value Decomposition of matrix A

Important to state is that all null (empty) and false values in matrix A are assumed to be zero
(0) valued. Zero is not an acceptable user rating for data attributes in the range 1 - 5, and so it
displays replacement value. The obtained values on the diagonal of the ) matrix show the
strength of the relationship between values of the matrix A attributes - singular vectors. VVector
on coordinates u,d;v;t contains the highest singular value equal to 15.11. The vector is
called the First Principal Component [34] and indicates the line that best defines data
observations of the matrix A (values have the lowest measured distance projection on
component line) — contains the highest analytical value. The structural rank of the matrix
represented with only one vector equals one (see Figure 1). In the example above (Figure 4),
there are six positive singular values and question how many dimensions are possible to
discard (remove singular values) without decreasing the analytical value of the matrix. A lower
percentage of data retained by a combination of singular vectors is at least 90% of the sum of
all squared singular values [18]. In our example, a sum of all squared singular values equals
15,112+12,132+4,382+2,972+0,972+0,712=405. Removing singular values from the equation
in ascending order results in: 404.50; 394.73; 375.59. By keeping principal component lines
written on coordinates u,0,v;t and u,d,v,t results in 92,74% of the sum of squared singular
values (375,59/405*100), which is larger than the proposed minimum of 90%. Therefore,
reducing the dimensionality of matrix A on rank two (2) (see Figure 2) caused a loss of 7,26%
stored data — approximation of matrix A (matrix A").

56 -42 0 1510 0 62 -68 -390 0 0 5,26/4.655,75/5.343,25/496 0 0 0
{7 -.08 0 0 4380 33 22 -920 0 O 1,40/4.28 4,80/4.722,71/3.04 0 0 0
41 -42 0 0 0 12:1 0 0 0 58 -.61 -.55 3.82/3.224,17/3.78 2,36/4.03 0 0 0
43 63 0 S $,06/4.97 443/5.03251/0.0 0 0O 0
35 .50 0 ~ 3,25/3.97 3,55/4.02201/0.0 0 0 0O
0o 0 .34 0/0 0/0 0/0 2,39 2,51 2,27
0 0 67 0/0 0/0 0/0 4,66 4,89 442
0 0 .66 0/0 0/0 0/0 1,64 487 441
A’/A”

Figure 5: Approximation of matrix A (A' & A")

However, if we do an inverse calculation in the approximate values of matrix A, we can notice
deviations in the data values of matrix A" compared to matrix A (Figure 5). Although the
vectors u,d;v;t and u,d,v,t represent a large part of the values of matrix A, the vector
u;0;vst is significantly related to its coordinated values. The reason is that the selected
attributes from the sample are randomized, and although it may seem that there is a linear
dependence between the elements, that cannot be viewed as a rule for all stored data. In other
words, hotel rating values alone are not sufficient to describe possible attribute connections.
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Additionally, adding the third singular value - 4.38 in an inverse calculation (matrix A"),
combined with the previous singular values on the ) matrix diagonal, covers 97.46% of the
sum of squared singular values (new rank of the matrix is equal to three 3; see Figure 3). By
using the formula for the data compression ratio [26] and new structural rank of matrices A
‘and A", it is possible to calculate the percentage of data reduction and approximately assume
the analytical data value:

___m*n (2)

(Mm+n+1)*r

where: m — rows; n — columns; r — singular values of new matrix. For matrix A' expression is:
CR(A)=(8%6)/((8+6+1)x2)=6.4:1~15.63% is a volume of compressed data
which means that 92,74% of data can be retained by keeping the principal component lines
written on coordinates u, 9, vt i u,d,v,t — rank 2. For matrix A" expression is: CR(4") =
8%6)/((B+6+1)*3)=1.067:1 = 93.72% is volume of compressed data which means
that 97,46% of data can be retained by keeping the principal component lines written on
coordinates u, 0, v, t, u303v5t i u,d,4v,t - rank 3. Due to the size of matrix A" rank 3, there is
no significant contribution in data compression of matrix A. On the other hand, there is a
significant data reduction of matrix A - rank 2, but also it brings analytical risks and possible
misinterpretation due to the data loss on u;d;v4t coordinates.

5 CONCLUSION

Practical implications of data management address many issues such as predicting tourist
demand, supporting demand level anticipation, enabling better decision making, managing
knowledge flows with customers, and providing the best service more efficiently and
effectively. The presented SVD method is one of the fundamental mathematical algorithms
essential for analyzing large amounts of data. Although pointed benefits of data management
using SVD arise from this and other studies, there are also several limitations. Firstly, it is vital
to have the highest possible transparency within data attributes due to the potential clusters
within data values with similar qualitative features. Hotel ratings in their numerical form don't
reveal enough information to provide definite conclusions about existing connections within
numerical data. That is visible from dimensionality reduction, where data on third component
line have significant analytical value no matter its low volume. Additional descriptive and
cluster analysis for hotel objects and users would contribute more insights about connections
within ratings, which would prove or disapprove its significance to remaining data projected
on first and second component lines. Additionally, with a higher number of attributes and
observations, the risk of efficiency failure rises, especially if there is low data transparency.
Finally, SVD is a reliable tool for dimensionality reduction and graph analysis, but on the
other hand, its complex algorithm can be overwhelming. Thus, the paper aimed to demonstrate
a few practical SVD possibilities and enhance understanding of its value throughout simplistic
form for the application in the smart tourism domain as a data management tool. For that
purpose, an open data source served well in the demonstrative purpose of the study.
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Abstract: The study explores the potential of simulation modelling in one particular aspect of the
presentation and problem-solving of urban mobility dilemmas. For that purpose, the case of a temporary
bus station in Split (Croatia) was developed in preparation for a workshop attended by more than twenty
graduates and future business analysts in April 2021. The participants expressed their attitudes on the
(demonstration) potential of simulation modelling techniques for urban mobility solutions before and
after the workshop, resulting in statistically significant and positive changes in their attitudes even after
a short workshop intervention.

Keywords: simulation modelling, optimization, urban mobility, Arena Simulation

1 INTRODUCTION

Over the last several decades, simulation modelling techniques have become an essential
planning tool in various disciplines, including sustainable urban development [6, 8, 12]. As the
mobility sector is one of the most important fields of urban development [2, 18], and the
relationship between transportation and environmental planning is essential for effective urban
growth [19], simulation modelling is found to be suitable for managing various factors that
affect the field of study [9]. Specifically, simulation modelling provides opportunities for
predicting outcomes based on collected data about the observed system without affecting real-
world processes [16]. System complexity, types of problems, and user requirements affect the
selection of a modelling technique [5] from a wide range of prevalent ones under four main
simulation modelling categories: discrete simulation modelling, system dynamics, agent-based
modelling, and hybrid modelling, all with a potential for a specific contribution to the area of
urban development and mobility [11, 13, 17]. An example of a contemporary topic within the
urban development domain is Smart Cities, where "smart" technologies contribute to
economic, social and environmental development [7]. Since mobility has a high impact on
quality of life and urban development, Smart Mobility solutions within the Smart City concept
are growing in popularity [1]. Simulation modelling is frequently used as a reliable mechanism
for mobility management [4]. Correspondingly, this paper analyzes the potential of simulation
modelling in diagnostics and problem-solving in the mobility sector using Arena Simulation
software, proven valuable in particular in the academic environment [10] and real-world
transportation systems [3, 14]. The paper first presents a case study explicitly prepared for a
workshop with graduate students in Section 2. The results of surveying workshop participants'
attitudes on the demonstration potential of simulation modelling techniques are presented in
Section 3, followed by main conclusions in Section 4.

2 CASE STUDY: SIMULATION MODELLING OF A TEMPORARY BUS STATION
2.1 Problem definition

As mentioned, a workshop was planned with the objective to inspect the demonstration
potential of simulation modelling in the urban mobility domain focusing on a present-day issue

in one local community. Specifically, the local government proposed a temporary solution in
Split (Croatia) within its Masterplan Construction Study for Urban Development —a temporary
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bus station. The idea of the project is to relocate the bus station from the east coast of the city
to another area (Kopilica), which should reduce traffic overload in the city port and city centre
during the tourist season. Although the motif for relocation is reasonable, the proposed solution
was met with many arguments and disputed factors that slowed down the project and raised
doubt about its success. The main problem of the proposed solution is the lack of supporting
infrastructure capacity needed to meet the requirements and, on a general note, the low
infrastructure potential of the new area because of its questionable possibility to deal with
increased numbers of tourist arrivals. Ultimately the temporary solution could lead to traffic
chaos at one of the busiest city entrances in a critical period. Due to the conflicting viewpoints
of many legislators and practitioners, the proposed solution was assessed as optimal to be
presented as a case study with many possible teaching lessons about the urban development
issue and simulation modelling in general.

2.2 Modelling the system

As with other simulation models, the first goal of the one presented here was to identify critical
points of the project, analyze its infrastructure requirements for specific situations and propose
adequate changes.The elements and data used for simulation model development are: (1) the
number of parking exits is 1, (2) the number of available parking spaces is 19, (3) estimated
bus entrances in one day at the peak of the tourist season is 500, (4) the estimated average
number of bus entrances during the tourist season equals 300 buses per day, (5) a possible
number of passengers per single bus is 50 for single-decker buses, up to 70 for double-decker
buses, (6) based on instructions for traffic management and parking charges, parking spaces
occupancy is in time frame 10-15-60 minutes [min - mod - max] per bus, (7) the train line Split
- Split Predgrade - Split operates every 30 minutes according to an established schedule, (8)
the number of available passenger train seats is 167 plus accessible space for standing, (9) run
time is in the time frame 6 AM to 10 PM (working hours). An animation map in ARENA
software was used for visualization of the traffic performance for easier monitoring. Entity
groups/units of the simulation model are (1) bus, (2) passenger, (3) train, and (4) car. The
infrastructure resources are: (1) bus parking space, (2) parking exit, (3) train passenger seats,
and (4) train station Split Predgrade. The entrance of an entity bus is a normal distribution
with a mean of bus entrance in a model every 3.2 minutes and deviation intervals: 25% low
and 75% upper interval limit - NORM [3.2,0.8,2.4]. By entering the model, the bus entity
"decides" which free parking space resource it will occupy for a limited time. Decision rules
for parking space engagement include: (1) the preferential values, (2) the resource availability,
(3) interval occupation of resource determined by bus-entity settings. The entity's movement
line towards parking space uses the DECIDE module with the expression: N-WayCondition -
If "ParkingSpace x" = 0 else "ParkingSpace x+n"; where "n" is the identification number of
the next available preferential parking space. If there is no available free parking space, the
entity will leave the model without engaging any parking space resource. Bus entity
engagement of parking space defines its availability with the expression:
SeizeDelayRelease/TRIA[10-15-60]min/unit where: (1) 10 - minimal assumed minutes needed
for passengers to exit the bus, (2) 15 - mod assumed minutes needed for passengers to exit and
boarding of the new passengers, (3) 60 is maximal assumed minutes available for resource
occupation. After an entity releases an occupied resource and status is back to available,
another entity can engage parking space if a preferential number is the highest of all other
available resources. Infrastructure resource parking exit connects to a single traffic lane toward
the city centre. Because of the inability to use a bus for waiting time calculation due to the
present status of the temporary bus station, the authors instead used cars as a measuring basis
for waiting time. Due to the larger size compared to a car, slower speed, and different
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preferential traffic orders, collected time values are slightly increased. Distribution expression
is: SeizeDelayRelease/TRIA[1,3,6]min/unit where: (1) 1 - minimal assumed minutes needed
for getting off the terminal, (2) 3 — mod value, (3) 6 - maximal assumed minutes needed. The
relationship between parking space and parking exit negatively correlates because the less time
the bus is on the parking space, the more pressure it will put on the parking exit. That could
lead to traffic overload on the parking exit and bus station due to a large queue. If we consider
a possible increase in time spent on parking space, there will be less pressure on the parking
exit. That puts the station parking capacity under question due to a long-time occupation. The
distribution of passengers is the same as the distribution of buses and in entity relation 1:1
where "one™ passenger holds a maximum assumed value of 50 to 70 units, depending on the
vehicle characteristics. Additionally, there is a delay needed for passengers to leave the bus,
take their luggage and move on through the model expressed as a constant value of 8 minutes
per one passenger entity (first creation: CONST [8]). With the passengers entering the model,
a DECIDE module regulates further entity movement, and the possible choice expression is:
(1) 50% chance to take a train, (2) 50% chance for another type of transport/walk. If
the passengers decide to move toward the resource train station, they enter the queue - HOLD
module - for the train. The type of the HOLD module is Infinite Hold which keeps
the passengers at the train station until available capacity requirements are ready. The train
capacity is equal to 4, representing the maximal possible number of passengers per ride
multiplied by the proposed number of passenger units per one entity (4*(50 to 70) = 150 — 280
~ train capacity = 167 seats + standing spots). If the number of passengers in a queue is greater
than 4, the train will take only its capable number of passengers while others stay queued for
the next train to arrive (e.g., 5-4=1 in HOLD). This simple model is outlined in Figure 1.

- -

g K I

Figure 1: Simulation model in ARENA software
2.3 Scenario analysis

This simulation results (Table 1.) suggest that: (1) the number of available parking spaces for
the daily number of 300 entries meet the criteria; (2) the number of parking spaces for the daily
number of 500 entries do not meet the criteria - at least six entities have left the model without
being able to stop due to the occupation of all available resources; (3) the number of the parking
exits for the daily number of 300 entrances does not meet the criteria. The resource occupancy
is present in 94.61% of the run time. The average waiting time in queue for 300 entrances is
15 minutes and 54 seconds. The highest single wait time was 34 minutes and 10 seconds. The
average number of entities in the queue was 4.64, while the highest reached 12 buses at once.
Thus, the two flaws of the solution are (1) the lack of parking space when the number of bus
entrances approaches the expected number of 500 per day; (2) the low efficiency of the parking
exit for the expected daily distribution of bus entrances.
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ARENA Process Analyzer allows easier modelling optimization to review possible options
for process upgrade and development. After the optimization results are: (1) adding
extra parking exit results in average waiting time reduction from 15 minutes and 54 seconds to
32 seconds, (2) the average number of entities in the queue has decreased from 4.64 to 0.155;
(3) parking exit occupation is reduced from 94.61% to 49.20% of the run time, (4) doubling
the number of parking spaces for 500 entrances daily results meet the criteria. According to
optimization results, the following changes are suggested: (1) increasing the number of parking
spaces (Table 2.) and (2) introducing additional parking exits.

Table 1: Parking space occupancy for 300 and 500 entries

N of entries =300 | N of entries = 500 N of entries =300 | N of entries = 500
Parking % Stop % Stop | Parking % Stop % Stop
1 0.00 0 19.69 7111 49.25 17 80.74 28
2 88.85 32 93.98 29 | 12 53.88 17 79.94 25
3 86.55 29 92.30 33|13 14.04 5 79.41 26
4 85.39 32 91.20 35|14 09.41 3 70.77 24
5 86.65 27 91.27 31|15 04.01 1 69.15 23
6 78.32 28 90.23 31|16 0 0 67.14 24
7 75.59 28 85.58 32 | 17 0 0 54.55 20
8 73.01 26 90.05 28 | 18 0 0 41.56 14
9 70.53 27 87.36 22 | 19 0 0 36.05 12
10 63.14 22 86.68 28
Table 2: Parking space (*2) occupancy for 500 entries
N of entries = 500

Parking * 2 % Parking * 2 % Parking * 2 % Parking * 2 %

1+1a 0.00 | 6+ 6a 62.09 | 11 + 11a 49.42 | 16 + 16a 5.56

2+2a 69.54 | 7+ 7a 63.36 | 12 + 12a 38.84 | 17+ 17a 0.00

3+3a 66.88 | 8 + 8a 57.53 | 13+ 13a 27.99 | 18 + 18a 0.00

4+ 4a 69.69 | 9+ 9a 54.69 | 14 + 14a 14.78 | 19 + 19a 0.00

5+ 5a 60.17 | 10 + 10a 49.23 | 15+ 15a 3.35

3 SURVEYING THE DEMONSTRATION POTENTIAL OF THE MODEL

Before the detailed presentation, the participants (N=24) completed a survey. It was followed
by elaborating the simulation modelling terminology focusing on urban mobility dilemmas,
full scenario presentation, including simulation elements and relationships between them,
ARENA software properties, and interpreting the results. Participants were then asked to
estimate the possibilities of the ARENA software for discrete event simulation (DES) of urban
mobility issues again. A seven-point Likert scale with anchors ranging from strongly agree to
disagree strongly was used. The encoded items with mean and standard deviation are: (1)
Performance Analysis (AP) (U_AP, 5.50, 1.14; 1_AP, 5.88, 0.992), (2) What-If Analysis (WIF)
(U_WIF, 5.42, 1.80; I_WIF, 5.75, 0.99), (3) Quantitative and Qualitative Indicators (KKP)
(U_KKP, 5.46, 1.29; |_KKP, 5.88, 0.95), (4) Analyst-Use (AUse) (U_AUSE, 5.58, 1.14,
|_AUSE, 6.04, 0.86), (5) Users-Use (UUse) (U_UUSE, 4.71, 1.43, |_UUSE, 5.46, 1.22), (6)
Operational Decision-Making (OD) (U_OD, 5.67, 1.09, I_OD, 5.88, 0.90), (7) Strategic
Decision-Making (SD) (U_SD, 5.79, 1.29, I_SD, 5.96, 0.96), (8) As-Is Simulation System
Modeling (SASIS) (U_SASIS, 5.92, 1.47, 1_SASIS, 6.08, 1.06), (9) To-Be Simulation System
Modeling (STOBE) (U_STOBE, 5.71, 1.12, | STOBE, 6.33, 0.92), (10) Scenario Analysis
(SA) (U_SA, 5.79, 1.18, |_SA, 6.25, 0.99), (11) Simulation and Process Design Analysis
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(STR) (U_STR, 5.71, 1.08, |_STR, 6.04, 0.91). The results were analyzed using the Wilcox
signed-rank test [15], a non-parametric test used to compare the two sets of scores taken by the
same groups of participants (Table 3). It indicates a statistically significant change of
participants' perception about the potential of simulation modelling in the presentation and
problem-solving of mobility issues in six categories: What-If Analysis, Quantitative and
Qualitative Indicators, Analyst-Use, Users-Use, To-Be Simulation System Modeling, and
Scenario Analysis. Those participants who expressed no change in their perception are "tie"
valued. For example, for the KKP category, a statistically significant change is observed
(Asymp. Sig. 2-t = .032<.05), where three participants rated the category lower after the
demonstration compared to ten participants who rated it higher. Comparison of Mean ranks
shows a noticeable rank value increase (5.50<7.45), indicating a positive change in a
participant's views, while eleven (Ties = 11) do not change their opinion.

Table 3: Ranks and Wilcoxon Signed Ranks Test (Z - Based on negative ranks), N=24

N Mean Rank | Sum of Ranks Z Sig. (2-t)
| WIF-U WIF Negative Ranks? 2 4,50 9,00 -1,999 ,046
Ties =14 Positive Ranks? 8 5,75 46,00
| KKP-U_KKP Negative Ranks 3 5,50 16,50 -2,140 ,032
Ties =11 Positive Ranks 10 7,45 74,50
|_AUSE - U_AUSE Negative Ranks 2 7,00 14,00 -2,668 ,008
Ties =10 Positive Ranks 12 7,58 91,00
I_UUSE - U_UUSE Negative Ranks 1 5,50 5,50 -3,082 ,002
Ties =10 Positive Ranks 13 7,65 99,50
| STOBE - U_STOBE Negative Ranks 2 4,50 9,00 -2,627 ,009
Ties=11 Positive Ranks 11 7,45 82,00
I_SA-U_SA Negative Ranks 2 4,50 9,00 -2,230 ,026
Ties =13 Positive Ranks 9 6,33 57,00

a. |_WIF< U_WIF; b. |_WIF> U_WIF

4 CONCLUSION

The study explored simulation modelling in the particular aspect of presentation and problem-
solving of urban mobility dilemmas. A simulation case study of a temporary bus station in Split
was developed and presented to future business analysts, roughly twenty graduate IT
Management students. Essential information about the project, fundamental data for the
modelling buildup, and possible outcomes of the described project ideas were presented with
the results of simulation experiments and possible optimization solutions. A comparison
between pre-demonstration and post-demonstration survey scores was made to investigate
whether different scenarios, animations, and achieved results affected their attitudes on the
potential of simulation modelling techniques for urban mobility solutions. Observed empirical
results show slight but statistically significant positive changes in students' attitudes. This
supports the findings of our previous studies in the context of using simulation modelling tools
in academic teaching [10], where the benefits of using ARENA software have been confirmed
in particular. As future analysts and decision-makers, they will have the right tools for
presenting the limitations of solutions under scrutiny that can support problem-solving in their
specific domains of interests. The case study demonstrated a high prospect of simulation
modelling as an efficient solution for the urban mobility domain. Practical implications of the
study refer to possible improvements in the use of urban resources and contribute to the
exhaustive discussion about the temporary solution; simultaneously, the results emphasize the
importance of the demonstration aspect of simulation modelling in changing peoples' attitudes.
Future research on the demonstration potential of simulation modelling in the urban mobility
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domain would need to include a stronger theoretical background and empirical research on a
more relevant and larger sample of respondents, thus addressing the limitations of this study.
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Abstract: Understanding the complexity of the waste management system within smart cities is crucial
for policymakers since urbanization carries new challenges regarding waste. Challenges are even more
noticeable when it comes to tourist destinations. Since so far research has stressed the importance of
taking a holistic view, which includes tourists, a real databased system dynamics model was developed
to analyze waste management processes. Simulation scenarios indicated the necessity for waste
management improvement. The system dynamics approach can provide the basis for a better
understanding of waste management’s dynamic processes and the basis for policymakers to achieve
smart cities’ long-term goals.

Keywords: smart city, system dynamics, waste management, tourist destination
1 INTRODUCTION

The UN Population Division (2019) forecasted that by the end of 2050 the urban population
globally would reach over 70% of the total population. This predicted urbanization of the world
raises major challenges related to sustainability [4]. By adopting the smart city concept, more
likely are the chances that cities will be aligned with citizens’ needs and that they will pursue
sustainable development goals [1]. A city can be considered a smart city if it carries out services
and traditional networking using information and communication technology [12]. One of the
challenges arising from the urbanization growth is waste disposal since one of the ways (smart)
city sustainability can be achieved is by minimizing waste [4]. Municipal Solid Waste (MSW)
is defined as waste produced by the people and society in their everyday activities [22]. Waste
management within the smart city concept is usually referred to as the Internet of Things (10T)
and route optimization improving the efficiency of the cleaning/collection process [2], [21].
However, big data obtained through loT should be extracted and used to feed another, more
holistic, model [29]. It is important to observe waste management systematically, as being a
complex system consisting of different subsystems.

Tourism, in general, is considered an urban activity that transforms and impacts urban
organization [1]. Facts are that the city is the physical place where both tourists’ desires and
inhabitants’ needs intersect which further leads to compromised balance and citizens’ life
quality [24]. Another matter of city tourism is “overtourism” - intensified growth of the number
of overnight stays concerning the number of citizens [23]. In this paper, tourist destinations
characterized by overtourism are conceptualized as tourism-oriented cities. Both concepts,
MSW and tourist destinations have a common characteristic: complexity - therefore it comes
as no surprise that literature review confirms the use of System Dynamics (SD) as a method to
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understand the dynamic behavior of complex systems. However, the two mentioned concepts
were mostly observed separately. Recent research has focused on using SD models to forecast
MSW [18, 19, 27, 28], however to the best of our knowledge none of the researches included
tourist perspective within the SD model. SD has been used for analyzing tourists’ impact on
urban infrastructure [3], and some authors highlight the limited availability of data and their
importance for a holistic modeling approach [18].

The goal of this paper is to examine the potential of applying the SD approach in waste
management, while considering a tourist dimension, with the tendency to provide a more
holistic perspective. This paper addresses the research gap pointed out by authors who used
SD for modeling the total amount of MSW generation but used only permanent residence
population [28], also one of the future research recommendations was that the SD model should
be based on the real data if possible [19], as some authors used fuzzy logic as a supplement
tool [18]. Research questions are: How can waste management be modeled with the purpose to
support policymakers in waste management? To what extent is the tourist dimension important
regarding waste management? This paper consists of the introductory part and four other
sections. The theoretical background is presented in Section 2. Section 3 introduces SD model
development and presents the used methodology. Results of simulation are presented in Section
4 and, finally, conclusions are drawn in section 5, together with limitations and future research.

2 THEORETICAL BACKGROUND

Due to uprising challenges, smart cities need to reconfigure themselves more sustainably and
efficiently [4, 28]. The problem of MSW is becoming more noticeable, obstructing the
development of society [27]. As smart cities are gaining more and more attention, a growing
number of cities are implementing smart waste management solutions to become more efficient
[21]. MSW management system is reasonably complex and wide-ranging, relating to numerous
aspects [28]. In this respect, smart city policymakers entail an advanced form of decision
support, i.e. new forms of urban simulation models and prediction methods [4]. Furthermore,
the outcome of a specific policy or strategic plan is largely dependent on whether the
policymakers understand the inner interactions of the system [22]. For that purpose, SD can be
used since its main goal is to understand how system components interact, how the changes in
one component impact others, and how such changes affect the entire system [1]. SD has been
applied in the field of waste management, i.e. authors [27] applied this approach to analyze the
benefits of classification of MSW. Additionally, the authors used SD to examine four policy’s
impacts (economy, demography, sorting rate, and treatment methods) on MSW management
[28]. The more narrow area was also examined, such as food waste [19] and hospital waste
[13]. Besides waste management, SD has been used in various smart city aspects such as energy
consumption [7], disaster management [16], and the development of digital services [25].
Since cities must face different demands by offering adequate services and facilities, the
tourist load on the city can compromise its balance, affecting the quality of life [15], as well
generation of waste. Furthermore, a smart city is changing in its nature in real-time, which is
why a data-driven approach is essential for city progress [16, 25]. Hence, we propose the usage
of the SD model as a potential quality basis for creating better public policy [21]: for a better
understanding of waste management’s dynamic processes, as well as the basis for policymakers
to achieve smart cities’ long term goals. SD model can use real data, takes into consideration
system components’ interactions, including how the changes in one component impact others,
as well as how such changes affect the entire system [15]. Respectively, the City of Split is
considered to be a smart city and is also facing the aforementioned challenges which are
confirmed by the results from recent research showing that waste management has emerged as
one of the top three priorities precisely for the smart city of Split [8]. City of Split faces
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additional challenges since it is a tourist destination, together with nearby cities, since it records
significant tourist flows [17]. With the continuous rise of urbanization, as well as the
acceleration of the number of tourists in Dalmatian county [9], waste management has become
one of the main issues. In the next section, the development of the SD model is introduced in
the case of the smart city of Split.

3 SYSTEM DYNAMICS MODEL DEVELOPMENT

Simulation models can be used to understand the basic processes in the original waste
management system [18]. As mentioned before, MSW and tourist destinations are
characterized as rather complex concepts, implying the necessity of implementation of a
simulation model that observes complicated information feedback systems, such as SD [27].
SD, as an aspect of systems theory, is a method to understand the dynamic behavior of complex
systems. SD can be described as the time-dependent behavior of managed systems, to describe
the system, and to understand how information feedback governs [17]. SD uses both qualitative
and quantitative analyses. The qualitative tools are mainly used to capture the model structure,
while the guantitative methodologies focus on feedback loop analysis aiming to design an
effective policy to adjust the system behavior, using causal loop diagrams [26], structure—
behavior diagrams [10], and stock-flow diagrams [14]. SD methodology recognizes two main
functions (variables): level variable and rate variable. Level variable, also known as
accumulation variable, is mainly used to describe the cumulative effect of a variable. Rate
variable is a variable representing the change rate of the level variable, thereby controlling the
speed of change in the system [27]. Figure 1. presents the basic principle of SD applied to
waste management: Total waste is a level variable that accumulates all changes of rate function
Waste generation in time interval dt.

A
Total Waste(f)

Total Waste(t;)+Waste generation(t; ---> to)dt=
=Total Waste(to)-----

Waste generation(i; ---> 1z)

Total Waste(tp)+Waste generation(ty---> t;)dt=
=Total Waste(t;)- - 1---|
Waste generation(ip---> 11) 1
Total Waste(ty) --*--

! i &} 3
St : dat :

Figure 1: Basic principle of system dynamics calculation source: Adjusted to [17]

The structure of the system can be represented by a causal loop diagram. The causal loop
diagram reflects the feedback relationship in the system [27]. The most commonly used
variables for the waste management SD model are [18]: collected waste, recycling, regulations,
treatment price, and environmental behavior. Some authors used a more generic approach to
SD and used [11], [22]: total tonnes of waste generated, population, population growth,
population decline, median household income, and total tonnes recycled. Destination’s
attractiveness, considering data availability, and Butler’s [5] original idea will be presented
with a number of tourist arrivals V for 18 local administrative units (LAU) that are tourism-
oriented and that are using the same waste management. The data was obtained from Split-
Dalmatia County statistical publications [9]. So, for making a waste policy, the forecasting
model must include the effect of tourism and the local population. For this purpose, the starting
point for describing the structure of the waste management model is the Tourism area life cycle
(TALC). The TALC [5] has recently become one of the most cited models in tourism literature.
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The main purpose of the TALC model [6] is to point out the dynamic nature of tourist
destinations and to propose a generalized process of development and potential decline, which
could be avoided with the appropriate interventions. SD aspect of TALC is in detail described
in [17]. Data used for modeling is from the period 2016-2020. Local population data were
obtained from Institute for Public Health [20] and the amount of waste data was obtained from
the company officially managing waste landfills for the broader area of City of Split (in total
18 LAU, Split included). Considering the research recommendations [22] as well as the
availability of real data, we developed a model that includes the following inflows: waste
generation per person, local population (including changes in local population), number of
arrivals (based on TALC model [17]) and length of stay. Outflow is total waste, defined by the
rate of waste recycling. The causal loop diagram of the model is presented in Figure 2.
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Figure 2: Causal loop diagram of the waste management system

According to Figure 2, six feedback loops can be recognized. Recognizing feedback loops is
important because of their polarity and consequently pattern behavior of the modeled system.
A feedback loop can be positive or negative, depending on several negative cause-consequence
links between variables (functions) in a loop. A positive loop has an even number (zero
included) of negative links and characterizes exponential pattern behavior. The negative loop
has an odd number of negative links and characterizes goal-seeking pattern behavior. It means
that negative loops have regulative character, thus they can be used for system regulation.
Figure 2 shows three negative feedback loops. FBL2(—) has a self-regulation character,
meaning that during the time, as V' (number of arrivals) is approaching M (maximum expected
number of visitors), the value of Growth of arrivals is becoming smaller. Similar behavior has
FBL4(-). FBL6(-) is also a negative loop but it depends on the Rate of Waste Recycling which
presents a managerial variable because it depends on policymakers’ decisions regarding
investment in recycling.

4 RESULTS AND DISCUSSION

Since simulation modeling helps visualize the real-life behavior by conducting virtual
experiments and creating different scenarios [29], a developed SD model has been applied and
two simulation scenarios have been created. So, after validation of the model (standard
deviation used), two simulation scenarios were developed. Results of the “COVID19 scenario”
showed a large decrease in waste generation in the year 2020 which could be influenced by the
Covid-19 pandemic since the number of tourist visits has decreased dramatically [9]. “Without
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Covid-19 scenario” shows that the waste generation in the observed area increased (see Figure
3). The difference between the two scenarios confirmed the importance of taking into
consideration the tourist dimension, along with the effect of the local population in the waste
management system.

tons/yr
c 145.000 Waste Generation (tons/yr)
K] -~
g 140.000 Time COVID19 scenario Without COVID19 scenario
5 1. sij 2017. 130.524,70 130.524,70
2 135.000 1. sij 2018. 134.829,19 135.423,33
2 1300008 1. sij 2019. 140.441,05 141.497,99
| ; ; ; e 1. sij 2020. 143.319,97 144,503,97
17 18 19 20
— COVID19 scenario Without COVID19 scenario 1. Sij 2021, 127-697,24 146.072,79

Figure 3: Waste generation simulation scenarios created in Powersim software

This model points out the importance of the tourist dimension regarding the waste management
system and the necessity of applying the proposed SD model, addressing mentioned smart city
challenges. Due to the complexity of the waste management system, it is of utmost importance
that the system is modeled properly, thus including all subsystems which influence waste
generation. The significance of the proposed SD model has shown to be even more prominent
in the smart city of Split since the city is in a very unenviable situation regarding the treatment
of MSW [15]. Also, since it is expected that the near future will assume the implementation of
loT in waste management, such as sensors that could then feed the proposed SD model with
real-time data, the existence of such an SD model should be considered as a prerequisite.

5 CONCLUSION

This paper aimed to show the potential of using the SD approach based on real data in waste
management. SD model for waste management in tourism-oriented LAUs was developed using
a holistic view since it included the effects of both local populations, as well as tourist
attendance. The main potential of the proposed model is that it addresses the complexity of
waste management systems. Moreover, prediction methods based on the proposed model could
be used for creating different scenarios that can help policymakers in decision-making in
tourism-oriented smart cities. Future research should be oriented towards investigating the
effects of possible waste policies. Also, the introduced SD model tends to capture the waste
management system, however, subsystems were not analyzed in a detailed manner, since each
can be considered a distinct research field. Results have confirmed that applying a more holistic
approach thus including the number of tourist arrivals is essential for tourist destinations, so
future research should test the model in other tourism-oriented destinations.
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1 INTRODUCTION

The concept of the Smart City has been intensively researched lately. According to Scopus
database search done in May 2021, the number of papers has increased exponentially in the
last six years. This suggests the need for further research and practical application of the
abovementioned concept. According to European Commission, smart city is “a place where
traditional networks and services are made more efficient with the use of digital and
telecommunication technologies for the benefit of its inhabitants and business” [6]. Digital and
telecommunication technologies cannot stand alone, as for a city to become smart, a high
degree of information technology integration and a broad application of information resources
should be accomplished [10].

The new emerging concept of Internet of Things (IoT) has become an important agenda
when considering the future of information and communication technologies (ICT) [9]. It
enables remote monitoring, managing and controling of devices, as well as creating knowledge
from real-time data [1, 10, 13,]. 1oT means installing and connecting sensors to the internet
through specific protocols for information exchange to accomplish intelligent recognition,
location, tracking, monitoring and management [9, 14]. Successful implementation of 10T
platform could bring up significant benefits, e.g. efficiency, effectiveness, safety, security, and
quality decision-making [9]. Because of filling the gap between device sensors and data
networks, 10T platforms are considered the most significant component of the 10T concept.
The platform connects the data to the sensor system and gives insights using back-end
applications to get an impression of the large amount of data coming from different sensors
[13].

As the demand for 10T platforms increases so is the number of service providers (vendors)
growing. Furthermore, research company Gartner (2020) expects the global government loT
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endpoint electronics and communications market to reach $17.4 billion in 2021. Relevant lIoT
end users (e.g. city administrators, managers, decision makers and policy planners) need to
answer crucial questions related to the selection of the IoT platforms that are to be implemented
in a city.

The motivation and goal of this paper lays in a practical and theoretical need to investigate
whether commonly used criteria for the selection of technology in general are applicable for
loT platforms, as a part of the smart city concept. In addition, the presented study aims to
investigate if there are differences in perceived importance between end users and vendors
when it comes to loT platforms’ selection criteria. The literature shows the existence of few
criteria and alternatives when selecting an loT platform, where neither is dominant [5].

Interesting cognition arises when choosing the method to select the appropriate alternatives
(in this case 10T platforms). Several MCDM methods exist, such as the analytical hierarchal
process (AHP), the analytical network process (ANP), data envelopment analysis (DEA) or
PROMETHEE. According to the literature MCDM method PROMETHEE has not been used
when selecting loT platforms so far, however, few authors considered it for future work [5].
With this paper, the authors fill the research gap by using PROMETHEE method to
demonstrate the selection procedure of IoT platforms, as well as include non-IT experts in
selecting the criteria. To the best of our knowledge, this approach has not been presented
before.

Paper consists of 5 sections organised as follows. Section 2 gives a theoretical background
on the loT domain, loT platform and criteria used. Section 3 shortly introduces the
methodology used, while section 4 presents and discusses the results of MCDM analysis based
on the selected and evaluated criteria. Section 5 concludes the paper with final remarks, listed
limitations and avenues for future research.

2 THEORETICAL BACKGROUND

loT assumes interconnecting the physical objects with telecommunication networks, merging
real life with virtual space, and supporting the development of different digital services and
applications. The loT system consists of small sensors embedded in the objects such as
electronic devices, alarm systems, cars, home appliances and industrial machines, which
communicate with each other, as well as with their environment [13]. As the 10T domain is an
even more novel area than the Smart City concept itself, the papers concerning the selection of
criteria are mainly based on a review of the existing literature. For example, forces that have
been traditionally investigated are technology, market, and regulations [3]. Other authors have
presented multi-criteria approach using three main criteria for 10T applications [9]: (1)
technological prospect, (2) market potential and (3) regulatory environment. From
methodological perspective, their findings can be limited as they rely on respondents that are
mainly experts with ICT background. Additionally, many authors have proposed detailed
methodology to assess 10T, but the literature is lacking empirical research [14]. Literature
review analysis confirmed that different criteria can be found depending on the type of
technology (e.g. database, cloud, etc.). The list of criteria, information about IoT domain and
authors who investigated the criteria are summed in Table 1.

Table 1: 10T selection criteria

Criteria 10T domain Authors
Reliability 10T application; 10T platform [9, 11]
Cost loT application; IoT cloud; loT platform [9, 15, 12]
Standardization 10T application [9]
Scalability loT platform [12]
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Market Longevity 10T platform [12]
Security (and safety); 10T platform [11,12]
Usability 10T platform; 10T database [1,12]
Integration Flexibility 10T platform [11,12]
Availability 10T platform; loT cloud [15, 12]
Security 10T (in general); 10T application; IoT platform [9, 16, 11, 12]
Legal regulations 10T (in general) [16]
Device management 10T platform [11]
Functionality 10T platform [11, 12]
Usefulness of visualization 10T platform [11]
Variety of data analytics 10T platform [11]
Portability 10T database [1]
Supportability 10T database [1]

Souce: Authors' analysis, 2021.

Criteria that were not considered as relevant (outside of the scope of an loT platform) were
excluded from further evaluation and the authors focused on the general ones only (e.g. market
longevity). The following 15 criteria were extracted from the literature review: availability,
security, price, reliability, device management, integration flexibility, manufacturer quality,
portability, scalability, standardization, supportability, functionality, usability, usefulness of
visualization, and variety of data analytics.

3 METHODOLOGY

Multi-criteria decision-making (MCDM) indicates the existence of limited number of
alternatives, as well as decision making with conflicting criteria that share the following
characteristics [2]: (1) multiplicity of criteria, (2) conflict among criteria, and (3) incomparable
units of measure.

A decision-maker or multiple ones (e.g. experts) assess the importance of criteria in terms
of priorities or weights. Assessments are possible through methods for group weight
assessment (e.g. ranking, grading, pairwise comparisons, Delphi method), and methods for the
single decision-maker (e.g. calculating eigenvector, weighted least squares and entropy
method) [2]. For this study, group weight assessment has been done i.e. the grading method
with experts, where grading was conducted by presenting the criteria to each expert who then
awarded a grade for each criteria in an interval from number 0 to 100. The weight is determined
as follows (1):

Dk
N 5 L 1
Wik YioiPjk (1)
W = Z%c=1wjk (2)

J Z?:l Z;c:l ij

where n signifies the number of alternatives, pjr the grade from expert k to criteria j, wjk
signifies normalised weight calculated for criteria j from expert k, and w; (2) stands as the total
weight for criteria j.

In order to answer research questions, the research instrument was prepared. In accordance
with the results of the literature review, the authors arranged the list containing the important
criteria (N=15) when selecting 10T platform. 10T experts including vendors from Croatia, as
well as smart city end users from Croatia were contacted and asked to evaluate the importance
of each criterion with grades from 0 to 100. In addition, experts had an opportunity to list any
additional criteria if found necessary.

The second part of the selection process concerns choosing the appropriate alternative.
When looking for the available alternatives in the market, a new question arises concerning the
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method that should be used to support the selection of appropriate platforms from available
alternatives. For illustrative purpose, two loT platform alternatives were selected and
PROMETHEE (Preference Ranking Organization Method for Enrichment Evaluations) was
used as method. It is an outranking method used when there is a finite set of alternative actions
which need to be ranked and selected based on various criteria [2]. PROMETHEE supports
transforming qualitative data using an ordinal scale [8]. One of six specific preference function
should be used to define generalized criteria for each criterion fj [4]. Types of particular
preference functions are: usual criterion, U-shape criterion, VV-shape criterion, level criterion,
V-shape with indifference criterion and Gaussian criterion. Additionally, some parameters
need to be defined in advance, such as q — difference threshold, which defines the interval
where the decision-maker is indifferent, p — strict preference threshold, which defines the value
above there is a strict preference, s — parameter between g and p.

4 RESULTS AND DISCUSSION

Total number of 8 experts participated in the evaluation, half of whom were end users (N=4)
and half vendors (N=4). Results of experts’ evaluation yielded additional three criteria:
“customer support team”, “intuitive user interface” and “privacy/data protection”; however all
of them could be considered contained within the listed criteria (N=15). Criteria weights were
calculated for each group of experts and sorted from the most rated criteria. Calculated weights
are shown in Table 2.

Table 2: Criteria weights according to vendors and end users

Criteria Weight according Criteria Weight according
to vendors to end users

Device management 0.0791 Functionality 0.0798
Scalability 0.0790 Security 0.0780
Security 0.0786 Scalability 0.0754
Price 0.0781 Portability 0.0753
Functionality 0.0770 Device management 0.0735
Usability 0.0726 Usability 0.0713
Reliability 0.0698 Variety of data analytics 0.0687
Portability 0.0689 Price 0.0665
Variety of data analytics 0.0644 Reliability 0.0651
Usefulness of visualization 0.0599 Integration Flexibility 0.0646
Integration Flexibility 0.0587 Usefulness of visualization 0.0624
Availability 0.0556 Manufacturer quality 0.0576
Standardization 0.0554 Availability 0.0564
Manufacturer quality 0.0519 Supportability 0.0535
Supportability 0.0510 Standardization 0.0517

As seen from above, the most important criteria for end users while selecting the 10T platform
is “functionally”. It is interesting to point out that, except for criteria “price”, every other
criterion has been rated as more important by IoT vendors than it has been from end users.
Unexpectedly, “price” is considered more important criteria by vendors than by end users.

For the second part of the selection process, two loT platforms (alternatives) were chosen -
Azure loT Microsoft and ThingWorx PTC because these platforms were perceived as the most
popular by end users [7]. Evaluation of set criteria (populating of decision matrix) was done
based on published comparison, as well as qualitative reviews (ibid). Group criteria weights
(including end users and vendors grading) were calculated and rounded W = {56; 78; 72; 67;
76; 62; 55; 72; 77; 54; 52; 78; 72; 61; 67}. Input data is shown in Figure 1.

38



Scenariol | Avalabiity! | Security

Unit

Price

Reliabiity | [Device

unit

Integrati..| Manufac

unit

unit

Portabiity = | Scalabiity | Standard... Supporta..

unit

unit

unit

unit

Function

Usabilty | Visualzat..

Data an...

asicon @ @ & & € & & & & & & ¢ & & ¢
Preferences
Min/Max max. max. min max. max. max. max. max. max. max max max max max max
Weight 56,00 78,00 72,00 67,00 76,00 62,00 55,00 72,00 77,00 54,00 52,00 78,00 72,00 61,00 67,00
Preference Fn. Usual Usual Usual Usual Usual Usual Usual Usual Usual Usual Usual Usual Usual Usual Usual
Thresholds absolute  absolute  absolute,  absolute  absolute  absolute, absolte  absolute  absolute  absolute| absolute  absolite  absolute  absolute,  absolute
-Q n/a nfa nfa n/a n/a nfa nfa n/a nfa nfa n/a n/a nfa nfa n/a
- P: Preference n/a n/a nfa n/a n/a nfa nfa n/a n/a nfa n/a n/a nfa nfa n/a
- S: Gaussian n/a nfa nfa n/a nfa nfa nfa n/a nfa nfa n/a nfa nfa nfa n/a
Statistics
Minimum 4,5000  4,0000 3,80 400  4,6000 4,30 4,20 4,50 4,70 3,90 4,30 4,40 3,80 4,50 4,70
Maximum 4,9000 4,5000 4,00 4,20 4,7000 4,50 4,50 4,60 5,00 4,30 4,40 4,60 4,10 4,50 4,80
Average 4,7000 4,2500 3,90 4,10 4,6500 4,40 4,35 4,55 4,85 4,10 4,35 4,50 3,95 4,50 4,75
Standard Dev. 0,2000 0,2500 0,10 0,10 0,0500 0,10 0,15 0,05 0,15 0,20 0,05 0,10 0,15 0,00 0,05
Evaluations
AZURE ||q #9000 4,5000 3,80 4,00 4,6000 4,50 4,50 4,50 5,00 4,30 4,40 4,40 4,10 4,50 4,80
— q{  H5000 4,0000 4,00 4,20 4,7000 4,30 4,20 4,60 4,70 3,90 4,30 4,60 3,80 4,50 4,70

Figure 1: Parameters and alternatives assessments in Visual PROMETHEE software

Ranking results of proposed alternatives are shown in Table 3. Ranking with PROMETHEE
method is done based on Phi net flow which is the result of computing two preference flows,
Phi+ and Phi- [2]. Interpreting the results, the best alternative is Al (Azure) as has the highest
leaving flow (0.6446) and at the same time the lowest entering flow (0.2942).

Table 3: Flow table

Rank Alternative Phi Phi+ Phi-
1 AZURE 0,3504 0,6446 0,2942
2 PTC -0,3504 0,2942 0,6446

In order to examine in more detail how sensitive the choice of alternative is to the change in
the evaluation of the criteria functionality, Visual stability intervals in Visual PROMETHEE
can be used. The stability interval for criterion functionality is 31.75%, which shows how much
weight of this criterion could be increased for leading alternative to change its position. Visual
representation of the analysis is shown in Figure 2.
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Figure 2: Visual stability intervals for criteria functionality in Visual PROMETHEE software.

5 CONCLUSION

The goal of this paper was to propose the most important criteria to be considered by relevant
end users when selecting the IoT platform within the smart city concept. Thus, based on
literature review this paper first identified 10T platform selection criteria. Next, the proposed
criteria have been evaluated according to their importance by both, 10T vendors and smart city
managers (end users). Results show that both vendors and end users assessed “Security” and
“Scalability” as top three most important criteria. Results also show the existence of differences
in the importance of selection criteria among vendors and end users (e.g. “functionality” and
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“price”). Results of this study can be used by both, 10T vendors to better tail the needs of the
end users when designing future loT platforms, and by smart city administrators, managers,
and policy planners when selecting the 10T platforms for the smart cities.

The presented study suffers from some limitations, which can also serve as starting points
for future research. As not being able to define selection criteria for specific cities, the authors
used a rather generic approach. Hence, more loT selection criteria could be included in the
analysis. Next, the number and diversity of participants considered in the evaluation of the
identified criteria should be expanded. It would also be beneficial to include some vendors and
smart city managers in wider geographical regions, e.g. Slovenia, and compare the results. In
this study, the authors used PROMETHEE method to select IoT alternative. In the future, other
methods could be used to verify the results. In addition, a higher number of alternatives would
be considered.
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Abstract: This paper proposes the use of group method of data handling (GMDH) model to predict
site-specific time series of quality parameters by using global navigation satellite systems (GNSS).
There are several local environmental factors that can interfere with GNSS position estimates.
Prediction of multipath and carrier-to-noise ratio (CNR) based on satellite elevation angle is particularly
important in urban street canyons where signal reflections lead to positioning errors. The aim of this
work is to propose a soft computing approach for elevation-dependent modeling of site-specific
parameters, which could be used as a reference for quality prediction in kinematic positioning,
especially in adverse GNSS positioning situations. Prediction model was constructed based on GMDH
and simulation results show a good agreement of the proposed model to the actual values. Thus, GMDH
provides promising results for further investigation on its usability in real-time positioning.

Keywords: GNSS, satellite elevation, multipath, group method of data handling (GMDH)
1 INTRODUCTION

In GNSS positioning, quality parameter modeling is important to determine the influence of
site-specific parameters on the final positioning results. New applications targeting users in
urban areas, such as intelligent transportation systems (ITS), benefit significantly from accurate
positioning capability in urban environments [1], [2]. However, there are site-specific
environmental factors that can interfere with GNSS position estimation and degrade the final
positioning results [3]. Continuously operating GNSS reference stations (CORS) allow us to
study the site-specific effects over a longer period of time to estimate their periodicity, which
may be due to seasonally varying environmental factors. Based on the findings from static
CORS measurements, site-specific models can be determined and further used for kinematic
positioning in urban environments. The prediction of the carrier-to-noise ratio based on the
satellite elevation angle is particularly important in urban street canyons where signal
reflections lead to multipath errors [4]-[6]. The aim of this paper is to propose a group data
processing method for elevation-based GNSS influence modeling that can be used as a
reference for kinematic positioning in adverse GNSS positioning situations.

Current GNSS positioning accuracy is adequate for most civilian users. However, a number
of applications, including autonomous navigation, require centimetre-level positioning. GNSS
positioning techniques are very efficient in an open-sky environment with good satellite
geometry, few cycle slips and low multipath. The environmental factors that most affect the
quality of kinematic positioning are:

- multipath effects, which are very high on pseudo-range and carrier phase,

- cycle slips are common,

- carrier-phase availability in really bad conditions is low, and

- the satellite geometry is weak.
The statistical properties of signal reception conditions vary greatly in different types of
positioning scenarios, which differ up to the local environment and surrounding objects, as
well as local interference conditions [7], [8]. It depends on a GNSS receiver to detect local
obstacles for proper positioning algorithms. In order to characterize different environmental
influences, it is necessary to distinguish several factors, namely: signal attenuation, multipath,
blocking and interference. GNSS multipath is caused by the reception of signals that not only
come directly from satellites, but are also reflected or diffracted by the local objects. Multipath
causes an error in the pseudorange measurement and thus affects the positioning accuracy,
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since the multipath signal takes a longer path than the direct signal (Fig. 1). To effectively
reduce the influence of multipath interference, the multipath mitigation strategy focuses on
three aspects: the observation environment, the receiver hardware, and the data processing
software. The predicted model can be a valuable information for real-time positioning.
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Figure 1: Multipath in urban canyons.

The general quality assessment of GNSS observations under different conditions could be
easily described by the dilution of precision values (DOP). When satellites are relatively close
to each other, the overlap range of position uncertainty is larger and vice versa. DOP is the
relationship between coordinates and measurement accuracy. When the DOP values increase,
both the horizontal and vertical precision of the point position decreases [9]. Define (x,y, z)
and (X;,Y;, Z;) for the position of the receiver and the i*" satellite positions, respectively. The
approximate position of the receiver is (x°, y°, z°), while (%, 7, 2) is determined according to
the least squares’ adjustment of the redundancy pseudoranges. The geometric DOP, GDOP
refers to the geometry matrix H:

GDOP = +/trace(HTH)™! (1)

2=X; y-Yi 2-Z; . = = ry
en =", ep="", ez="andf; = VE=X)?+ @ -1+ (2 - Z)*

Multipath can be detected using Melbourne-Wiibbena (MW) linear combination, which is free
of geometry, troposphere, and ionosphere, and is affected only by noise from code or carrier-
phase measurements, including multipath. It is composed of carrieer-phase (wide-lange — W)
and code (narrow-lane — N) measurements and expressed as follows [10]:

Lyw = (fiP1 + f2P)/(fi + [2) — (filx — f2L2) /(f1 — f2), )

where P and L represent the code and carrier-phase measurements in meters and f is the
frequency (subscripts denote the frequency numbers). Because of its computational simplicity,
this approach is often used to evaluate the total multipath in GNSS.

The main objective of the current research can be stated as follows: to investigate and test
the GMDH technique to acquire the prediction model based on periodic time series of elevation
dependent GNSS parameters to be further used in GNSS signal quality detection for optimal
positioning.
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2 TIME SERIES MODELING WITH GMDH

Time series prediction can be viewed as a special case of nonlinear regression and function
approximation. Therefore, nonlinear regression approaches, such as artificial neural networks
(ANNSs), can be used to perform time series forecasting problems. GMDH, first proposed by
Alexey Grigorevich lvakhnenko in 1968 [11], is a modeling technique that provides an
effective approach for identifying higher order linear systems. GDMH, similar to ANN,
constructs the mapping of input data to the output data based on human knowledge and is based
on its architecture. Since the accuracy of ANN depends on the selection of the architecture, the
idea of GMDH is to replace such a complex model with structure consisting of sub-models
[12]. Sub-models are placed into a linear, nonlinear and dynamical sets [13].

A GDMH is a multilayer neural network consisting of a set of higher-order polynomial
neurons arranged in a special structure to map a given set of training feature vectors into their
corresponding response variables. Therefore, it automatically learns the relationships in the
system, especially the relationships that dominate the system variables during the
tralnlngllearnlng process. GMDH has the following advantages in term of ANN [14]:

GMDH models allow us to obtain explicit expressions as well, while in ANN only
implicit expressions are available,
- it provides adaptive network representations, while the design of the ANN topology
is a trial-and-error process, and
- GMDH is a self-organized model and the structure of the models is self-optimized
according to the available data.
System modeling allows us to design and analyze processes for nonlinear systems in situations
where explicit mathematical expression is not always possible. In such an approach, the use of
pattern recognition from input-output data pairs provides promising modeling results for
understanding system behavior. Several strategies can be used for modeling time series,
including different types of artificial neural networks, i.e., radial basis networks (RBFNS),
wavelet neural networks (WNNSs) [15] lead us to promising results. The fundamental difference
between RBFNs and WNNs compared to GMDHes is the architecture of the network. While the
first two are based on only one hidden layer, the latter follows a multi-hidden layer architecture.
The GMDH approach has its advantages because the number of hidden layers and neurons in
each specific layer and the model structure are automatically optimized and determined with
respect to the complexity and noise level of the data sample.

Finally, a stopping condition is needed to prevent the network from growing to infinity. At
least two stopping conditions are available, namely the minimum estimation error and the
maximum number of layers [16].

2.1 Group method of data handling

The GMDH network is a fast learning machine based on the principle of heuristic self-
organization that can be used for system modeling and prediction as well as system
optimization. In principle, a GMDH is a kind of multilayer feedforward neural network
consisting of high-order polynomials Kolmogorov-Gabor [17]. GMDH uses a multilayer
network of n-th order polynomials. Very often, second-order polynomials (quadratic neurons)
are used to characterize the complex nonlinear relationships between the given inputs and
outputs of a system. Each quadratic neuron has two inputs and a single output expressed by the
equation:

g(xX1, X5, ) = Wy + Wixg + WoXy + WaX Xy + Wex? + wexs €))

In the above equation, w; (i = 0, ...,5) represent the weights of the quadratic neuron. GMDH
models consist of three parts, namely: (a) input variables, (b) internal criteria, and (c) external
criteria. Internal criteria are used to estimate the coefficients, i.e., weights w, in Equation 1.
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Usually, least square principle is used as the internal criterion. Internal criteria do not use any
additional information, but in contrast, external criteria are used for model selection. There are
several external criteria to choose from depending on the nature of the problem. Among the
available external criteria, the regularity criterion is commonly used. Also, the selected
candidate models are adopted for the next layer. Once the self-organizing model satisfies the
requirements, the learning of the model is terminated.

input layer Ist layer i-th layer

External~—.
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Figure 2: GMDH (group method of data handling) model.

GMDH models consist from the following steps [14]:

Step 1: The data of n input variables (x4, x5, ..., x;) are divided into two parts, namely
training and test groups. The training group is used to estimate the coefficients of the
model, while the second is used for validation to separate the embedded information
into useful or harmful.

Step 2: Input variables are the nodes in the input layer; also, all combinations of nodes
in the current layer are defined: (C2 = n(n — 1)/2).

Step 3: Mean candidates are generated from all node combinations using Eg. 3. The
coefficients (weights) are estimated during training using internal criteria such as
ordinary least squares. The value of external criterion (EC) is computed for the middle
candidate models for the test data set.

Step 4: The middle candidate models are ranked in the current layer with respect to
their external criterion value. Only certain nodes are selected as inputs for the next
layer (grey nodes in Fig. 2).

Step 5: if the minimum explicit criterion value in the current layer is the minimum
external criterion of middle candidate models: e = min(EC).

Step 6: if the condition e!=1 > !, then go to the next layer (I = [ + 1) and repeat the
steps from 2 to 6, otherwise go to step 7.

Step 7: set the middle candidate model with minimum external criterion value as the
optimal complexity model, in the next process, the explicit expression of this model
can be obtained iteratively.

3 GMDH APPLICATION FOR GNSS OBSERVATION QUALITY MODELING

In this study, GNSS observations were tested for use with GMDH for two quality parameters,
namely: carrier-to-noise ratio (CNR) (Fig. 3) and multipath (Fig. 4). Observations were of the
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time span of four hours from the Slovenian continuously operating reference station (CORS)
network, SIGNAL, namely KOPE, located in the south-western part of the network. The main
feature of this point is that it is located on the coast, near the sea, at the same location as the
tide gauge. GMDH was applied for modelling and prediction of most affected parameters from
the environment, CNR and multipath; they both depend upon geometry of satellites (presented
with DOPs) and satellites’ elevation.
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Figure 3: Time series of CNR for: (a) all GPS satellites in view; (b) for GPS satellite No. 21.
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Figure 4: Time series of multipath for: (a) all GPS satellites in view; (b) for GPS satellite No. 21.

The GMDH models for prediction differed in time of delays; we set up a shift register of delays
(D), from which we retained successive values of our time series. Each past value was then
treated as an additional dimension in the inputs to our predictor. Different delay scenarios were
evaluated by comparing its testing to the measured values, namely 2, 3, 5, 10 and 20 epochs of
delay. A comparison of fitting error, forecast errors of combination models and the individual
models is shown in Tab. 1. Tab. 1 reports the forecast of CNR and Tab. 2 the forecast of
multipath according to different sets of prediction data, RMSE and regression coefficient (R)
for the training and testing data sets and for all of them. Data was divided into 70% for the
training phase and 30% for the validation. Each layer of GMDH structure consisted from
maximum 20 neurons and we set maximum of five hidden layers.

Table 1: Prediction results for CNR by using GMDH.

Delay RMSE (all data) R (train) R (test) R (all)
[dBHZ]
2 0.506 0.98684 0.98113 0.98619
3 0.494 0.98753 0.98118 0.98678
5 0.487 0.98782 0.98119 0.98701
10 0.449 0.99030 0.98191 0.98896
20 0.433 0.99009 0.98233 0.98859

Table 2: Prediction results for multipath by using GMDH.

Delay RMSE (all data) [m] R (train) R (test) R (all)
2 0.088 0.93765 0.90184 0.93455
3 0.089 0.93847 0.89268 0.93440
5 0.083 0.94712 0.89654 0.94265
10 0.081 0.94892 0.89853 0.94512
20 0.081 0.94921 0.89835 0.94467
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The forecast performance shows a good agreement between training and testing data for both,
CNR (Tab. 1) and multipath (Tab. 2) time series. Based on RMSE and regression coefficients
it is clear that the GMDH forecast leads to satisfying results, so further analyses are quite
substantiated and meaningful for GNSS. For multipath better results were obtained for short
time prediction, that may be due to the fact that multipath in kinematic positioning changes
rapidly.

4 CONCLUSIONS

This paper proposes GMDH approach for modeling of site-specific quality parameters, which
could be used in real-time quality assessment and prediction for parameters used for quality
GNSS positioning estimation. GMDH modeling results were validated on testing data samples
for different delays.

As seen from the results delay of ten data gives promising results for CNR and delay of five
data for multipath. The experimental analysis shows that GMDH is feasible and brings
different aspect of solution of time-series modelling in GNSS quality-parameter positioning
with promising results. However, further research and new tests by using different quality as
well as bigger sample size of data might be used in further experiments to check the robustness
of the method.
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Abstract: The minimum sum of clustering is the most used clustering method. The
minimum sum of clustering is usually solved by the heuristic K-means algorithm which
converges to a local optimum. Much effort was put into solving such kind of problem, but
a mixed integer linear programming formulation (MILP) is still missing. In this paper, we
formulate MILP models and solve them up to sample size 100. The advantage of MILP
formulation is that users can extend the original problem with arbitrary linear constraints.

Keywords: Clustering, LP formulation, K-means

1 INTRODUCTION

Clustering is one of the most used methods in data science. Inside this area, K-means
clustering is the most used approach which aims to minimize the within cluster sum of
squares of distances. K-means clustering algorithm is a very fast method, but it is a heuristic
algorithm without any guarantee for global optimum. In data science, it is said that the
K-means algorithm is sensitive to the initial cluster centers, in optimization terminology
the K-means algorithm converges to a local optimum. This phenomenon is well known,
however, this method is implemented in most used statistical and data science softwares till
nowadays, contrary to the fact that exact algorithms are known (see for instant du Merle
et al. (1999), Peng and Wei (2007)).

Solving clustering problem using linear programming appeared early in the literature,
see Vinod (1969), Rao (1971). Later, different types of clustering problems were solved
using LP, see for instance Cornuejols et al. (1980), Kulkarni and Fathi (2007), Dorndorf and
Pesch (1994), Gilpin et al. (2013), but the most frequently used minimum sum of squares
clustering was less investigated. Du Merle at al. (1999) proposed an exact algorithm to
solve the minimum sum of squares clustering problem, but this approach did not appear in
statistical packages, probably due to the fact that it is a quite complicated algorithm.

We can also form the minimum sum of squares clustering problem as Semidefinite Pro-
gramming (SDP) problem (see Peng and Wei (2007)). The drawback of this possibility is
that SDP problems can be solved only for moderate size problems.
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In this paper, we present Mixed Integer LP formulations for the minimum sum of squares
problem. These formulations can be extended to problems with many types of constraints
(for instance lower bound on the cardinality of clusters or must-link constraints: Bradley et
al. (2000), Davidson and Ravi (2007)). The presented MILP model is based on formulation
appeared in Awasthi et al. (2015).

2 MILP FORMULATION FOR MINIMUM SUM OF SQUARES
CLUSTERING PROBLEM

We have N points in the n-dimensional space: A = {aq,...,axy} C R™. Our aim is to group
these points into K clusters in a way that we minimize the within cluster sum of squared
distances. Clusters of points are denoted by Ag, K = 1... K. These sets form a partition of
A, since 4z N A =0, US A, = Aand Ay # 0 for all k =1,..., K. Let P4 denote the set
of partitions of A into eaxctly K non-empty subsets. The center of cluster A, is denoted
by ¢, which is defined as the multidimensional mean. Sum of squared distances within the
cluster Ay is given by the formula: 7, 4 d(a;, cx)?, where d(a,b) is the Euclidean distance
between points a and b (also called 5 norm). We can reformulate this sum of squares
formula as ‘A | D aiayed, Aai, a;)? (see du Merle et al. (1999), Awasthi et al. (2015)). The
minimum sum of squares clustering problem is the following:

(IZ, Cl]
mln E E
(A1,A2 k)EPA ’.Ak

7777 k=1 a;,a; €A

In Awasthi et al. (2015), we can find a promising formulation:

Z d(a;, a;)* z;; — min (1)

1,3
s.t.
N
» zy=1 Vi€ [N] (2)
j=1
Zij < Zii Vi,j € [N] (3)
N
Z zu =K (4)
i=1
. Vije [N 5)
zij € {0, 1/ Ay [} Vi, j € [N]

where Ay(;) is the cluster which contains a;, [A| is the cardinality of the set A and [L] :=
{1,...,L}. Except for the last constraint, this is a linear model with nonnegative decision
variables z;; which indicates whether element 7 and j belongs to the same cluster or not.
There are several problems with the last constraint, we do not know apriori the value of ¢(j)
and the cardinality of cluster A;;y. However, it can be reformulated as z;;(2; — 2;) = 0,
but it is still not a linear constraint.
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Unfortunately (but not surprisingly), the optimal solution of the problem minimizing
(1) subject to (2)-(5) does not give a ’legal’ clustering. To ensure this, we need further
constraints.

It is worth prescribing the symmetry of the variables z;;, that is,

Zij = Zji \V/Z,] S [N] . (6)
Another possible linear constraint is the ‘triangle inequality’:
zij+zie—zje <z Vi,5,0 € [N]. (7)

Indeed, if both variables z;; and z;, take positive value (meaning elements ¢ and j are in the
same cluster and also elements ¢ and ¢ are in the same cluster), then variable z;, has to take
positive value, and in this case, the values of all of the three variables have to equal variable
z;;. 1f both variables z;; and z; are 0, then the value of variable z;, is not constrained.

We refer to the model minimizing (1) subject to (2)-(7) as MSSR: Minimum Sum of
Squares Relazation. 1t still does not surely result in a ‘legal’ clustering structure, but as the
numerical tests show, we already get an optimal clustering with this model in most of the
cases. To get an exact model, we use binary variables. It can be done in different ways, we
will discuss two of them.

First we introduce binary variable (;;, which takes value 1, if elements ¢ and j are in the
same cluster, otherwise it takes value 0:

G; € {0,1} Vi, je[N]. (8)

Values of variables z;; and (;; are not independent, hence we need constraints to ensure
the relationship between them:

Zij < Gij Vi,je[N]. (9)

Zii — 2y <1 — G Vi, j€[N]. (10)

Now the problem minimizing (1) subject to (2)-(10) gives an exact model for the K-
means problem. However, we can add further constraints (cuts) to help the MILP solver to
find an optimal solution faster. Two possibilities are considering the following constraints

(N—K+1)(z —2) >1—C; Vi je[N]. (12)

We reach the MSS formulation: minimizing (1) subject to (2)-(12). It is easy to see
that if an optimal solution of MSSR is a 'legal’ clustering, then all binary variables ¢;; take
integer values, i.e. branch and bound tree will only contain the root node.

In MSS formulation the number of binary variables can be quite large, its number increase
quadratically as the number of elements increases. We tried another formulation, in which
the number of binary variables is significantly less. Let v;, denote the binary variable which
indicates if element ¢ is assigned to cluster k:

~ir € {0,1} Vie [N, ke|K]. (13)
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Since every element belongs to exactly one cluster

Y =1 Vie[N], (14)

furthermore every cluster contains at least one element:

ima VikelK]. (15)

We need to connect variables v;, to variables z;;. If elements ¢ and j are in different
clusters, then z;; has to be zero, therefore

zig <14y —ye  Vi#jeN]. (16)

Now the problem minimizing (1) subject to (2)-(5) and (13)-(16) gives an exact model
for the K-means problem. We call it AMSS (Assignment-type Minimum Sum of Squares)
formulation. Let us again show some further constraints that can help the MILP solver.
One possibility is to enforce 7 and j into different clusters if z;; = 0:

Furthermore, in a clustering problem, the essential result is a grouping, meaning which
elements are in the same cluster and which are in different ones. The ’label’ of the cluster
is irrelevant. If we have K clusters the labels can be assigned in K! way. We can break this
symmetry by prescribing that the first element belongs to the first cluster:

Ma=1. (18)

We could go further. If the second element belongs to the same cluster as the first element,
it will be assigned to cluster 1 as well. Otherwise, let it be in the second cluster, so we have
Yo, = 0, for & > 3. Similarly for the third element, v3;, = 0 for £ > 4. Surprisingly, these
constraints also slow down the process, it is not worth using all of them.

AMSS has signficantly less binary variables than MSS (N x K vs. (N —1) x (N —1)).
A further advantage of AMSS formulation is that more constraints can be formulated with
the help of variables 7;, than with the help of ;;. On the other hand, it is not true that if
the optimal solution of MSSR formulation gives a legal clustering, then all binary variables
in the relaxation of AMSS take integer values.

3 NUMERICAL RESULTS

In order to test the above formulations, we generated uniformly distributed random points
in the unit square. On these instances, we tested the MSSR, MSS and AMSS formulations.
We used a desktop computer with 3.60 GHz Intel Pentium processor and 8 GB RAM.
Operating system is Windows 10 Enterprise. We used Gurobi 9.1.1 solver with the default
parameter settings for solving MILP problems.
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instance (N,K) | #var. (bin.) Fconns. # nonzero  #iter. time (sec) o.f. value
(50,2) 2,500 (0) 62,526 245,100 44,891 5.41 8.7706
(75,2) 5,625 (0) 210,976 832,650 47,323 29.55 14.4857
(100,2) 10,000 (0) 500,051 1,980,200 113,292 146.49 18.8850
(50,3) 2,500 (0) 62,526 245,100 32,493 2.30 4.8643
(75,3) 5,625 (0) 210,976 832,660 112,711 17.09 8.6184
(100,3) 10,000 (0) 500,051 1,980,200 271,365 110.24 11.8003
(50,5) 2,500 (0) 62,526 245,100 21,525 1.40 2.7192
(75,5) 5,625 (0) 210,976 832,650 74,264 9.46 4.3356
(100,5) 10,000 (0) 500,051 1,980,200 134,661 68.26 6.0120
Table 1: Essential information about MSSR formulation
instance (N,K) | #var. (bin.) #const. # nonzero  #iter. time (sec) o.f. value
(50,2) | 3,725 (1,225) 67,426 257,350 13,057 4.86 8.7706
(75,2) | 8,400 (2,775) 222,076 860,400 85,215 69.00 14.4857
(100,2) | 14,950 (4,950) 519,851 2,029,700 199,582 047.48 18.8850
(50,3) | 3,725 (1,225) 67,426 257,350 7,231 3.53 4.8643
(75,3) | 8,400 (2,775) 222,076 860,400 51,086 4591 8.6184
(100,3) | 14,950 (4,950) 519,851 2,029,700 122,879 345.28  11.8003
(50,5) | 3,725 (1,225) 67,426 257,350 8,950 3.58 2.7192
(75,5) | 8,400 (2,775) 222,076 860,400 42,963 38.07 4.3356
(100,5) | 14,950 (4,950) 519,851 2,029,700 199,143 1,064.93 6.0156
Table 2: Essential information about MSS formulation
instance (N,K) | #var. (bin.) #const. # nonzero  #iter. time (sec) o.f. value
(50,2) | 2,600 (100) 70,029 267,451 559,853 306.13 8.7706
(75,2) | 5,775 (150) 227,854 883,201 64,316 45.55  14.4857
(100,2) | 10,200 (200) 530,054 2,070,101 155,495 270.05 18.8850
(50,3) | 2,650 (150) 73,755 278,776 211,463 88.09 4.8643
(75,3) | 5,850 (225) 236,255 908,476 81,300 56.23 8.6184
(100,3) | 10,300 (300) 545,005 2,115,051 205,222 312.18 11.8003
(50,5) | 2,750 (250) 81,207 301,226 182,144 7210 2.7192
(75,5) | 6,000 (375) 253,057 959,026 73,654 56.49 4.3356
(100,5) | 10,500 (500) 574,907 2,204,951 766,669 16,128.02 6.0156

Table 3: Essential information about AMSS formulation

Some important statistics about the size of LP problems and some information about
the solution process can be found in Table 1, Table 2 and Table 3.

As we can see in Table 1, 2 and 3, except the instance (100,5), the optimum solution
of MSSR will result in a legal clustering structure, actually we do not need the integer
variables. For all presented instances, the running times are less than 2.5 minutes for MSSR
formulation. Not surprisingly, running times for MSS and AMSS formulations are higher,
but still tolerable (except for the instance (100,5)). There is not a strict dominance between
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MSS and AMSS formulations, MSS seems to have slightly better performance (mostly for
instance (100,5)).

4 CONCLUSION

In this paper we investigated MILP formulations for the minimum sum of squares clustering
problem. These formulations have higher running times than the well-known K-means
algorithm, however for sample size at most 100 still tolerable. If in some application it is
crucial to work with global optimum these formulations give a possibility for it. Furthermore,
we are able to insert further (linear) constraints in the model.
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Abstract: Bonus-malus system (BMS) is a risk managing method primarily used in liability
insurances. In a BMS there are finitely many classes, each having a different premium. At
the start of the contract each policyholder is assigned to the ‘initial class’. In each period, the
policyholders are reclassified based on the number of claims. In Agoston and Gyetvai (2020)
we introduced a MILP model for the joint optimization of premiums and transition rules.
The computational time of the model can be very long with realistic parameters. However,
we may approximate the optimal solution by iteratively optimizing the premiums and then
the transition rules. In this paper, we compare the computation of the MILP model and the
iterative heuristic.

Keywords: Adverse Selection, Bonus-Malus system, Integer programming

1 INTRODUCTION

Bonus-malus systems (BMS) are used in Motor-third party liability insurances. The
BMS is applied to distinguish the risky drivers from the less risky ones and incentivize
drivers to be more careful.

In a BMS there are finitely many classes. For each period of the insurance, the
policyholders are classified into one of these classes. Each class has a premium, so the
policyholder’s payment depends on the class where he/she is classified. At the beginning
of the contract, each policyholder is classified into the so-called initial class. Then the
classification depends on the previous period’s classification and the number of claims
reported in the present period. Suppose the policyholder has a claim in a period. In
that case, he/she moves to a worse class with a higher premium. On the other hand, if
he/she does not have a claim in the period, then he/she moves to a better class. Hence
his/her premium will be lower. Therefore, the riskier policyholders will be in a worse
class after several periods, and they pay more in general. The less risky policyholders
will pay less in total.

Designing a BMS requires choosing the transition rules, the number of classes, the
scale of premiums, and the initial class. The objective is to form a BMS that sorts
policyholders as best as possible. There are many papers about the optimization of
BMSs (e.g., Cooper and Hayes (1987); Lemaire (1995); Denuit et al. (2007); Heras et
al. (2004); Brouhns et al. (2003); Denuit and Dhaene (2001); Mert and Saykan (2005);
Najafabadi and Sakizadeh (2017)). The premium scale is the variable in these studies,
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and the number of classes, the initial class, and transition rules are parameters. The
most relevant article for our studies is Heras et al. (2004). In this study, the authors
introduce an LP model for the optimization of premiums. In Gyetvai and Agoston
(2018), we introduced a MILP model to find the optimal transition rules with a fixed
premium scale. We presented a modification of this model for the joint optimization of
the premiums and transition rules in Agoston and Gyetvai (2020).

2 OPTIMIZATION MODELS

Let us assume that we can distinguish I risk-groups (types) among the policyholders.
Each type has a different risk that does not change over time. In practice, transition
rules are based only on claim numbers, without the consideration of the claim amount.

Let M > 0 be the highest number of possible claims in a period and let X’ be
the probability of m claims in a period for the policyholders of type i (i = 1,...,1,
Zn]‘fzo A =1). We denote the risk-parameters (expected claim amount) for risk-group 4
with A, (A= "M mA? ). ¢ denotes the proportion of the type i policyholders among
all of the policyholders (Zle @' =1). The BMS has K + 1 classes indexed from 0 to K.

The classification of a policyholder only depends on the previous period classification
and the number of claims of the current period. This is called the Markov property.
Hence the classification of the policyholders is a regular Markov chain. Therefore exists
a unique stationary probability distribution (Kemeny and Snell (1976)) that we use in
the optimization. Let ci denote the stationary probability of the type i policyholders is
classified into class k. For the optimization of the premiums, we use an LP model (the
idea appeared in Heras et al. (2004)) to minimize the difference between the expected
payment and the expected claims. We denote the premium of class k by m,. Also, let
gi. denote the absolute deviation between the expected payment and claims for a type i
policyholder in class k. Then the model is written as follows:

min » Y ', (1)

i=1 k=0
Subject to
ey + g > Nc, Vi, k (2)
ek — gp < Nieh Vi k (3)
Th—1 > Tk k=1,...,K (4)
7w, >0 Vk
g >0 Vk,i

In Gyetvai and Agoston (2018) we introduced a MILP model, where the transition
rules are in the scope of the optimization and the premiums are considered as parameters.
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Here we only give a brief description of the model. For a more detailed description, see
Gyetvai and Agoston (2018), and Agoston and Gyetvai (2020).

Let Tj,, denote binary variables for each possible step (j) and claim (m =
0,1,...,M). Hence if Tj,, = 1, then the policyholders with m claims move j classes
upward (downward if j < 0) in the following period. Index j can be 0 as well, which
means that they stay in the same class in the subsequent period. The domain of j is by
[—K : K]. In this model the ¢, stationary probabilities are variables that are determined
by the optimal Tj,, transition rules.

min» Y ¢'gj (5)

i=1 k=0
Subject to

J
> Tim=1  Vm (6)
Jj=J

J
> To=1 (7)
j=1

-1
Y =1 (8)
j=J

ZT’l,mZT’j,m—i—l V],m:O,M—l (9)
I=j

K
D=1 Vi (10)

k=0
Qi 2 Mo — (L= Tjn) Vi k,j,m (11)

min(J,k) M
G = >odi i k=1 K-1Vi (12)

ey + gi > N, Vi k (15)
ey — g < Neb Vi k (16)
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Constraints (6)-(9) are needed for defining reasonable transition rules. Constraints
(10)-(14) are for the calculation of the stationary probabilities ci. And constraints
(15)-(16) are for the absolute deviation of the objective function, similarily to the the
premium optimization model.

In Agoston and Gyetvai (2020) we presented another MILP model, where both
premiums and transition rules can be optimized jointly. The presentation of this model
would exceed the scope of this article. Hence we only describe the basic idea of the
model. In this model, we start with default premiums for each class. We introduce
binary variables Of for each class k and layer £ to change the default premium. Hence
if Of = 1, then the default premium of class k is increased with a value that the ¢th
layer represented. We may consider several layers in the model, but it may increase the
computational time significantly.

When realistic parameters are considered in this model, there are a considerable
number of binary variables. Hence the running time can be extremely long. Separately
the optimization models for the premiums and the transition rules can be calculated
much faster than the joint optimization model. Hence we may use an iterative method
to approximate the optimal solution. First, we calculate the optimal transition rules with
a fixed premium. Then we find the optimal premiums to these transition rules, which
we now consider as parameters. Then we use the optimal premiums of this model as
parameters and re-optimize the transition rules. We continue it until we cannot improve
the objective function further. The solution of this heuristic greatly depends on the
initial model. In the initial model of transition rules optimization the premiums are
outer parameters. We may also start with the premium optimization and then proceed
with the optimization of the transition rules. In this case, the transition rules are outer
parameters in the first model. In the comparison, we considered four types of initial
premiums:

e Proportional (prop): We introduce own-classes for each risk-groups, which means
the premium of these classes equals the risk-groups’ expected claim. The
risk-groups have that many own-classes that are proportional to their percentage
of all policyholders.

e Linear (lin): We take the lowest and highest risk-groups’ expected claim for the
lowest and highest premium and set the classes’ premium linearly.

e Minimal (min): The premium equals the highest expected claim in the worst class.
In all other classes, it equals the lowest one.

e Maximal (max): In this case, only one class premium equals the minimal expected
claim and each other to the highest one.

We also considered two types of initial transition rules:

e TRK: In case of any claim, the policyholders move into the worst class. Without
a claim, the policyholders move one class upward.
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e TRI1: In case of any claim, the policyholders move one class downward. Without
a claim, the policyholders move one class upward.

3 NUMERICAL RESULTS

We considered BMSs with 15 classes in the comparison of the joint optimization model
to the iterative heuristic. We randomly chose their risk-groups’ claim probability to test
the heuristic in as many setups as possible. Hence we considered 100 randomized setups.
In each setup we considered five equally sized risk-groups.

Two cases were examined: a realistic one, in which the risk parameters are generated
from a 0.01 to 0.1 interval. And a not-so-realistic higher-risk setup, in which the
risks are chosen from the [0.1 : 0.3] interval. In each model, the maximal number of
claims per period can be up most 2. For the claim probabilities we considered Poisson
distribution. We compared the iterative heuristic with six different initial solutions to
the joint optimization model. We highlight the difference between the optimal solution
and the running time. Figure 1 presents the relative deviation from the MILP model in
both cases.

Objective - low risks Time - low risks
1.20- . 2.0-
1.15- I initial 15- initial
g prop - g prop
lin lin
1.10- x B3 min 1.0- B3 min
H s B3 max ‘ B3 max
] : i 3 B TRK B TRK
1.05 « .+t &t 0 & TR
PSRN TR T A = ooééﬁéﬁ
prop lin  min max TRK TR1 prop lin  min max TRK TR1
Objective - high risks Time - high risks
8 0.5- °
1.15- s
L s initial 0.4- T initial
. E3 prop ] [ E3 prop
1.10 I & lin 03 & lin
i B min B min
Bd max 0.2- Bd max
1.05- T B TRK B TRK
: B TR1 0.1 #l B TR1
moﬁéi—ﬁﬁ ooéé!‘l é
prop lin  min max TRK TR1 prop lin  min max TRK TR1

Figure 1: Objective and time change to the joint optimization model
On the left side of the figure, the objective increase to the joint model is presented.

The top row shows the low-risk case and the bottom presents the high-risk case. When
the risks are low, the results are similar to the objective of the joint model. The TR1
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resulted in the highest difference in average. However, even in this case, the average
increase was only 1.4%. When the risks are higher, the difference between the joint
model and the heuristic is higher as well. The T'RI resulted in the highest increase in
average in this case as well. The average increase was 2.9% for the TRI and the next in
the line was the maz with 1.1%

The running time of the iterative heuristic, in general, was much faster than the joint
optimization model with each initial solution. Again, the TR1 seems to be the worst.
But even in this case, the average running time is less than half of the joint model in
both setups (40% in the low and 8% in the high).
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Abstract: In kidney exchange, patients may swap their donors to solve incompatibility issues.
In international kidney exchange, countries merge their national patient-donor pools. We
consider a recently introduced credit system where in each round, countries are given an initial
kidney transplant allocation which is adjusted by a credit function yielding a target allocation.
The goal is to find a solution in the patient-donor compatibility graph that approaches the
target allocation as closely as possible, to ensure long-term stability of the international pool.

Our aim is to perform, for the first time, a computational study for a large number of countries
using sophisticated methods. We therefore focus on the case where the kidney exchanges must
form a maximum matching. As solutions, we use maximum matchings that lexicographically
minimize the country deviations from the target allocation. The theoretical contribution of the
paper is a polynomial-time algorithm for computing such matchings. For the initial alloca-
tions we use, in addition to easy-to-compute solution concepts, two classical solution concepts,
namely the Shapley value and nucleolus. These solution concepts are hard to compute but we
show that by using state-of-the-art software combined with our new polynomial-time match-
ing algorithm, they are now within reach for international kidney exchange programs of up to
fifteen countries.

Our experiments show that using lexicographically minimal maximum matchings instead of
ones that minimize the largest deviation only makes an international kidney exchange scheme
up to 56% more balanced.

Keywords: kidney exchange, cooperative games

We dedicate this paper to the memory of Walter Kern, who recently passed away.
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Abstract: In this paper we present simulations for international kidney exchange programmes
(KEPs). KEPs are organised in more than ten countries in Europe, the largest ones in the
UK, in the Netherland and Spain, to facilitate the exchanges of immunologically incompatible
donors. The matching runs are typically conducted in every three months for finding optimal
exchanges using hierarchical optimisation with integer programming techniques. In recent years
several European countries have started to collaborate to organise international exchanges using
different collaboration policies. In this paper we conduct simulations for estimating the benefits
of such collaborations with a simulator developed in a European COST Action project, called
ENCKEP.

Keywords: kidney exchange, integer programming, hierarchical optimisation

1 INTRODUCTION

Patients with end-stage renal disease can be treated by dialysis, but their quality of life is poor
and their life expectation is short. The only long-term solution according to our knowledge is
transplantation. One can get a kidney from a deceased donor, but the demand is very high and
waiting lists are long even in the developed world (over 100,000 patients are on the US waiting
list, with an average waiting time of 8-10 years). Therefore living donation became a common
practice, also due to the longer graft survival rates. However, if someone has a willing, but
immunologically incompatible donor then transplantation is not possible. To resolve this issue,
kidney exchange programmes (KEP) have been established in many countries to facilitate the
exchanges of the donors. Due to the simultaneity of the exchanges the length of the exchange
cycles is limited. For example, only 2- and 3-way exchanges are allowed in the UK and Spain,
whilst four-way exchanges are also possible in the Netherlands. The goal of the KEPs is to
find and arrange optimal exchanges for the pool of registered patient-donor pairs in the regular
matching runs. The European practices have been surveyed in [1] and the optimisation aspects
of the European KEPs were described in [2], as the results of a COST Action called European
Network for Collaboration on Kidney Exchange Programmes (ENCKEP).

International kidney exchanges have been conducted first in between Vienna and Prague
in 2016 [3], followed by the collaboration of Spain, Portugal and Italy. In the recent Hand-
book [6] of Working Group 3 and 4 of the ENCKEP COST Action has studied the practice
of international KEPs, the modelling possibilities including results from [5] and [7], and the
description of a simulation and evaluation tool developed by these working groups. In this
paper we will illustrate the usage of the simulator tool by a case study with generated data for
three countries, UK, Netherlands and Spain.

Optimisation policies used in the European Kidney Exchange Programmes (KEPs) consist
of multiple optimisation criteria, which they use for finding the optimal solution in each match-
ing run. These policies specify a priority order for the criteria, which is called the lexicographic
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order. Using this means, that there will be an optimisation run for each level of the order, and
each lower level will get a constraint for the objective value of all the criteria above.

At the lowest level of the priority order, often there are multiple criteria used for weighted
optimisation in practice. The weights are given according to the settings of the criteria, either
on the cycle-level (e.g. maximisation of the number of cycles selected) or on the transplant-level
(e.g. prioritisation of highly sensitised recipients). For a recent paper on sophisticated integer
programming techniques for hierarchical optimisation for KEPs see [4].

2 COMPUTER SIMULATIONS

To simulate the operation of national and international KEPs, we used the ENCKEP Simulator
tool [6]. This simulator is based on a standard technique of generating historical dataset for a
period of time (e.g. five years) and conducting matching runs in regular time intervals (e.g. in
every three months). For a survey on KEP simulators, see [8].

In order to conduct a simulation with this software, we have to provide input files, which
will contain data about the pool, virtual compatibility graph, arc and pair failures, as well as
the collaboration and optimisation policies we would like to use.

After the simulation has finished, the tool produces detailed output data about the simu-
lation in 4 output files for further analysis. These files contain information about the cycles
selected, matching runs, pool of donors and recipients, and the implemented arcs subject to
the simulation. In the following chapters, we present the results of analysing these output files.

2.1 Simulations for individual countries
In the first part we will describe simulation results for national KEPs, namely for the UK, the
Netherlands and Spain.

2.1.1 UK

In the KEP of the UK, they conduct matching runs every 3 months, and set the length upper
bounds for both exchange cycles and chains to 3. We used the same settings, and allowed
internal recourse in the simulation in order to search for embedded cycles to implement in
cycles with either arc or node failure. As for the optimisation policy, we used the following set
of criteria (see [6] for details).

Lexicographic: Weighted:

e Priority for waiting time in KEP (linear
function with score 50)

1. Maximise the number of effective 2-
cycles

e Priority for highly sensitised recipients

2. Maximise the size of solution (linear function with score 50)

3. Maximise the number of cycles selected e Minimise the donor-donor age differ-
ences (threshold function with score 3
4. Maximise the number of back-arcs and threshold 20 years)

This optimisation policy is almost identical to the one used in real practice, but since we
cannot generate HLA-data yet, we did not use the maximisation of HLA-matching optimisation
criterion. However, the software is capable of using this as well, provided the HLA-data is
available (e.g. in case of real historical datasets). The scores given for the weighted optimisation
criteria during the simulation are depicted in Figure 1.
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Figure 1: Weights given for the weighted criteria in each matching run for UK

The figure shows that in every matching run, the most influential weighted criterion was
the prioritisation of waiting time in KEP. This was to be expected, since for this criterion, the
UK policy gives 50 points for each matching run based on the waiting time of the recipient.

2.1.2 Spain

The KEP operating in Spain, sets the limit for maximum length of exchange cycles to 3. They
do not use length constraint on chains, but since we have to set an upper bound for this in the
simulation, which should be reasonable to limit run-time, we used 4. Also, we allowed internal
recourse in the simulation. The optimisation policy we used consists of the following set of
criteria (see [6] for details).

Lexicographic: Weighted:

e Minimise the age-differences between
o ) ) donors and recipients (threshold func-
L. Maximise the size of solution tion with score 15 and threshold 10

years)

e Priority for recipients with low matching

2. Maximise th f cycl 1
aximise the number of cycles selected probability (linear function with score

30)
3. Maximise the number of back-arcs e Priority for waiting time in KEP (thresh-
old function with score 30 and threshold
1 year)
4. Priority for highly sensitised recipients e Priority for same blood-group trans-
(reciprocal function with score 5) plants (30 points)

This is very similar to the real policy, the difference is that we left out three criteria from the
weighted optimisation. Priority for paediatric recipients was not used, because the generated
pool contained only adult patients. Priority for time on dialysis and priority for donor-patients
in the same region were left out also. Scores given for each weighted optimisation criteria are
depicted on Figure 2.

To mimic practice, we tried to use realistic relative pool sizes, which meant that the Spanish
pool was set to be smaller than the pool of the UK. As shown on the Figures 1 and 2, this
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Figure 2: Weights given for the weighted criteria in each matching run for Spain

resulted in an increased number of matching runs where there were no available cycles in the
virtual compatibility graph. In case of the UK, there was only one such matching run, while
we had six in the Spanish simulation.

2.1.3 Netherlands

In the Netherlands, they use 4 as upper length limit for both exchange cycles and chains. In-
ternal recourse was enabled here as well. The optimisation policy we used in the simulation
was the following (see [6] for details).

Lexicographic:
1. Maximise the size of solution

2. Priority for same blood-group transplants

3. Priority for recipients with low matching probability (using reciprocal function with score
5)

4. Minimise the lengths of cycles selected

In practice, they only use lexicographically ordered criteria, so we did the same in the
simulations. The policy is similar to the real one, the difference is that we left out the 5th and
6th criteria, which are the maximisation of the number of transplant centres in long cycles and
priority for time on dialysis respectively. Since only lexicographic order is used here, it might
be important to know that which levels of the hierarchy are usually not considered to find the
final solution. To study this, we analysed the number of matching runs that stopped on the
given priority level, because a unique solution was reached. The result is shown on Figure 3.

The pool size was approximately the same as the one used in the Spanish KEP simulation,
but here were only had 2 matching runs, where no cycles were detected. The solution became
final on the last (4th) level 6 times, and this number applies to the 3rd and 2nd levels as well.

2.2 Simulations for international exchanges

The software can simulate three different collaboration policies.

e Individual policy: Each participating pool will have its own matching run separately.
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Figure 3: Level on which the solution became unique in each matching run for Netherland

e Consecutive policy: First, in each matching run, there will be an optimisation run for
every pool separately. Then, the pairs who are still in the pools after that, will be merged
into one joint pool, and there will be an optimisation run for this as well.

e Joint policy: All the participating pools will be merged into one pool, this will be used
in the matching runs.

Each pool can have a different optimisation policy in the simulations for separate pools,
just as in practice, so we used the corresponding settings. For the merged pools, we used the
optimisation policy of the UK. The results are depicted on Figure 4.

18
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Figure 4: Number of transplants in each matching run with different collaboration policies

In some matching runs, the joint policy resulted in less transplantation than the individual
policy, which should not happen in general. But it is reasonable here, because we set the
upper bound for cycle and chain lengths to 3 for the joint pools, and we left them at 4 for the
Netherlands to mimic real practice. Also, in these cases, often many of the selected cycles were
cancelled in the joint collaboration, and with no embedded cycles to implement with internal
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recourse, these were cancelled completely.

individual consecutive joint total

UK 52 53 57 162

ES 23 28 40 91

NL 48 50 48 146

total 123 131 145 399

Figure 5: Number of total transplants by pools and collaboration policies

As depicted on Figure 5 the total number of transplants for the individual, consecutive

and joint collaboration policies were 123, 131, 145 respectively. According to our simulation
result, the total number of transplants can be increased by initiating a collaboration between

the countries, where the joint policy seems to be the best approach.
Acknowledgements
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Abstract: In this paper we discuss the applicability of combinatorial auction-based channel
allocation approaches in multi-connective environments, where tenants place bids for the sub-
sets of channels. T'wo heuristical approaches are defined in order to reduce the computational
requirements of the channel allocation algorithms. Each heuristics is based on the limitation
of the bid set of tenants to avoid the combinatorial explosion, which arises if all subsets of the
channels is considered in the process. The first proposed method narrows down the bid set
based on the distance of the relevant base stations, while the second proposed method uses a
many-to-many matching algorithm to pre-allocated the channels to tenants. In the combinato-
rial auction, tenants place bids only for the subsets of the pre-allocated channels. We compare
the performance of the two proposed approach via simulation.

Keywords: combinatorial auction, resource allocation, multi-connectivity, wireless networks

1 INTRODUCTION

Ultra-reliable low latency communications (URLLC) is identified as one of the essential use
cases of emerging fifth generation (5G) mobile wireless communications systems [2]. URLLC
requirements are highly relevant in emerging applications as industrial automation and vehic-
ular communications. One possible concept for enabling URLLC is multi-connectivity [6], i.e.
using multiple communication paths at once. In this case, the redundancy of communication
channels increases the reliability of the communication architecture. In the current paper we
are focussing on channel allocation problems, where the channels (representing the communi-
cation paths) are considered as indivisible goods, which have to be allocated to objects (e.g.
mobile industrial robots or similar entities) called tenants in our context. As one channel may
be allocated to one tenant, while one tenant may receive multiple channels, the task boils down
to a combinatorial optimization problem, where we look for the optimal allocation, according
to a certain measure (e.g. the total capacity of the system) [5].

As each bundle (subset) of the available channels implies a different outcome for each
tenant, the combinatorial auction (CA) method [7] seems a reasonable candidate to serve as
the principle of the allocation algorithm. In real-life applications however, the number of objects
(channels) to be allocated often exceeds the limit, which can be handled computationally by
this approach. In this paper we introduce problem-specific heuristics to define two channel
allocation algorithms in an assumed industrial environment, and compare their efficiency in
the terms of the total allocated capacity and required computational time, based on simulations.
In both of the proposed algorithms, we will suppose that tenants, who will be acting like bidders
of the CA, will consider only a subset of the available channels. This assumption allows to
significantly reduce the number of bids considered in the CA process.
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2 MODEL

In this section we describe the computational framework used for the description of multi-
connective communications.

2.1 General framework

In the current paper, we will assume that the available channels are served by base stations
(BSs) to the tenants. Let us denote the the number of tenants by nr, and the number of base
stations by npg. In addition, the vector n., € R"BS describes the number of channels at the
individual base stations. The set of all channels is denoted by C'H. We assume furthermore,
that different channels of any BS exhibit the same properties.

The connectivity function of tenant k, denoted by py : 2¢H — R, describes the maximal
achievable rate of communication for tenant k, if any subset of C'H is allocated to tenant k.
We assume that pg(S1) < pr(Sz2) if S1 C Ss.

For the exact determination of the connectivity function, in this paper we use the URLLC
multi-connectivity model described in [3], with the path loss model

PL(d) = PL(dy) + 106log1o <di0) (1)

and parameters summarized in Table 1.

parameter notation | value | unit
Rician factor K 14.1 | dBm
channel bandwidth B 20 MHz
reference distance do 15 m
reference PL PL(dy) | 70.28 | dB
PL exponent 1) 2 -
outage probability threshold € 107° -
transmit power PT 15-25 | dBm
interference power pT -50 | dBm

Table 1: Model parameters. The value of PT was considered as a random variable for each BS
in the simulations, with uniform distribution between 15 and 25.

We consider a 100m x 50m factory area, with 8 BSs, located on the factory walls (with
random positions). We assume that each BS offers 1-3 channels, but the total channel number
is no more than 20. In addition, we assumed 6 tenants with random positions.

To give an impression about the connectivity function in the case of this modelling frame-
work and parameters, let us consider a tenant at the position (8.47,11.52) and two BSs, at
the positions (0,0) and (100,13) respectively, both with 2 channels available. We assume the
transmit power values Pl = 23 for BS 1 and P{ = 16 for BS 2 respectively.

If a single channel of BS 1 is assigned to the tenant, its resulting capacity will be 0.054
Mbps. If we assign one channel of BS 2 to the tenant (BS 2 is more far from the tenant)
this value is 0.0037. In the case of two channels from BS 1, the result is 16.042, while in
the case of two channels from BS 2 this value is 1.4595. Considering one channel from BS
1 and one from BS 2, the resulting capacity is 4.4016. In general, any number of channels
may be assigned to a single tenant. If e.g. both channels of BS 1 and both channels of BS
2 is assigned to the tenant, the resulting capacity will be 20.5995. Based on the formulas
described in [3], and on the parameters summarized in Table 1, the resulting capacity for all
possible channel combinations may be calculated for the tenant (and for any other tenants in
different positions). The principle behind the calculations is the reliability-based approach. In
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the URLLC framework, the communication fails if all of the assigned channels are down, and
these events are considered independent. This explains, why an additional channel beyond
the first significantly enhances the performance (redundancy arises), while additional channels
after e.g. 3 or 4 already assigned channels do not bring too much additional benefit.

2.2 Assignment algorithms

The following assignment algorithms have been considered in the study.

2.2.1 Random assignment (RA)

This algorithm was used as a reference case. In this case, the available channels are randomly
assigned to tenants, considering only n., = 4 as a limiting factor, which describes that no
tenant may receive more than 4 channels.

2.2.2 Distance-based semi-random assignment (DbsRA)

This algorithm is similar to the RA method, but in this case, to increase efficiency, each
channel is allocated with higher probability to closer tenants. The probability weighting used
is inversely proportional to the distance of tenants.

2.2.3 Distance-based Combinatorial auction (DbCA)

The input of the CA algorithm [7] is the set of bids. Each participant or player (here the
tenants) submits a finite number of bids, where each bid corresponds to the value of a certain
bundle of the available goods (in this case the channels). In this model, the value of a certain
bundle of channels is determined by pj for tenant k. The next step of the CA algorithm is to
solve an integer optimization problem, which maximizes the value of the accepted bids, under
the constraints that (I) for each player maximum one of its bids may be accepted, and (II) one
item may be assigned maximum to one player.

If we consider all subsets of the available channels for all tenants, the principle of the
CA boils down to brute-force optimization, and leads to a computationally infeasible problem
(for 20 channels, every tenant would submit 22 — 1 bids). In the case of the DbCA, we
use a very simple principle to reduce the cardinality of the bid sets: Every tenant considers
only the channels of the two closest BS (thus maximum 6 channels in the case of the current
parametrization). This way, the number of bids submitted for each tenant is < 2°.

It may however happen, that according to this 'pre-assignment’ of channels, channels of one
or more BSs will not appear in the bids (if there are BSs present, which are relatively far from
every tenant compared to other BSs). Not assigning a channel would significantly decrease
the overall performance of the system (unused resource), thus in this case, we randomly assign
these channels to tenants to complete the pre-assignment process. In the next step, all tenants
evaluate all possible subsets of the pre-assigned channels, and thus determine the bids of the
CA process.

2.2.4 Gale-Shapley based Combinatorial auction (GSbCA)

In the case of this method, the pre-assignment of channels is performed differently compared
to the DbCA method. In this case, for the first step of the pre-assignment, we use the many-
to-many matching version of the Gale-Shapley algorithm [1]. To do this, first we have to set
up preferences for the tenants over the channels and vice versa. In this case this is done by
simply considering the tenant-BS distances (for each channel we consider the relevant BS), in
the sense that closer entities prefer each other to more far alternatives. In addition we have
to define quotas for both the tenants and the channels (denoted by gr and g, respectively).
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In this case we assumed gr = ¢q, = 6, implying that to each tenant maximum 6 channels are
allocated in the pre-assignment process, and any channel is allocated to maximum 6 tenants.
This method does not guarantees either that all channels will be pre-assigned to, thus again,
we assign the potentially remaining channels at random to tenants. After the pre-assignment
is done, the further steps of the algorithm are the same as in the case of the DbCA method.

3 RESULTS AND DISCUSSION

We evaluated the proposed assignment algorithms via simulation. The algorithms have been
performed in the case of 1000 scenarios. In each scenario, the following variables have been
randomized:

e The positions of the BSs at the boundary of the simulation area.

e The positions of the tenants in the simulation area.

e The number of channels per BS (1-3) with a total maximum of 20.
e The transmit power of BSs (15-25 units).

The results of the simulations in the context of the total assigned capacity are depicted in
Fig. 1.
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Figure 1: Total capacity in MBps in the case of the various assignment algorithms. In the box
plot, the central mark is the median, while the edges of the box are the 25th and 75th percentiles
respectively. The whiskers extend to the most extreme data points which are considered not
to be outliers, and the outliers are plotted individually with red crosses. The median vales are
respectively 54.18, 70.87, 99.38 and 103.63 for the four algorithms.

In the case of the RA and DbsRA, due to the highly indeterministic nature of the algorithms,
10 runs were performed for each scenario, and the average values were considered as the result
for the actual scenario. As it can be seen in Fig. 1, the DbCA algorithm implies a 83.42 %
improvement in the total system capacity, compared to the RA. One may argue that the RA
includes extremely contra-intuitive assignments as well (as it is possible that every channel
is assigned to more distant tenants). If we compare the improvement to the DbsRA, this
improvement of the DbCA is 40.23 %. These values are 91.27 % and 46.22 % in the case of
the GSbCA.

The results of the simulations in the context of computational time are depicted in Fig. 2.

The results depicted in Fig. 2 show that the CA-based algorithms require significantly more
time compared to the very simple reference scenarios (RA and DbsRA), but typically they may
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Figure 2: Computational time in s in the case of the various assignment algorithms. The
median vales are respectively 0.0008, 0.0011, 0.1007 and 0.1782 for the four algorithms. The
simulations were run on a standard desktop PC (Intel core i5 @ 2.9 GHz, 16 GB RAM, 64 bit
OS, MATLAB environment).

be performed in 1 sec, or in a few seconds worst case. Considering movement-induced recon-
figuration in the case of industry-automation applications (as e.g. mobile industrial robots),
this seems to be an acceptable value.

3.1 Discussion

One additional aspect, which may be considered as a measure of channel assignment algorithms
is fairness. In this context, fairness usually translates to the capacity value of the tenant with
minimal capacity in a particular scenario. In this paper, it was not among our aims to include
any fairness guarantees in the assignment algorithms, but for the sake of completeness, results
in this context may be depicted as well. The minimal assigned capacity values are depicted in
Fig. 3.
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Figure 3: Fairness: Minimal capacity in MBps in the case of the various assignment algorithms.
The median vales are respectively 0.46, 0.44, 0 and 0 for the four algorithms.

As it may be seen in Figs. 3 and 1 as well, there is usually a tradeoff between fairness and
efficiency. More efficient algorithms in general tend to allocate every channel to tenants, for
which the greatest resulting capacity may be provided, thus potentially leaving some tenants
without any resources. There are algorithms, as e.g. the 'weakest selects’ algorithm [4], which
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aim to optimize not the total efficiency, but the fairness of the resulting allocation. The
framework of the CA algorithm however allows the inclusion of constraints corresponding to the
minimal resulting value (capacity) of participants, thus this issue may be explicitly addressed
in the future.

In addition, let us note that although the number of channels per BS was randomized in
the simulations, the range of this parameter was assumed to be low (1-3), while the number of
BSs was relatively high compared to the number of tenants (8 vs 6). To determine if the results
are valid for qualitatively different configurations as well (few BSs, each with high number of
channels), further studies are necessary.

4 CONCLUSIONS AND FUTURE WORK

In this paper we proposed two CA-based allocation algorithms for channel allocation in multi-
connective wireless environments. Based on simulations we have shown that the considered
algorithms are efficiently allocating the resources in the analyzed setups, while their computa-
tional requirements also remain on an acceptable level. The next step will be to compare the
performance of the algorithms and their potential future adjusted versions (let us consider e.g.
the inclusion of constraints allowing minimum allocated capacity for each tenant) with other
allocation schemes used in the multi-connective context, like the Gale-Shapley algorithm used
[3], according to various measures, including fairness as well.

5 Acknowledgements

This work has been supported by the Hungarian Academy of Sciences under its Momentum
Programme L P2021-2 and by the Fund K 131 545 of the Hungarian National Research, Devel-
opment and Innovation Office. The author is a grantee of the Janos Bolyai Research Scholarship
of the Hungarian Academy of Sciences.

References

[1] Baou, M. and Balinski, M. (2000). Many-to-many matching: stable polyandrous polygamy (or
polygamous polyandry. Discrete Applied Mathematics, Vol(101): 1-12.

[2] Chen, H. and Abbas, R. and Cheng, P. and Shirvanimoghaddam, M. and Hardjawana, W. and
Bao, W. and Li, Y. and Vucetic, B (2018). Ultra-reliable low latency cellular networks: Use cases,
challenges and approaches. IEEE Communications Magazine, Vol(56): 119-125.

[3] HoBler, T. and Simsek, M. and Fettweis, G.P. (2019) Matching-based resource allocation for multi-
user URLLC in unlicensed frequency bands. Proceedings of the 16th International Symposium on
Wireless Communication Systems (ISWCS): 102-106

[4] Rhee, W. and Cioffi, J.M. (2000) Increase in capacity of multiuser OFDM system using dy-
namic subchannel allocation. Proceedings of the 2000 IEEE 51st vehicular technology conference
(VT C2000-spring): 1085-1089

[6] Stanczak, S. and Wiczanowski, M. and Boche, H. (2009). Fundamentals of resource allocation in
wireless networks: theory and algorithms. Springer Science & Business Media.

[6] Suer, M.T. and Thein, C. and Tchouankem, H. and Wolf, L. (2019). Multi-Connectivity as an
Enabler for Reliable Low Latency Communications—An Overview. IEEE Communications Surveys
& Tutorials, Vol(22): 156-169.

[7] De Vries, S. and Vohra, R.V. (2019). Combinatorial auctions: A survey. INFORMS Journal on
computing, Vol(15): 284-309.

73



A FAMILY OF LONG-STEP INTERIOR POINT
ALGORITHMS FOR LINEAR PROGRAMMING

Marianna E.-Nagy
Department of Differential Equations, Budapest University of Technology and Economics
Egry Jézsef Street 1., Budapest, 1111 Hungary
Corvinus Centre for Operations Research, Corvinus University of Budapest
ovam tér 8., Budapest, 1098 Hungary
Email: marianna.eisenberg-nagy@uni-corvinus.hu

Anita Varga
Department of Differential Equations, Budapest University of Technology and Economics
Egry Jézsef Street 1., Budapest, 1111 Hungary
Email: vanita@math.bme.hu

Abstract: Ai and Zhang (2005) closed the gap between the practice and theory of interior
point methods (IPM) for LP. They proposed a large-update IPM with the same complexity
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ical comparison of six long-step interior point methods for linear programming problems.
The algorithms are based on the approach of Ai and Zhang and obtained by using the
algebraic equivalent transformation method of Darvay with different functions.
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1 INTRODUCTION

Since Karmarkar introduced the first interior point method for linear optimization in 1984
[7], this algorithm type became one of the most widely used solution methods, not just for
linear programming problems but also for many other problem classes.

According to the choice of step-length, interior point methods can be divided into two
main groups, short-step and long-step algorithms. Even though long-step methods perform
better in practice, short-step variants have the best-known theoretical complexity, i.e., there
was a gap between theory and practice for many years.

In their groundbreaking paper of 2005, Ai and Zhang introduced a new long-step interior
point algorithm for monotone linear complementarity problems. They proved that their
method has the best-known iteration complexity of short-step variants [1]. Since then,
many papers have been published based on their approach for different problem classes.

In 2002, Darvay developed a new method for finding search directions in interior point
algorithms for linear optimization [2]. In his analysis, he applied a strictly increasing and
continuously differentiable function to the central path problem and then determined the
new directions using Newton’s method. Since then, various authors have published numer-
ous studies that generalize Darvay’s method, using different functions, algorithm types, or
problem classes.

Our general framework combines the two above-mentioned methods. We introduce an
Ai-Zhang type general framework based on the algebraic equivalent transformation tech-
nique.
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2 PRELIMINARIES

Let us consider the linear programming problem in standard form:

min ¢’ x max bTy
Ax=Db Ay +s=c (1)
x>0 s>0

where A € R™*" b € R™ and ¢ € R" are given, and rank(A4) = m.

System (2) describes the optimality criteria of the primal-dual pair. To be able to
introduce interior point algorithms, we consider a relaxed version of (2), the central path
problem (3), where v > 0 is a given parameter.

Ax=b, x>0 Ax=bx >0
Ay +s=c, s>0 (2) ATy +s=¢,5>0 (3)
xs =0 XS = ve

Let us introduce the following notations:
F={(x,y,8): Ax=b, Aly+s=c, x>0, s>0},

Fr={(x,y,s) e F: x>0, s> 0},

where F is the set of feasible solutions, and F is the set of strictly positive feasible solutions.
According to the well-known result of Sonnevend, if F, # ), then for each v > 0 system
(3) has a unique solution [8]. As v tends to 0, the solutions of (3) converge to the solutions
of system (2).
Let ¢ be a continuously differentiable function,

p:(&00) =R, ¢(t)>0forallte(£o00), £€[0,1).

According to the algebraic equivalent transformation method of Darvay, we can determine
new search directions by applying ¢ to the central path problem in the following way:

Ax=b, x>0
T _
Aly+s=c, s>0 (4)

w(xjs) =yle).

If we apply Newton’s method to system (4), we get the following for the search directions:

AAx =0
ATAy + As=0
s (5)
ple) —¢ (%)
¢ ()
The right-hand side of the previous system depends on the function ¢, therefore we can
introduce different new methods, depending on the choice of the function .

sAX +xAs =v
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If we consider a scaled version of (5), in most cases the analysis of interior point methods
can be carried out easier. Let

As

XS vAx v
VX g = YES
S

v=4/—, dy=
v X

, and A = A diag (E)

With the new notations, the scaled Newton-system can be formulated as follows:

Ad, =0
ATAy +d, =0
ple) — (v?)
d,+d,=p, = —2 "/
- P vy (v?)

The better complexity results of Ai and Zhang are based on two main ideas: the decom-
position of the Newton-directions and a new wide neighbourhood.

They considered the following two systems and assigned different step-lengths to the
positive and negative components:

AAx, =0 AAx_ =0
ATAY+ + AS+ =0 ATAy_ + As_ =0 (6)
sAx, +xAs, = vvps sAx_ +xAs_ = vvp,,

where p,™ and p,~ denote the positive and negative part of vector py, i.e.,
pv = max{py,0} € R” and p, = min{p,,0} € R",

the maximum and minimum are taken componentwise.
The method of Ai and Zhang works in the following wide neighbourhood, where 3,7 €
(0,1) are given parameters, v = 7 and g = x's,
i)

3 A NEW CLASS OF LONG-STEP INTERIOR POINT AL-
GORITHMS

1 +
v

W(r. ) = {<x,y,s> I ]

In the original algorithm of Ai and Zhang, the central path problem is not transformed,
therefore it can be considered a special case of the algebraic equivalent transformation
method with the identity map, i.e., ¢(t) = ¢. In 2018, Darvay and Rigé presented an
Ai-Zhang type long-step interior point algorithm by applying the function o(t) = v/t [3].

Recently, we introduced a new Ai-Zhang type method, using the algebraic equivalent
transformation method with the function () =t — v/ [4].

For all three methods, the convergence and O(y/nL) complexity can be guaranteed.
After comparing the analysis of these algorithms, we became interested in whether it is
possible to introduce a general Ai-Zhang type algorithmic framework and find a function
class for which the convergence and desired complexity can be achieved.
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For our analysis, we introduced the following Ai-Zhang type wide neighbourhood:
W(r.B) = {(x,y,s) € Fi : [py|| < B and v > e},

where 5,7 € (0,1) are given parameters. To make sure that the algorithm is well-defined
for different ¢ functions, we included the condition v > £e.
Our general algorithmic framework can be described as follows:

Input: A ¢ R™*" b e R™ ceR"
Parameters 0 < 7 < 1, 0 < # < 1, proximity parameter € > 0

(X0, Y0, 80) € W(T, B), p1g = 22
X :=Xq, Y :=Yo0, S :=Sq, it := o and v :=T1p
while x’s > ¢ do
Determine Ax,, As;, Ay, and Ax_,As_, Ay_ by solving (6);
(a1, ) == argmin{u(a) : (x(a),y(a),s(a)) € W(r, 8)}, where
x(a) =x+ a1 Ax_ + awAx,, y(a) =y + agAy_ + Ay, and
s(a) =s+ a1 As_ + aAsy;

x = x(a);
y = y(a);
s :=s(q);
=X
V=T,

end
Algorithm 1: General algorithmic framework

We identified a function class for which Algorithm 1 is convergent and finds an e-optimal
solution to system (2) in O(y/nL) iterations [5].

4 NUMERICAL RESULTS

The most frequently applied functions in the literature of the algebraic equivalent trans-
formation are p(t) = t, ¢(t) = V1, p(t) =t — v/t and p(t) = 2(1]{2\/{). In [5], we showed
that the first three of these functions are included in our new function class. Furthermore,
we identified three new functions that satisfy the properties of the new function class, and,
to our best knowledge, have not been used in this context in the literature before, namely
o(t) =t p(t) = tarctant and @(t) = tInt.

The applied functions

VE
12+ t= Vi

0 tarctan /

tint P
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The algorithm based on the first function (¢(¢) = t) can be viewed as the original method
of Ai and Zhang, with a slightly modified wide neighbourhood definition. The algorithm
variant based on the function () = v/t corresponds to the method of Darvay and Rigé [3].

We implemented Algorithm 1 in Matlab and compared the results for the above listed
six functions for 32 linear programming problems from the Netlib library [6]. To deter-
mine strictly feasible starting points in the neighbourhood W(r, 3), we applied the self-dual
embedding technique [9].

For the parameter settings, we used 8 = 0.125, 7 = 0.125 and € = 107%. For the sake
of simplicity, we fixed the value of ay as 1 and calculated the largest a; value for which
the new iterate (x(«),y(a),s(«)) remains in the neighbourhood W(r, 8). The number of
iterations and the running time (in seconds) required to find an e-optimal solution for the
different algorithm variants are shown in Table 4. The shortest running time for each test
problem is highlighted with bold numbers.

t NG t—t 12 tarctant tint
m n Iter. Time Iter. Time Iter. Time Iter. Time Iter. Time Iter. Time

adlittle 189 378 11 0.2992 11| 0.2953 11 0.3059 12 0.3489 11 0.3042 11 0.3115
afiro 62 124 7 0.0161 7 0.0184 7 0.0192 7 0.0251 7 0.0244 7 0.0215
agg 933 1866 10 34.4089 11 | 41.9497 10 | 38.3429 10 30.8876 10 | 29.9413 10 | 29.8912
agg2 1276 2552 14 98.6336 15 | 105.4592 15 | 85.5975 15 85.9759 15 | 102.9358 15 96.4848
agg3 1276 2552 15 122.1428 15 | 124.0588 15 | 119.5863 15 126.3768 15 | 106.5304 15 | 104.7470
bandm 17 1434 9 12.9590 10 | 14.7513 91 12.7925 9 13.2567 9| 13.9785 9 13.1588
beaconfd | 342 684 9 1.7000 9 2.0108 9 1.7186 8 1.7025 9 1.7823 9 1.8244
blend 89 178 8 0.0707 9 0.0744 9 0.0756 8 0.0859 9 0.1076 9 0.0826
bnll 1724 3448 10 | 175.0822 11 | 190.3188 10 | 175.6311 10 | 176.7987 10 | 195.6307 10 | 223.0791
brandy 419 838 8 3.8622 9 3.8483 8 3.6551 8 3.5135 8 3.5178 8 3.4606
e226 612 1224 9| 10.4281 10 | 12.0397 9| 10.7507 10 10.9956 9| 10.8357 9 11.1550
etamacro | 938 1876 11 42.3508 11 | 43.6106 11| 43.0326 10 | 38.9137 11| 43.6564 11 42.6810
fifff800 1026 2052 10 50.9550 10 | 50.5345 10| 51.4154 9| 46.6445 10 | 50.9074 10 50.0788
finnis 1483 2966 12 169.7703 12 | 158.8282 12 | 133.3033 11 | 123.5786 12| 134.4181 12 133.5724
grow7 1003 2006 8 30.6104 10 | 36.9307 9| 33.7950 8 30.5303 8| 30.7118 8| 30.1929
israel 492 984 8 4.3200 9 4.6514 9 4.7011 8 4.3001 9 4.6263 8 4.1894
kb2 86 172 7 0.0603 7| 0.0580 7 0.0602 6 0.0671 7 0.0816 7 0.0745
lotfi 379 758 11 2.8526 11 2.7601 11 2.9339 9 2.3150 11 2.9942 11 2.7733
recipe 254 508 7 0.6225 8 0.8660 7 0.8372 7 0.7679 7 0.7709 7 0.7303
sc105 150 300 7 0.1840 8 0.1922 71 0.1799 7 0.2026 7 0.2014 7 0.1881
sc205 285 570 7 0.9589 8 1.1714 71 0.9256 7 1.1280 7 0.9684 7 0.9624
sch50a 75 150 7 0.0477 7 0.0523 7 0.0490 7 0.0624 7 0.0588 7 0.0503
sc50b 73 146 7 0.0496 7| 0.0425 7 0.0471 7 0.0607 7 0.0655 7 0.0575
scagr25 895 1790 9 24.2466 9| 24.4921 9| 25.0989 8| 21.8548 9| 24.3432 9 24.2294
scagr’7 211 422 8 0.4958 8 0.5319 8 0.4754 7 0.4810 8 0.5369 8 0.4648
scfxm1 773 1546 10 17.8367 10 | 18.0917 10 | 17.8247 10 18.1064 10 | 19.2260 10 | 17.8192
scrs8 954 1908 8 26.8143 9| 29.9578 8| 26.3165 8 26.3358 8| 32.4648 8 26.7485
sctapl 310 620 6 0.7804 6 0.8450 6 0.8038 5 0.6456 6 0.7781 6 0.8297
scsd1 839 1678 19 | 43.2631 18 | 48.0288 18 | 45.1233 19 58.6922 18 | 54.7086 18 51.2099
scsd6 1499 2998 20 | 241.3395 20 | 230.0351 20 | 211.9853 20 | 190.3297 20 | 214.7360 20 | 218.8522
share2b 256 512 8 0.5477 9 0.6963 8 0.7354 8 0.7179 8 0.6717 8 0.7242
stocforl 236 472 7 0.4705 8 0.5692 7 0.4741 7 0.4954 7 0.4659 7 0.4581

Average | 9.5938 34.9431 | 10.0625 | 35.8678 | 9.6875 | 32.7685 | 9.3750 31.7561 | 9.6563 | 33.8431 | 9.6250 34.0970

Table 1: Numerical comparison of the six long-step algorithms

As it can be seen from Table 4, there is no significant difference between the six algorithm
variants for linear programming problems. The average running times and average number
of iterations are shown in the last row of Table 4. From these results, we can observe that
in terms of running time, the algorithms based on the functions ¢(t) = t? and ¢(t) = t —/t
perform slightly better than the other variants.
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5 CONCLUSION

We presented a new general algorithmic framework for Ai-Zhang type long-step interior
point algorithms, based on the algebraic equivalent transformation method of Darvay.

We implemented the general method and compared the results for six special cases. As it
can be observed from our results, there is no significant difference between the six variants,
although, in terms of average running time, two of them perform slightly better.

One of our important goals is to generalize this framework to linear complementarity
problems. We expect that in this case, the effectiveness of the algorithm variants will be
significantly different.
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Abstract: We study the power of voters that are symmetrical except for their position in a
policy space. We find that contrary to corresponding results in a one-dimensional spectrum of
voters, where the median voter has a key role, voters with a
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1 Abstract

The analysis of voting situations focuses on weighted voting with the objective to link voting
weights and the ability to influence decisions. The literature of a priori power measures starts
with the assumption that nothing is known about the issues to be voted on or the voters’
preferences and therefore any coalition of players is possible.

In practice, this assumption is often violated: some coalitions are simply not likely or
possible. We consider convex voting games, players are located on a policy space and their
positions do put restrictions on the coalitions that may emerge. A proposal without a majority
support may get new “yes” votes by inviting nearby voters — naturally, their support comes at
a price: the proposal must be changed slightly to gain their support.

Kéczy and Sziklai [2] and Ferté et al. [1] consider convexity coordinate-wise in a two-
dimensional policy space so that strictly internal voters of the rectangles spanned coalitions
are necessarily members. On the other hand, those on the borderline of the rectangles are free
to join or leave. Power is drawn from the ability to turn a losing coalition into a winning one.
We consider the model where players are symmetric except for their position on the policy
space. Abstracting away from abstentions [1] one finds a surprisingly uniform pattern. To see
this we first transform the policy space into a discrete grid, where each coordinate is replaced
by its rank among the corresponding coordinates among the voters. Such a transformation
keeps the rectangles where a player may be critical for majority: if a rectangle spanned by
some of the voters was such, the rectangle spanned by the transformed images of those voters
covers the same voters including the one in question.

Voting power of the 115 papabili (2013) Voting pawer of EP Agricultural Committee men

(a) Concalve, 2013

Figure 1: Examples of power distributions with ranked coordinates. Calculations are based on
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In Figure 1 we see examples of such gridplots and one may immediately notice that (1)
voters near the centre are weak and (2) voters around the four corners are weak. One may
wonder if this is a general property.

We present both simulation and analytical results. We have generated random voters and
for these, we calculated the voting power of each voter and then we have taken the average
power of the players whenever that particular grid point has been selected. With n players,
the chance of being selected is 1/n, so with already fairly small numbers of n we can have a
smooth surface. The randomization made sure that no two points are on the same gridlines
— an assumption we kept also for the analytical formula. The latter calculates the expected
probability that a grid point is on the borderline of a rectangle of minimal winning size. The
calculation is a simple enumeration of such rectangles. Our preliminary model sorts possible
rectangles in 6 types each with 4 subtypes facing different directions. When we talk about
proper voting games, that is, the quota requires a majority, or course only some of these
rectangles may exist. For each case we consider rectangles of different sizes separately. We
first calculate the number of ways the spanning voters can be located, then the ways internal
points can be arranged then the rest.

What we find is that central voters have little power and so do voters in extreme positions;
voters with central in one and extreme in the other coordinate have the highest power.

Our results suggest a number of things:

e Since the one-dimensional version of our model would be a horizontal line with a dip at the
median voter, our model suggests that the opening up of political issues in two dimensions
may lead to a raise in extremism. Preliminary findings suggest that as the correlation
between the two coordinates increases, the relative importance of taking extreme positions
diminishes.

e Certainly, such power distribution may lead to a race to extremism: even the same
moderate party would delegate a representative who takes an extreme position in one of
the aspects.

e Interestingly, voters with totally extreme positions are marginal, although not as much
central voters. This may suggest that radical voters may benefit from taking mainstream
positions on some issues.
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Abstract:

We introduce a new predictor-corrector interior-point algorithm for solving sufficient linear
complementarity problems. The presented algorithm uses a new type of algebraic equivalent
transformation on the nonlinear equations of the system defining the central path. This tech-
nique was proposed by Darvay and Takécs [1] for linear optimization. We use the square function
in this new approach in order to determine the search directions. We show that the predictor-
corrector algorithm has the same complexity as the best known interior-point algorithms for
solving sufficient linear complementarity problems. To the best of our knowledge, this is the
first predictor-corrector interior-point algorithm for solving sufficient linear complementarity
problems which is based on this search direction.

Keywords: sufficient linear complementarity problems; predictor-corrector interior-point algo-
rithm; algebraic equivalent transformation technique
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Abstract: In assignment markets, as proved by Shapley and Shubik (1972), the set of competitive
equilibrium payoffs coincides with the core of the related assignment game, and there are two special
core allocations: one is simultaneously the best for all buyers, the other is simultaneously the best for
all sellers. If prices are set by a market mechanism that is known to determine the minimum equilibrium
prices with respect to agents' stated valuations, the buyers have no incentive to falsify their true values.
The sellers, however, can manipulate the mechanism to their benefits.

We investigate the sensitivity of the two special core allocations and that of their average, called the
“fair’ allocation. We show that if an agent unilaterally falsifies all of his stated valuations by the same
amount, his payoff in the ‘fair’ allocation cannot decrease, but can increase by at most half of that
amount. Our proof basically relies on a new characterization of the buyer-optimal and seller-optimal

allocations in terms of the lengths of longest paths in an acyclic directed network constructed from the
valuations stated by the agents.

Keywords: two-sided market, assignment game, minimum equilibrium price
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Abstract: Up to our best knowledge, the first operations research model for blending chemical
substances were formulated by Dantzig and his co-authors in the late 1950s.

From an operations research perspective, the standard pooling problem involves decision
variables associated with unknown quantities and qualities. In the models of the pooling
problem, bilinear equations (or inequalities) are typically used in addition to linear conditions.
The feasible solution set of the pooling problem is not convex and sometimes not even
connected. Thus, solving the pooling problem leads to a global optimization problem. In the
original problem formulation, raw materials of different qualities from different sources are
mixed and the mixed materials must meet quality constraints in each terminal. One of the first
important results on pooling problems in networks comes from Haverly, but in the last 20 years
there has been a substantial literature on the subject and practical methods for solving it. In the
standard pooling problem (SPP), the lower bound on the flows is O on each edge, so there is
always a feasible solution, the all-zero flow. Experience shows that this is not the case in
practice. Each source must produce and deliver a positive amount of the raw material and blend
it with others to produce final blend at each terminal. This gives, naturally, a positive lower
bound on the flow value at each terminal, in addition to upper bounds. In the literature, there are
14 small-scale and 20 large-scale examples of SPPs. All these test problems are defined with 0
lower bound.

Our goal is to create more realistic test problems, namely such that at the terminal vertices a
required positive flow bounds the flow from below. In this talk, we show our efforts to build
such more realistic test problems and analyse the resulted new set of test problems.

Keywords: Pooling problem; bilinear optimization; global optimization
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Abstract: A primal-dual interior-point algorithm (PD IPA) for solving P, (k)-linear complemen-
tarity problems (LCP) has been implemented and tested. The technique of algebraic equivalent
transformation (AET) of the central path system allows us to incorporate into our implementa-
tion the most frequently used AET functions, namely ¢(t) =t, p(t) = v/t and p(t) =t — /1.

Keywords: primal-dual Newton barrier interior-point algorithm; sufficient linear complemen-
tarity problems; algebraic equivalent transformation technique

1 INTRODUCTION

The main focus of this paper is on the computer implementation of a PD IPA [3] with different
0\T .0
AET functions for P,(k)-LCPs with O ((1 +k)y/nlog <(x)s>> iteration complexity. During

€

the implementation we have faced some numerical difficulties that will be discussed. It is impor-
tant to mention that there are various applications of LCPs in numerous fields like in business
and economics, engineering, etc [1]. For example, the Fischer- and Arrow-Debreu competitive
market equilibrium problem leads to LCP [13]. However, in most of the applications the matrix
does not possess properties that would ensure the effective (polynomial) solvability of the LCP.
We show the practical efficiency of the algorithms by providing numerical results and compare
those with the ones presented in [3].

2 LINEAR COMPLEMENTARITY PROBLEMS (LCPs)
First we define the (general) LCP as
—Mx+s=q x,s>0, xs=0, (LCP)

where M € R™"™, The set F denotes the feasible solutions of LCP, FT interior points, while
F* contains the solutions of LCP. LCPs with skew symmetric, positive semidefinite, positive
definite matrices can be solved in polynomial number of iterations up to e-optimality.”? The
largest class of matrices for which IPAs have theoretical guarantees on efficiency is the class
of sufficient matrices [6, 7], Pi(k) —matrices (or P, —matrices) [7, 10], where x > 0. Illés et

!This research has been partially supported by the Hungarian Research Fund, OTKA (grant no. NKFIH
125700). The research reported in this paper and carried out at the Budapest University of Technology and Eco-
nomics was supported by the TKP2020, Institutional Excellence Program of the National Research Development
and Innovation Office in the field of Artificial Intelligence (BME IE-MI-FM TKP2020).

2 A feasible solution (x,s) of a given LCP is called e-optimal solution, if xTs < €, where € > 0, see for instance
(7).
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al. [7] showed that from an e-optimal solution with properly selected e, exact solution can be
computed with a strongly polynomial rounding procedure.
Interestingly enough, Kojima et al.[10], Guu and Cottle [6], and Viliaho [12] proved that the
sufficient- and P,-matrix classes are equivalent.
We use P, to denote the set of all P,-matrices. The handicap of the matrix M is defined as
follows:
R(M) =min{k:k >0,Me P.(r)}.

Throughout the paper we will assume that M is P, (x)-matrix. We also suppose that F+ # ().
The system which defines the central path problem is

—Mx+s=q, x,s>0, xs=pue, (CPP)

where 1 > 0 and e is the n-dimensional all-one vector. If M is a P (k)-matrix, then the central
path system has unique solution [10].

The algebraically equivalent transformation (AET) is a method to determine the search
directions introduced by Zs. Darvay in 2003 [2]. Let ¢ : (£2,00) — R be a continuously differen-
tiable and invertible function for which ¢’(t) > 0, for each ¢ > ¢2, where & € [0,1). Applying the
function ¢ componentwisely on the nonlinear equation of the (C'PP), we get

—Mx+s=q, ® <XS> =p(e), x,s > 0. (CPP,)
©

After some calculations, see for instance [3—5], we get the general form of the Newton system:

—MAx+As=0

B (1)
SAx+ XAs = a,,

where
ple)—p (%)
a(p - M /[ XS
7 (%)
and X = diag(x), S = diag(s). In the following section we present the implemented version of
the PD IPA.

3 NUMERICAL SOLUTIONS

Firstly, we consider the matrix form of (1):

-M I Ax 0
A=) g
In theory, the solution of the system (1) is Ax = (S+ XM) 'a, and As = MAx. However,
in practice, calculating matrix inverse causes a lot of numerical errors.
Cholesky-decomposition only works on positive semidefinite matrices, thus we have to choose
different factorization (LU, QR) for sufficient matrices. Important ingredient of any optimization
algorithm implementation is the computational linear algebra package. We choose ALGLIB

C++ library for solving systems of linear equations.
In order to get the Newton directions, first of all we use some notations:
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M:

-M 1] , (o andx,_(Ax)
s x|"T \a, “\as)

We calculate M'x’ = LUx' = ¢/, then we solve equation Ly = q' on y and then Ux’ =y on x'.
From computational tests, it turned out that solving this form

(X 1S+ M)Ax = X'a,

of the Newton system leads to a most stable numerical solution. Therefore, the matrix X' S+ M
is decomposed into L and U matrices and then the

LUAx=X"a,

is solved numerically, and after that As = MAx is computed.
Algorithm 1 shows the implemented version of the IPA .

Algorithm 1: Implemented primal-dual Newton barrier interior-point method

Input:

precision parameter: € = 1075;

barrier update parameter: 8 =0.999; proximity parameter: 7 = 1;

steplength decreasing parameter: o = 0.95; strictly feasible starting points (x°,s”),
0> 0, such that §(x°,s%; u°) < 1; M€ R™" sufficient matrix; q € R” right hand vector.

begln
x:=x", s:=8% p:=pu’

while ny > ¢ do

o= (1—=0)p;

Calculate Ax and As by solving (1) numerically using LU decomposition

(rmatrixlu(),rmatrixsolve());

Calculate local K for Ax;

gy, = {—2t 1 Ar; <0} and ag, = {—FL: As; <0}

ap=o0- mln{axh,ash}

a :=min{oy,1};

xt :=x+alAx and st :=s+aAs;

Il = [|=Mx* +s* —q (x)
X+S+
+ gt ) e || ad y_ P e (F)
o(xT,sTiu) = 2@ 2,Where aj=p @/<x+s+) :
o

if §(zt s+,u > 7 then
"Not in 7 neighbourhood"

else

1f §(zt,st;ut) >2-7 then
"Not in its own 7 neighbourhood"

7;
3~

‘:

=
Output (x s): nu<e
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4 NUMERICAL RESULTS

The solver was tested on the following LCPs. One of the used test problems is based on matrices
generated by T. Illés and S. Morapitiye (ITMS) [8]. They generated sufficient matrices of sizes
10 x 10, 20 x 20, 50 x 50, 100 x 100, 200 x 200 and 500 x 500, 10 examples from each. Beside this,
they also presented a 700 x 700 matrix. M. E.-Nagy (ENM) generated sufficient matrices [11]
of different sizes from n =3,...,10, 10 examples from each. A matrix with exponential k was
generated by Zs. Csizmadia (CsZs) [9] which has 1 in every position of the diagonal, under the
diagonal -1, above the diagonal 0.

All of the test problems were generated in the following way: q := —Me+e. We considered
xY = e and s” = e as starting points for the implemented PD IPA.

In general, we used the 2n x 2n Newton system for getting the solution. In case of CsZs
matrices we made some changes, we used the system X 'S+ M to compute the corresponding
Newton directions. If the initial value of x used in the PD IPA, differs significantly from the
true value x of the Csizmadia-matrix, then the experience has shown that more iterations are
required to solve the LCP. The theoretical step length of the PD IPA is a = 1. However, in
practice, especially during the first few steps, the allowable step length is strictly smaller than
1. We computed in each iteration x(Ax) in the following way:

_1 AxT MAx
43 e, (ax) AXi(MAX);

R =

The maximum of xk(Ax) was used to approximate the handicap of the matrix for further use in

the implementation.

o) | t Vit | t—/t t Vit t—/t
n | Iter. | Iter. | Iter. | Time (s) | Time (s) | Time (s)
10 14 14 14 0.142 0.241 0.183
20 18 18 18 0.408 0.330 0.343
50 29 29 29 2.190 2.030 2.491
100 48 48 48 12.772 10.793 11.345
200 | 84 85 85 77.582 75.361 97.842
250 | 103 | 103 103 115.257 | 146.432 | 183.927
300 | 121 | 121 122 233.219 | 252.023 | 336.329
400 | 158 | 158 158 557.695 | 607.319 | 713.061

450 | - - - - - -

Table 1: TR LCP solver on CsZs-matrices

The step length was computed as o = min{o apest, 1}, where o = 0.95 is a parameter which

. . . . T 54
guarantees that the new iterate stays strictly feasible and apest = min ¢ max — , max — }
Ax;<0  AX; As;<0  As;

We tested the performance of the implemented PD IPA with o = 0 apest as well. If too many
times happened that o > 1 occurred, instead of accelerating the computation, the new iterates
moved away from the central path and finally, the number of necessary iterations needed to
reach e-optimal solution increased. During our test computations with different versions of our
implementation, we observed a very sensitive balance between having locally larger step length
than 1 and overall good performance of the algorithm.
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Figure 1: Connection between the local x and the step length, tested on the size of 100 x 100
CsZs matrix (on the right hand side plotted with logarithmic scale)
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Figure 2: Connection between the local x and the duality gap, tested on the size of 100 x 100
CsZs matrix (on the right hand side plotted with logarithmic scale)

In the following we show the numerical results of the implemented algorithm. In Table 1, 2
and 3 we present the average of iteration numbers and CPU times in seconds in case of CsZs
matrices, ENM matrices and ITMS matrices. We compared our results with the ones provided
in [3]. It can be seen that on both CsZs and ITMS matrices the iteration numbers in our solver
results and in [3] are close to each other, however on CsZs matrices we could get better results
and on ITMS worse results.

pt) |t Vi [ t=vt t Vi L=t

n Iter. | Iter. | Iter. | Time (s) | Time (s) | Time (s)
3 4.89 | 6.67 5.11 0.0460 0.0593 0.0494

4 478 | 6.67 | 4.67 0.0410 0.0652 0.0499

) 5.2 7 5.2 0.0495 0.0709 0.0585

6 5.1 7.1 5.1 0.0475 0.0819 0.0754

7 5.7 7.2 5.7 0.0682 0.0777 0.0897

8 5.625 | 7.5 5.375 0.0758 0.1053 0.0721

9 5.375 | 7.375 | 5.375 0.0756 0.1309 0.0793

10 | 6.125 | 7.714 | 6.125 0.1046 0.1224 0.1120

Figure 1 shows that until x(Ax) > 10°, for the step length we have a < 1073,

Table 2: TR LCP solver on ENM matrices

Namely,

k(Ax) and the corresponding a are inversely proportional. Figure 2 shows that the duality gap
decreases very slow until k(Ax) is large, as we expected from the observation shown on Figure

1.
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CONCLUSION

In this paper we presented the numerical results of the implementation of PD IPA for solving
sufficient LCPs, which uses the AET technique. In this numerical study we considered the
mostly used AET functions, namely o(t) =t, o(t) = v/t and o(t) =t —+/t. In practice, the
implemented PD IPA largely outperforms the predicted theoretical iteration numbers.

pt) |t | vVt [t=Vt t Vi t—V1t
n | Iter. | Iter. | Iter. | Time (s) | Time (s) | Time (s)
10 8.0 | 9.0 8.0 0.0778 0.0952 0.0682
20 | 7.2 | 9.0 7.2 0.1730 0.2580 0.1742
50 5.4 | 8.0 5.2 0.6876 1.2836 0.6832
100 7 8.8 6.8 3.8494 5.069 3.896
200 | 7.2 | 94 7.2 12.9252 | 20.1886 | 13.7776
500 | 9.0 | 104 8.4 106.664 | 115.2506 | 89.2294
700 | 9.0 | 11.0 9.0 190.3930 | 251.7430 | 197.179

Table 3: TR LCP solver on ITMS matrices

LCPs with CsZs matrices LCPs with ITMS matrices
n Tter. Tter. Tter. Avg. Tter. Avg. Tter. Avg. Tter.
Table 4: Numerical results given in [3]
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Abstract: Because the Vehicle Routing Problem (VRP) is very complex, with practical cases being
too large to obtain the optimal solutions, heuristic approaches need to be used. Since high performance
computing (HPC) can provide large computing power, it seems to be a great fit for this problem. In
this paper we describe two methods, namely Multi-seed computation and Step method and test their
performance on real VRP example from a logistic company. Since logistic companies need to have a
good result fast, we were mainly interested in finding the best possible solution in given short time.

Keywords: Step method, multi-seed computation, VRP, HPC
1 INTRODUCTION

This paper describes the project HPC logistics along with its results. The main focus of the
project was to determine whether a high performance computer could significantly improve
the behaviour of the optimization engine, developed for solving vehicle routing problems of
different difficulties and discover ways for which the benefits are highest.

The optimization engine used in this project is based on the open source project jsprit [1]
with many additional features added. jsprit is a java based, open source toolkit for solving rich
Traveling Salesman Problems and VRPs [2,3]. The meta-heuristic used was developed by
Schrimpf et al. [4] who formulated the ruin-and-recreate principle - a large neighborhood
search that combines elements of simulated annealing and threshold-accepting algorithms.
Essentially, it works as follows: starting with an initial solution, each subsequent iteration
consists of disintegrating parts of the solution leading to (l.) a set of jobs that are not served
by a vehicle anymore and to (11.) a partial solution containing all other jobs. Thus, this is called
the ruin principle. Based on the partial solution (I1.) all jobs from (I.) are re-integrated again,
which is therefore referred to as recreation [5] yielding to a new solution. If the new solution
has a certain quality, it is accepted as the new best solution, whereupon a new ruin-and-
recreate iteration starts. These steps are repeated over and over again until a certain
termination criterion is met (e.g. computation time, number of iterations, etc.). One such
iteration takes a relatively constant amount of time to compute for a certain problem (on a
particular machine with its specifications), but this time differs greatly between problems of
different sizes and difficulty.

Even though the optimization engine employs state-of-the-art search strategies, obtaining
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good results is still very time consuming, also depending on the size of the problem and
number of constraints of the VRP (for example, the more vehicle capacity dimensions there
are, the slower the algorithm). The cost of the solution decreases fast in the beginning, but
after that more and more time is needed to obtain an improvement, if it exists. This means that
for larger logistics companies with several hundred vehicles in their fleet, getting a good
solution could take many hours, which might be too much to be useful.

The process starts with an initial solution, which can be given, or generated with a heuristic
method. The optimization process is then steered by a random seed. Different seeds have
different convergence speeds. A certain seed may lead us closer to the optimal result faster,
but we can’t determine which seeds are better for specific problems. Also, some seeds may
perform better in the beginning of the process, while others perform better later on. So, it
seems that the best way forward is to use as many different seeds as possible, in order to
increase the chance of finding “the right one” (getting us as close to the optimum in a very
short time) as much as possible.

2 EMPLOYING HPC

The aim of this project was to explore the options to speed up obtaining a good solution with
a high performance computer. For this purpose, we planned two speed-up techniques:

1. Multi-seed computation: We have simply run several threads, each one with its own,
different seed. This random seed impacts the rate with which a better solution is
found. It is impossible to anticipate which random seed will give us better results for
which problem. Using several processes with different seeds we have increased our
chance to find a good solution within a given time.

2. Step method: We have tried to take advantage of the fact that some seeds were more
“efficient” than the others, their convergence was faster. Our idea was to use the
currently best solution as an initial solution for the rest of the process. The process
goes as follows:

a. Run the algorithm with multiple seeds as above.
b. Stop the algorithm after a certain number of iterations and find the best
(cheapest) solution found so far among all the random seeds.
c. Select this solution, set it as the initial solution (starting point) for all the random
seeds, and continue with the next step.
d. Repeat until the termination criterion is met.
Multi-seed computation is a special case of the Step method where the number of iterations
for each step equals the number of iterations after which the algorithm should terminate, so
we only have one step.
The idea for our Step method arose from existing approaches:

e Gradient descent - we are using the best solution as a start for the next step. The
difference is that we are not able to analytically determine the best “direction” for
continuation, but have to heuristically search the neighbourhood, using several
threads with different seeds.

e Genetic algorithms - a single step produces a ‘“population”, and the best
representatives of the population are used for the next step. The difference is that we
have used only one best solution for the next step. We could potentially also use all
non-dominated solutions, or something similar, but would have to determine which
new thread gets which initial solution. This might be feasible, but would need some
additional mental effort.
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3 RESULTS

For the tests we used a real VRP example from a logistic company. Tests were run on a
problem with cargo and vehicle capacities with three dimensions, time windows and shipments
with both pickup and delivery locations specified. We chose a problem for which we knew
there existed a plan with no unassigned shipments (even though sometimes the initial solutions
could not deliver all shipments), but was difficult enough that the algorithm could run for
many thousand iterations and still obtain better solutions. The problem contained 556
shipments and 15 available vehicles.

3.1 Initial testing and Multi-seed computation

We first ran the algorithm on HPC using 6 random seeds separately and calculated an average
cost across all 6 seeds. We let the algorithm run for 200 minutes. Then we repeated these
calculations using 24 seeds. Results can be found in Table 1. We see from Table 1 that the
best solution cost is lower for calculations using 24 seeds, where average time to obtain this
cost is comparable with the one obtained from calculations using 6 seeds. Also all other
average times shown in Table 1 seem to be either comparable between calculations done with
different numbers of seeds or they follow no rule. These variations in average times show that
not all random seeds are good, but choosing multiple of them will increase the chances for one
of them to be good for a given problem. We can also see that not all seeds were successful
enough to get a solution within 1% or 5% of the best solution, which also shows that some
seeds were not suitable for solving the problem. On the other hand, best times are all
significantly lower for calculations using a higher number of seeds. This shows that
calculations run with a higher number of seeds can obtain better solutions significantly faster,
but it is crucial to try out multiple different seeds.

Table 1: Results of the multi-seed computation.

Nrof | Average Best Average | Besttime | Average | Besttime | Average Nr of
seeds best solution time to break time to to get time to seeds
solution cost needed | cost of 70 break within get that got
cost for best 000 [s] cost of 5% of within a
solution 70000 [s] best 5% of solution
[s] solution best within
ever [s] solution 5% of
ever [s] | bestever
6 66947 66073 5631 190 524.0 284 1268 6
24 67009 65790 5628 116 1018 208 2002 22

To check that claim more thoroughly we also ran calculations using 1, 3 and 12 seeds and
plotted the best solution cost progression through time for each of these calculations (including
the ones run with 6 and 24 seeds). Results are shown in Figure 1. We can see from Figure 1
that calculations run with a higher number of seeds overall converged to solutions with lower
costs than calculations that were run with lower number of seeds. Where, again, a choice of
random seeds seems to affect the calculation process, since the solution cost for 12 seeds is
lower than the one for 24 seeds.
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Best solution cost - Multi-seed comparison
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Figure 1: Best solution cost progressions for different numbers of seeds.

3.2 Step method

For the step method, we needed to set the number of iterations within each step and the number
of steps. We tried calculations on HPC, where we set the total number of iterations to 1000
and each step to 100 iterations (10 steps). We ran the tests on HPC with 6 and 24 different
seeds. Using 24 seeds we also tried a faster calculation, where we set the total number of
iterations to 1000 and each step to 10 iterations (100 steps) and a slower one where we set the
total number of iterations to 10 000 and each step to 1000 iterations (10 steps). Results and
comparisons can be found in Figure 2 and in Table 2.

Best solution cost for 1000 iterations (1 step) Best solution cost for 1000 iterations (10 steps)

solution cost
L
solution cost

1000 2000 2000 1000 2000 3000 4000

time [seconds] time [seconds]

Best solution cost for 1000 iterations (100 steps)

80000
75000

70000

solution cost

65000
1000 2000 3000 4000

time [seconds]

Figure 2: Best solution cost progressions for 1000 iterations where one step consisted of all 1000 iterations
(upper left), 100 iterations (upper right) and 10 iterations (bottom).
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Figure 2 shows the best solution cost progression through time, where each of the
computations used step sizes of different length. We show only 1000 iterations for each of the
computations. Results show that shorter steps significantly increase the convergence speed.
The important issue is that we enable different threads to benefit from a better starting point,
initial solution. It is clear that it is best to use as many threads and seeds) as possible, but an
important open issue is to determine the best size (number of iterations) of the steps.

From Table 2 we can see that shorter steps are very effective in providing good results very
fast, while longer steps may eventually bring us closer to the optimal solution. An idea for
further work is to start with smaller steps, which are then increased, in order to enable finding
better solutions.

5 CONCLUSION

We were interested in obtaining good solutions for VRP as fast as possible. We have tried
some approaches, which produced good results.

Multi-seed method: We can conclude that with a bigger number of seeds (and
corresponding threads) chances of finding better solutions are higher, since also the probability
that one of the seeds will be good for a given problem is greater.

Table 2: Results for step method.

. Tim
Time €
Comp to get to get
Nr Total utatio Best Best ) g€ withi
Total | . - Best Best . . within
iterat | Nr | compu [ Best [ ntime : .| solutio | solutio | n 1%
nr . . . solutio | solutio 5% of
. . ions | seed | tation | solutio for n after | n after of
iteratio . n after | n after best
per S time | ncost | best . . 15 30 . best
ns .| I min | 5mins . g solutio .
step [s] soluti mins mins soluti
n ever
on [s] [s] on

ever

1000 100 6 3712 | 65401 | 2563 | 71570 | 67311 | 66031 | 65478 160 953

1000 100 24 4756 | 65220 | 4273 | 71844 | 67674 | 65379 | 65270 | 208 565

1000 10 24 4915 | 65630 | 1362 | 71285 | 67784 | 66027 | 65630 222 923

10000 | 1000 | 24 | 41767 | 65268 | 20718 | 71844 | 67674 | 67600 | 66592 | 266 2108

Step method: We have developed this method to improve the performance, to enable finding
good results faster. Each step resets the initial solution to the best solution found so far. The
convergence becomes much faster, especially in the beginning.

Future work: We are interested in determining optimal step sizes, perhaps using smaller steps
in the beginning and then increasing them. The next idea is to try with several different initial
solutions, not just a single one, at each step. And the hardest problem, if solvable at all, would
be to determine suitable seeds for specific problems.
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Abstract: The availability of open government data (OGD) has increased in past years, so did various
initiatives and research on OGD. Nevertheless, there is still very few research made on the impact of
OGD and measuring the impact of OGD. We recognized an opportunity to identify impact areas of
OGD with the help of individual open data use cases by employing text-mining techniques and then
compare them with the ones from OECD surveys. Results indicate that the most prosperous technique
used, beside keyword extraction and term frequency-inverse document frequency, was article
classification based on creation of our own dictionaries. Further research will be focused on the field of
upgrading newly defined dictionaries for impact areas classification.

Keywords: open data, public sector, impact of OGD, impact factors, data mining.

1 INTRODUCTION

Open Government Data (OGD) or Public Sector Information (PSI) is a government data, that
is available to all with an idea to promote transparency, accountability and value creation along
with the intention for the public to better understand government work and how well it
performs [14, 21]. In the past couple of years, attention in OGD research has grown [1, 5, 24]
and so is the availability of open data [11, 12]. While there are many benefits of OGD in various
fields, such as political, social, economic, operational and technical [12], there is very few
systematic and structured studies that have been conducted on the actual impact of OGD [18,
19, 24]. And since there is a research gap, measuring or identifying the impact of OGD can be
quite challenging as benefits are often indirect [10]. Although the analysis of the economic
benefits of open data is one way to describe the effect of government openness, the impact of
open data is not connected to economic field only [13]. Since economic benefits may be easier
to obtain, most research and assessment of the impact of OGD is based on surveys [4, 15].
Survey can and are providing important feedback, yet governments face constraints on staffing
and funding of open data related activities as they meet other priorities in their work [24].
Nevertheless, there might be an opportunity in collecting valuable information from case
studies of individual OGD initiatives, which already turned out to be helpful when it comes to
understanding the impact of open data [22].

Since interest in OGD research has increased in the last few years, several indexes for
evaluating open data impacts have emerged. Starting with Open Data Barometer (ODB), which
was produced by the World Wide Web Foundation, it aims to detect prevalence and impact of
open data initiatives by analysing global trends based on three kinds of data: A peer-reviewed
expert survey, a government self-assessment simplified survey and secondary data selected to
complement expert survey data [17]. Next, the Global Open Data Index (GODI), run by the
Open Knowledge Network aims to show how to make data more useable, yet it does not focus
on other common aspects of open data such as context, use or impact [7]. Finally, the report of
OURdata (Open, Useful, Reusable Government Data) Index, introduced by the Organization
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for Economic Co-operation and Development (OECD) states, that it seems as if OECD
countries are in a stage, where measuring the results of open data initiatives (previous and
current) is needed to ensure continuity and long-term sustainability [16]. The report also states
that the research on the social and economic benefits of open government data is still relatively
limited, but a progress is being made in terms of the development of more advanced open data
portals which are displaying more open data re-use examples to the public in a graphically
friendly way [16].

As stated before, we recognized an opportunity to identify impact areas of OGD with the
help of individual open data use cases [6]. By doing so and in an automated manner, we would
shorten the time of data pre-processing phase and reduce the possibility of human error in
business understanding phase of CRISP-DM methodology when developing a model to
determine an objective assessment of OGD impact by automatic extraction of semantic
structure and when validating impact areas defined by OECD. Motivation, mentioned in
previous paragraph is a part of future research objectives and automatized recognition of
impact areas is the main focus of this research paper. The main outcome of this research is an
IT artefact, situated in a real-world scenario, which fits under the Design Science Research
(DSR). The design cycle of the DSR followed the CRISP-DM methodology, which is
commonly used in ML models building. Further we focused more on modelling and evaluation
phase of CRISP-DM where we presented the results of this research and our findings.

2 METHODOLOGY

As already mentioned, methodological approach for this research is rooted in DSR, where the
main objective is to create an IT artefact that is driven by business needs with a real-world
problem [9]. As a part of DSR, which is the main methodology for automated recognition of
impact areas, we also used CRISP-DM methodology, the purpose of which is to make data
mining projects reliable, faster and cost efficient by following six phases: Business
Understanding, Data Understanding, Data Preparation, Modelling, Evaluation and
Deployment. By using CRISP-DM along with DSR, we addressed the objective of our research
in an organized and documented way [2].

Following CRISP-DM, we first started to analyse OGD impact ecosystem, evaluation
surveys and use cases from the European Data portal. We manually analysed first 50 use cases
from the corpus (alphabetically ordered) in details and subjectively identified their impact
areas, which served us as a validation group for our extraction algorithms. Once we have
understood the data, we started pre-processing it. Since our group of 50 use cases did not
exceed 1022 characters, we stored each use case as a list element in Python. Also using Python,
we tried three different techniques for impact areas extraction, starting with keyword
extraction, Term frequency-inverse document frequency (TF-IDF) and finally, using
dictionaries. As the last step before deployment, we evaluated the results, which are presented
in the next chapter.

3 RESULTS

Results of this research are further grouped in three areas, based on the data mining technique
that was used.

3.1 Keyword extraction (Yake!)

First approach that we used was keyword extraction, since keyword extraction algorithms
became the key components in many computer science applications. We used YAKE!
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algorithm, which has five main steps: text pre-processing and candidate term identification,
feature extraction, computing term score, n-gram generation and computing candidate keyword
score and finally, data deduplication and ranking [3]. Further, we extracted top 5 keywords
based on their weights (significance), which is the frequency of word occurrence in an article.
We extracted relevant keywords for bigram, 3-gram and 4-gram. Comparison of the results is
presented in Table 1, where metadata for the selected use case is first presented along with
manually identified impact factors. Next, keywords for each n-gram are presented below for
easier visual distinguishment.

Table 1: Selected use case meta data and manually identified impact factors along with keywords, extracted
with all three n-grams.

Project name: 360waste

Sector: Service type: Type of data:
Transportation Mobile application Transport data
Impact area 1 more efficient waste collection

(Manually identified)

Impact area 2 reducing logistics costs

(Manually identified)

Impact area 3 improving route planning

(Manually identified)

Impact area 4 decreasing pollution

(Manually identified)

Yake! (bigram) keywords | volumetric, logistics, operating, decreases, collects
Yake! (3-gram) keywords | collects, reduces, containers, efficient, waste
Yake! (4-gram) keywords | Efficient, volumetric information, collection, costs,
logistics costs

As presented in Table 1, keywords that were extracted with Yake! algorithm were relatively
close to manual extraction of impact factors but not enough for this method to be used for the
entire corpus. Another issue with this method was, that there was a great variance between
different articles, meaning that for some articles keyword extraction performed well, but for
others not at all.

Since keyword extraction with Yake! was not successful, we continued with TF-IDF.

3.2 Term frequency-inverse document frequency (TF-IDF)

Term frequency-inverse document frequency is a numerical statistic method that shows, how
important a word is to a document in a corpus and is often used as a weighting factor in
information retrieval and text mining [20]. Before we processed our corpus with TF-IDF we
loaded the necessary libraries for text pre-processing in Python. We used Natural Language
Toolkit (NLTK) library for tokenization and lemmatization and Scikit-learn for TF-IDF
vectorization.

Then we extracted five keywords with the highest TF-IDF score which are presented in
Table 2, again along with metadata for the selected use case and it’s manually identified impact
factors.
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Table 2: Selected use case meta data and manually identified impact factors along with keywords, extracted
with TF-IDF.

Project name: 360waste

Sector: Service type: Type of data:
Transportation Mobile application Transport data
Impact area 1 more efficient waste collection

(Manually identified)

Impact area 2 reducing logistics costs

(Manually identified)

Impact area 3 improving route planning

(Manually identified)

Impact area 4 decreasing pollution

(Manually identified)

TF-IDF keywords and | Container (0.48), 360waste (0.24), which (0.22), contract
their score (0.22), efficient (0.22)

As displayed in Table 2, results of TF-IDF are even less informative as the ones from keyword
extraction with Yake! and again, there was a great variance of keywords performance between
different use cases. Finally, we tried the simplest approach which is building our own
dictionaries.

3.3 Creating our own dictionaries for classification of documents

Finally, we tried with creating our own dictionaries that are, when they are perfected over time,
achieving high performance [8]. We set out to create four different dictionaries that are
representing impact factors that were identified by OECD: Political, social, environmental and
economic impact. Dictionaries were created by combining related words for each impact factor
from Thesaurus.com along with cross-validating them with keywords that were manually
identified on 50 examined use cases. Dictionaries and their content are presented in Table 3.

Table 3: Manually created dictionaries with their values.

Political impact

‘political impact’, ‘administrative’, ‘bureaucratic’, ‘legal’, ‘legislative’, ‘regulatory’,
'supervisory', 'official’, ‘authority’, 'law’, 'ministry’, 'politics’, 'regime’, 'state’, 'regulation’,
‘civic', ‘constitutional’

Social impact

'social impact’, ‘civil’, ‘community’, 'societal’, 'social’, ‘collective’, 'inhabitant’, 'inhabitants’,
'resident’, ‘citizen’, ‘citizens', 'taxpayer’, 'taxpayers', 'user’, 'end user’, ‘history', ‘historical’,
‘historic', 'education’, 'educational’, ‘traffic’, ‘transport’, 'parking'

Environmental impact

‘environmental impact’, ‘natural’, ‘climate’, ‘habitat’, ‘surroundings’, ‘agriculture’,
‘environment’, ‘environmental’, 'horticulture’, ‘agronomy’, ‘rural’, 'landscape’, ‘countryside’,
‘forest', 'air quality’, 'water quality’, 'ecological’, ‘garbage’, ‘waste’, 'farms’, ‘farmers’
Economic impact

‘economic impact’, 'economic’, 'budgetary’, 'fiscal’, 'monetary’, 'profitable’, 'business’,
‘businesses’, 'finance’, ‘'employment’, 'employments’, ‘career’, ‘costs’, ‘job’, 'jobs’
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Next, we compared every use case in the corpus with our dictionaries and we classified
documents based on their belonging to each impact factor group.

Results of this classification were better in comparison with the before used methods but
much more effort and research should be performed when creating dictionaries to offer more
efficient classification and with less possible bias. Results of the classification for the first 10
use cases are presented in Table 4 along with the source article and its original classification.

Table 4: Results of the classification in comparison with the source article and its original classification.

Use case name

Sector (predefined)

Our classification (impact
areas)

A8er Environment Social, Environmental
360waste Transportation Environmental, Economic
1848 Government & Public sector | Political, Social

9292 Transportation Social

AccessEd Population & Society Social

Adzuna Population & Society Economic

AflaMD Education, Culture & Sport | Political, Social

Ager Technology Agriculture, Fisheries, | Environmental
Forestry & Foods

AgriOpenData Agriculture, Fisheries, | Social, Environmental
Forestry & Foods

Agroknow Agriculture, Fisheries, | Social, Environmental
Forestry & Foods

3 CONCLUSIONS

The purpose of this paper was to automatically identify impact areas of Open government data
use cases. By doing so we would be able to compare and validate them with existing impact
areas from the literature and OECD. Three different techniques were used: keyword extraction,
term frequency-inverse document frequency and document classification with manually
defined dictionaries. None of the above-mentioned techniques provided us with expected
results, while document classification turned out to be the most prosperous with the
presumption of building better and more extensive dictionaries. Since we used TF-IDF as one
of the methods, Latent semantic indexing (LSI) could also be tested as proposed in the literature
[23].

Since automatic extraction of impact areas didn’t show promising results, further research
should focus on manual identification of impact areas and data mining should be used for
automatic extraction of semantic structure instead, once the impact areas are defined and
validated. Nevertheless, this research faced a limitation of relatively small corpus of use cases,
which was 50, and has to be considered.
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Abstract: The rapid development of digital technologies allows enterprises to connect easier,
collaborate and create new (digital) products and services. This has also increased the potential of data.
In practice, however, value creation from data use is still low. We address digital maturity in the context
of digital technologies and data utilization of micro, small and medium-sized enterprises (SMES) in
Slovenia. The results of a nationwide digital maturity assessment of 613 SMESs show that the majority
of Slovenian SMEs lag in digital maturity or are at an early stage, while data usage is still very sparse.
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1 INTRODUCTION

Technological developments in recent decade (e.g. blockchain, Internet of Things, artificial
intelligence, digital twins) have enabled enterprises to improve their business processes [4],
supply chain management, better engage with customers [20], develop new products [3] and
innovate their business models [5]. These changes are called digital transformation (DT) and
refer to the changes in the way enterprises do business and how individuals and societies live
their lives [10,13]. One of the barriers to successful DT is also the immaturity of data [15],
which are key to successfully transform to a data-driven enterprise (data-driven DT) [17].
Despite the availability of data, data utilization is still very poor [12]. Sometimes enterprises
do not even know what data they generate, collect and where the data is stored (i.e. dark data)
[6]. This is particularly evident in the micro, small and medium enterprise (SME) sector, which
struggle to keep up with the larger, usually more digitally mature enterprises [9]. Therefore, it
is necessary for enterprises to understand the data they collect and analyze using digital
technologies and tools. SMEs in Slovenia represent 99% of all enterprises [16], with a very
dispersed structure. In 2019, there were a total of 204 771 (99.9%) registered SMEs, of which
194 425 (94.8%) were micro enterprises, 8 126 (4.0%) were small enterprises and 2 220 (1.1%)
were medium-sized enterprises [19]. Most SMEs were engaged in other service activities
(54.7%), followed by trade (17.5%), civil engineering (13.2%) and industry (14.6%). In the
context of digital transformation driven by data (data-driven DT), previous literature has
focused on the perspective of business model innovation and data analytics [11,14], how to
become a data-driven organization [1], and various data maturity models [7,18,21]. Since none
of the works provide a comprehensive overview of digital technologies and data usage, this
paper addresses this issue, by providing a digital maturity assessment results of 613 Slovenian
SMEs, with the aim to identify the current state of digital technologies and data utilization. We
aim to answer the following research questions:
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- RQ1: "What is the current state of digital technologies and data utilization in SMEs?"
- RQ2: "What are the main differences between the sizes of SMEs in digital
technologies and data utilization?"

2 METHODOLOGY

The general approach in this study is design science research (DSR) (Figure 1), the strategy in
which an IT artefact is developed to solve a real-world problem based on the existing body of
knowledge [8]. To assess the SMEs digital maturity level, we developed a multiple-criteria
decision model using the DEX method [2], which is described in detail in [10]. Each SME
would have its digital maturity level assessed against 34 basic and 17 aggregate criteria. The
detailed analysis of SMEs’ digital maturity level served as feedback information for the SMEs
and digital voucher award criteria in collaboration with Digital Innovation Hub Slovenia
(DIHS). To collect the data from the SMEs, the assessment model was linked to an online
questionnaire, which consisted of 34 questions corresponding to the 34 basic criteria of the
model. The questions were measured on discrete descriptive scales, mapped to the model. An
example of question and scale is shown in Table 1. SMEs applying for digitisation voucher
funding were required to complete the assessment, which was made available from December
2020. A total of 613 SMEs completed the assessment until April 2021.

Relevance cycle Design cyele Rigor gycle

Multi-coteria assesment

model development
On-kne survey development
DEX

Problem definition Research question answer

Research guestion

Contgbution to new
knowledge

Exaluation criteria

L

SME Multi-criteria tof Digital matunty,
2T assessment model % matogty assessmet analysis

Figure 1: Research methodology

Table 1: Scales for the attribute “Data strategy”

Scale Question - Which of the statements best describes your data management strategy?
No. Value Description
1 Data not organized Our data is not organized and is stored in various systems.
2 Support for daily operations | Our data is managed in a way to carry out companies’ daily activities.
3 Integrated data management | We collect, store and manage our data for decision support purposes.
4 Data as strategic resource Data is our strategic resource for increasing added value.
3 RESULTS

We present the results of the digital maturity level assessment of 613 SMEs, of which there
were 253 micro, 274 small and 86 medium-sized enterprises. Figure 2 shows the final
assessment of digital maturity measured on a four-point descriptive scale (lagging behind,
initial stage of digitalization, advanced stage of digitalization, digital winner). The X-axis
shows the digital maturity level broken down by enterprise size (Y-axis), expressed as a
percentage (black coloured bar — micro; grey — small, dashed - medium-sized enterprises). The
results show that most enterprises are digitally lagging behind; micro (68.8%), small (65.3%)
and medium-sized (50%), but indicates differences in digital maturity level by the enterprise
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size (Figure 2). None of the enterprises achieved the "advanced level of digitalization™. Three
SMEs were assessed as "digital winners" (two micro and one small enterprise), all are active
in other administrative and support services, one is from the East and the other two from the
West region. To explore differences in digital maturity level by enterprise size, we performed
Kruskal-Wallis test (using SPSS). There are significant differences in digital maturity level
between the micro and medium-sized enterprise (H(2) = 9.592; p = .002) and the small and
medium-sized enterprise (H(2) = 9.592; p = .011), but no differences in digital maturity level
between the micro and small enterprises (p = .433).
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I [
30 [ o
20 1 1 I |
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Lagging behin. Initial stage of digitalizatiol ced stage of digitalizatio Digital winner
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Figure 2: Digital maturity level assessment

3.1 Digital technologies utilization

Next, we analysed the elements related to digital technologies and data utilization. Digital
technologies are divided to 'Basic Business Technologies' (measured by "Business Support
Solutions™ and “Digital Workplace”), 'SMACIT" (measured by “Social Media”, “Mobile” and
“Cloud”) and 'Advanced Technologies' (measured by “Blockchain”, “Industry 4.0” and “Data
Analytics”). Figure 3 shows that SMEs use basic business technologies the most (micro
(43.9%), small (48.5%), medium-sized (72.1%)), and advanced technologies the least (59.8%
of SMEs are "low users", 37.2% are "medium users", 3.2% of SMEs were assessed as "high
users" of advanced technologies). Among these, "Blockchain™ is the least used (Figure 4). Only
2 micro enterprises use Blockchain and none of the small and medium-sized enterprises. The
low usage is observed for "Industry 4.0" technologies (on average, only 4.9% of SMEs use
Industry 4.0 technologies) and "Data Analytics". Most SMEs use partial data analytics
solutions (micro (63.6%), small (71.2%), medium-sized (72.1%)). About 30% have not
implemented any data analytics (28.5% of micro, 22.3% of small, 16.3% of medium-sized). A
small proportion (micro (6.7%), small (6.2%) and medium-sized (11.6%)) use advanced data
analytics systems in their business, while the use of artificial intelligence was reported by only
three micro and one small enterprise. Of these, one micro enterprise works in the information
and communication sector (West region), one in the professional scientific and technical
activities sector (West region), and one in the finance and insurance sector (East region). The
small enterprise operates in other administrative and support service activities sector (East
region). All three micro-enterprises achieved the digital maturity rating “initial stage of
digitalization", while the small enterprise achieved the rating "digital winner".
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Figure 4: Advanced technology utilization by the enterprise size
3.2 Data utilization

Last, we present the purposes for which SMEs use data and how data-ready they are. Figure 5
shows the level of implemented data management by SME size, expressed as a percentage. Up
to 31% of all sampled SMEs have no data organized (micro (31.6%), small (27.3%), medium
(12.8%)). Most SMEs use data for day-to-day business operations (58.5% micro, 60.5% small,
68.6% medium-sized). Only 16% or less have integrated data management and only 5.4% (2%
of micro, 1.1% of small and 2.3% of medium-sized) see data as the most important strategic
source for adding value to products and services.

9

Strategic source l

-

\ —
Integrated data management '
=

]

Data not organized

L Medium ®Small ® Micro

Figure 5: Data management strategy

In Table 2, we present the results of Kruskal-Wallis test for the variables “Blockchain”,
“Industry 4.0”, “Data analytics” and “Data strategy”.
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Table 2: Results of Kruskal-Wallis test

Variable(s) Kruskal_I|-WaII|s Differences between groups (size of enterprise) df | Sig
“Blockchain” H(2) = 3.703 no statistically significant differences 2 | 157
“Industry 4.0” H(2) =3.729 no statistically significant differences 2 | .155

“Data analytics” H(2) = 5.667 no statistically significant differences 2 | .059
« « _ micro — medium * .000*
Data strategy H(2) = 13.302 small - medium* 2 013*

*Statistically significant differences

There were no significant differences in using Blockhain, Industry 4.0 and Data analytics
technologies by enterprise size. However, significant differences in data strategy are between
the micro and medium-sized enterprise and small and medium-sized enterprise.

4 CONCLUSION

The analysis of 613 SMEs that had their digital maturity level assessed within the digital
voucher program showed that most SMEs are lagging behind or are in the early stages of digital
maturity. While they use basic technologies broadly, their use of SMACIT technologies is
assessed at low to medium level and the advanced technologies to a low level. Furthermore,
data-related criteria showed that SMEs are not ready to fully exploit the power of data. The
assessed SMEs are those who had applied for a digitalization voucher and thus are already
aware of the digital transformation and as such do not represent the general SMEs population.
Further research will explore two directions. First, we need to address the general SMEs
population, and second, investigate the results of the digital voucher program. This will help
in better understanding the state of digitalization in SMEs and provide important insights for
policy makers to implement proper measures for faster digital transformation.
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Abstract: This paper aims to introduce a model composed of critical factors influencing the application
of business intelligence (BI) in decision-making. The proposed model is based on the unified theory of
acceptance and use of technology (UTAUT), specifically its second version, and specifics of Bl projects
obtained from the pilot research and literature review. The paper newly presents an adjusted structure
of factors that influence the implementation of Bl in decision making. Already defined moderate
variables are supplemented by new factors: the business field, size of company and job level to find
possible differences within types of companies, and determinants of price value and hedonic motivation
were excluded.

Keywords: business intelligence, technologic innovation, UTAUT (2), decision-making.

1 INTROCUTION

Companies face technological innovations and quick development times, and management has
to promptly react to this changing environment. Working well with information represents one
of the most important competitive advantages on the market [1]. At the organisational level,
there is often a gap between the successful implementation of a project and the positive
acceptance of the technology itself. This difference occurs for two reasons. The first is the lack
of experience of individuals with innovative technologies and their implementation, while the
second is the lack of communication between users of technology, technology owners,
developers and suppliers of new solutions [2]. Researches have also revealed what factors are
essential for the proper use of the Bl system: management support, training, organisational
culture, well-defined vision and goals, alignment of Bl strategies with business strategy, quality
of data and systems and IT infrastructure [3], [4]. However, despite growing investment in Bl
systems, many organisations are still unable to achieve the required benefits from these systems
due to insufficient and inefficient use [5].

For the research, the UTAUT 2 theory was chosen from the most frequently used models of
the technology acceptance. The involvement of the model in its original version with the
business intelligence implementation project has only been recorded in three studies [6]-[8] in
the last 20 years [3]. There is therefore scope for verification of this model to the needs of the
introduction of Bl into business processes with a view to facilitating the decision-making
process. The last nine turbulent years from the last UTAUT 2 update, ending with an
unprecedented situation caused by covid-19, could change the defined links and add or remove
some critical factors.

The aim of the research is to introduce an adjusted model of implementing business
intelligence methods into decision-making processes within the corporate environment. The
proposed scheme is based on the basic characteristics of the UTAUT 2 model and will be
complemented by lessons learned from the pilot research conducted in February 2020.
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Most models dealing with the implementation of business intelligence only define the
factors influencing user behaviour [9], [10]. The proposed scheme in this paper is extended by
the active use of Bl in decision-making processes. The inclusion of all factors is briefly justified
and other moderating variables are already added to the model, which have already been
determined in the pilot research, or their determined degree of influence is one of the partial
goals of long-term research.

In order to fulfil the objectives of this paper, its structure is as follows. After the short
introduction, within a methodology a brief literature review concentrating on the introduction
of the term business intelligence, the most used models of acceptation technological innovation
with the emphasis on Bl tools, and basic characteristics of the pilot research are presented, third
section presents the results of the data analysis. A short conclusion with limitations and plans
for future research is given at the end.

2 METHODOLOGY

Literary research focuses briefly on explaining the basic specifics of business intelligence and
UTAUT 2 theory. Subsequently, characteristics of the conducted pilot research are presented.

2.1 LITERATURE REVIEW

Business intelligence represents a complete and effective approach to working with data and
information in the business environment. Outputs influence strategic decision processes. The
basis of Bl is to transform source data into knowledge, with which the right decisions are made.
It can therefore be included among technological innovations, which are defined as a process
in which technology (change, improvement) has been identified as a critical success factor for
increasing market competitiveness [11].

Regarding the connection of already generally valid models with the principles of business
intelligence, authors most often rely on the DeLone and McLean Information Systems (IS)
Success Model and Davis's technology acceptance model. The data is based on a systematic
examination of the literature dealing with the adoption, utilisation and success of the business
intelligence system. These theories listed in Table 1, which summarises the five most
commonly used models, were predominant [3].

Table 1: The most frequently used models in Bl research. Source: own processing according to [3]

Theoretical framework Frequency
DeLone and McLean Information Systems (1S) Success Model 16
Technology acceptance model (TAM) 15
Diffusion of innovation 10
Resource-based view (RBV) 4

The unified theory of acceptance and use of technology (UTAUT) 3

The Unified Theory of Acceptance and Use of Technology (UTAUT) was designed as a
combination of the previous eight theories dealing with acceptance and motivation to apply
technology in order to create a unified theory [12]. Like the above-mentioned models, this
theory has been commented on, refined and modified over time. The last major update was
published in 2012 and design scheme is shown in Figure 1 [13].
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Figure 1: UTAUT 2. Source: Own processing according to [13]

2.2 PILOT RESEARCH

The pilot research was conducted in several phases. Obtained data from the questionnaires
were further processed using mainly descriptive statistical methods, and the results are
presented in section 3. The selection was made on a voluntary basis. This method is one of the
least invasive techniques used when a relatively small sample is needed. The sample
corresponds to the interest of the respondents. The risk is low representativeness and also the
fact that similar personalities can report (Reichel, 2009). However, companies do not want to
provide this type of data. Accordingly, for the presented research, this sample was found to be
sufficient and the results serve for the first idea of the researched topic within the long-term
research.

From a total amount of 90 distributed questionnaire, 75 filled forms could be included to be
analysed. Based on the initial set of questions, the respondents were divided into groups
according to the size of the organization and the level of their job position. Most respondents,
a total of 53, performed their work in large companies (more than 250 employees), 15 of them
worked in a medium-sized enterprise (50-249 employees) and finally 7 were part of micro and
small companies (0-49 employees). Regarding the breakdown by job level, 40 respondents
were specialists without direct subordinates, and 35 were members of management.
Specifically, 8 managers were part of the company's top management, 21 worked in the middle
management, and 6 belonged to the line management.

3 RESULTS

One of the sets of questions from the questionnaire survey was devoted to the use of selected
decision-making methods in practice. Respondents could choose any number of tools between
5 different groups and it was also possible to add to the "other" free text. The list of submitted
instruments with registered frequencies is shown in Table 2.

Table 2: Overview of exploited decision-making methods. Source: Own

Decision-making tools Frequency (max 75)
Intuition and experience 61
Consultation with colleagues 50
Data analysis 47
Multicriteria decision-making methods (MCDM) 19
Consultations with experts outside the company 14
Other 2
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Although the questions were aimed at the decision-making process and the methods used, the
results still indicate the importance of the factors of experience and social influence not only
in the UTAUT 2 model, but also in general. Intuition and experience were even the most
frequently mentioned decision-making methods. This option has been selected by almost 80%
of respondents (61 out of 75). Opinions attained through previous experience subsequently
influence namely the gaining of confidence in the given technology and, at the same time,
future behaviour. The feedback gained as a result of prior experience is reflected within the
determinant of habit as well [14]. On the other hand, lack of experience is then a frequent factor
in the failure to implement similar projects [2].

Many studies have also shown the importance of social influence in the adoption and
implementation of a new technology [15]-[17]. Consultation with colleagues was chosen as
the second most common support for the decision-making process (50 out of 75). Colleagues,
as essential people from the closest working environment, can, according to the research,
significantly influence the user behaviour connected with decision-making process.

The results also showed some differences of opinion between different groups of employees
divided by job position. Therefore, the level of the job position within the organisational
structure will also be included among the moderating variables [18].

The next part of the questionnaire tried to reveal the obstacles that employees have to face
when introducing new tools into company processes. The histogram in Figure 2 shows the most
commonly reported barriers. Respondents could mark any number of obstacles. On average,
they chose 2 of them.

Misinterpretation of goals within the company T 130/,

Overloaded project team members
Too much bureaucracy

System restrictions

Lack of qualified staff

Technical limitations

Reluctance to implement changes

0%

A 379
A 3204
A 390/
A 2 80/
A 350/
A 3390

5% 10% 15% 20% 25% 30% 35% 40%

Figure 2: Most frequently indicated obstacles (relative frequency). Source: Own

System restrictions and overloading of the project team are seen by the majority of respondents
as the main barriers to the success of the implementation of technological innovations.
Indications of system constraints as the most common obstacles and technical constraints as
the third in order can be included in the wording under the determinant of facilitating
conditions.

The factors price value and hedonic motivation introduced for the possibility of using
UTAUT 2 in the consumer context will not be used for further research.

Initial independent variables of performance expectations, indicating the degree to which
individuals believe that technology will help them perform their tasks, and the expected effort
associated with difficulties in using the system, are fundamental factors influencing the
intention to leverage technological innovation [12], [19], [20].

Long-term research is devoted to the integration of business intelligence methods into
decision-making processes. For this reason, the design of the model has been extended by one
level, which will directly include the use of Bl in decision-making in relation to behavioural
intention and user behaviour. The original UTAUT 2 model already predicts the direct
influence of facilitating conditions and habit on user behaviour in general [13]. And since the
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pilot research has also revealed a key element for gaining a habit - experience as the most
commonly used decision-making method and as the most frequently mentioned barriers to the
implementation of these projects were linked to (non) providing facilitating conditions, their
crucial impact on the use of business intelligence in the decision-making process is likewise
assumed.

For further research and possible use of the model across sectors and companies of different
sizes, the moderating variables age, gender, experience will be supplemented by the field of
business and size of company factors as well. The combination of the above literature search
with a focus on the UTAUT 2 model and the conducted pilot research is represented by the
own design of the model of introducing business intelligence into business processes presented
in Figure 3.

Field of Enterprise
[ Age ] [ Gender J [Expenence] [Job LevelJ [B sssssss ] [ size J

Figure 3: Design of a business intelligence integration model. Source: Own.

4 CONCLUSIONS

In these times affected by the consequences of the global covid-19 pandemic, the importance
of correct data interpretation and their conversion into relevant information has increased. It is
not only the social level, but also companies are being pushed into digitisation and optimisation
of business processes, which is closely related to the subsequent use of obtained data. The
UTAUT 2 scheme was most recently updated within the most used models defining the factors
of successful implementation of technological innovations, and was therefore selected as a
suitable basis for the presented research. The update of the UTAUT 2 model used for the
purposes of this research was introduced in 2012. Presented theories are updated about once
every ten years and after almost ten years there is an opportunity to check defined linkages and
outputs.

Pressure on the speed of information processing thus ranks the principles of business
intelligence among the fastest developing tools for decision support. For this reason, the
presented model was extended by the active use of these tools in the decision-making process.
The pilot research was conducted just before the outbreak of the pandemic (February 2020).
This fact can represent one of the limits of the research. On the other hand, results can serve as
an important comparison with the planned follow-up investigation.

The aim of further research is to confirm or supplement critical factors influencing the
application of business intelligence in decision-making within the verification of the presented
model. In most companies, these tools are at least partially implemented, but there is a lack of
key factor mapping for including the obtained outputs in the decision-making process.
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Abstract: In this paper, the performance of 10 feature selection algorithms for Generalized Additive
Models (GAMs) are compared on two real-world datasets. Concept of concurvity is introduced as a
redundancy in the initial feature set. Results show that most of the algorithms tend to prefer large models
with concurvity. To tackle the concurvity phenomenon, recent algorithms incorporate some extra
constraints and tackle concurvity as pairwise relationship between features. Our solution, a Hybrid
Genetic - Harmony Search Algorithm (HA) introduces constrains on concurvity more generally. Results
show that HA applies a few, not redundant features with predictive performance not significantly
decreasing.

Keywords: generalized additive model, feature selection, regularization, boosting, genetic algorithm,
harmony search algorithm

1 INTRODCTION

In supervised machine learning our aim is to predict a well-defined target variable as accurately
as possible by utilizing the known values of several feature variables. Nowadays many
complex algorithms are available to solve this task. On the other hand, more and more authors,
like [7], [15] draw attention to the fact that those algorithms that provide the most accurate
estimates of the target variable are poor at determining marginal effects of the feature variables
to the target. However, in certain practical applications, the most important result of supervised
learning is not necessarily the accurate estimation of the target, but the discovery of each
feature’s marginal effect. For example, a bank has to offer a clear reasoning when declining a
credit application.

In our current bid data environment, when the number of possible features is large,
determining marginal effects can be challenging even for a linear regression model. One tool
that can be utilized to make supervised learning models more interpretable is feature selection
as proposed by [9] and [15].

In this study, we examine the performance of several feature selection algorithms that can
be utilized in the context of Generalized Additive Models (GAMs). We examine the case of
GAMs as according to [9], GAMs represent a balance between model interpretability and
prediction accuracy. In the case of GAMs, marginal effect of the features can be determined,
and we are not bound by pre-defined linear, logarithmic, or any other closed functional forms
when representing the non-linear effect of features. However, the model does assume an
additive structure, so we should apply features that are uncorrelated in a non-linear sense.

Several feature selection algorithms can be applied in a GAM framework. These algorithms
can be separated to four clusters. One, is the cluster of stepwise methods implemented with the
help of [19] when the GAM applies thin plate splines. The second cluster is for regularization
methods such as the COSSO [12] and the penalized thin plate splines [13]. The third cluster
contains methods that are utilizing popular boosting techniques, like the GAMBoost algorithm
[17] or the Modified Backfitting procedure [2]. In the fourth cluster, the algorithms are based
on the Hilbert-Schmidt Independence Criterion (HSIC) [18] and aim to avoid selecting
redundant features. The best examples are the mRMR [6] and the block HSIC Lasso [5].
However, these algorithms only examine pairwise independence of the features, so they cannot
tackle a case where one feature can be accurately estimated by the combination of several other
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features. In our previous works, we proposed a hybrid genetic-improved harmony search
algorithm (Hybrid Algorithm, HA) that applies thin plate splines to produce a best subset
feature selector that is capable to find parsimonious models. The performance of this algorithm
is also examined.

The performance of the algorithms examined in this study is tested on two real world
datasets [20] and [21]. On the larger dataset [21], CART Decision Tree and Recursive Feature
Elimination (RFE) combined with a Random Forest learner is also applied as a benchmark
algorithm that is not based on GAM learners.

2 FEATURE SELECTION IN GAMS

Let Y = [y, Vs, ..., ¥,]T € R™ be a vector of observed values of a random variable with a
distribution from the exponential family. In a GAM, the expected value of Y can be estimated

by (1) by utilizing the observed values of X; = [x;1, xj5, ..., xjn]T feature variables [8].
R(E(W) = &+ X, £(X)) (1)

Where h(:) is a link function for the distribution of Y and € = [, &5, ..., &,]7 is the vector of
model errors and f;(+) is a transformation function for the jth feature. The number of features
is p. The most important task to tackle in (1) is the representations of the f;(+) transformation
functions.

In this paper f;s are represented by thin plate splines [19] and their parameters are estimated
via penalized iteratively reweighted least squares (P-IRLS) [19]. The advantage of this
representations is that it automatically selects the appropriate functional form for each f; viaa
penalty on the second derivative of f;s. The only factor that needs to be determined is the
maximum number of spline bases to use in each f;. We denote these values as k; for the jth
feature. The optimal choice for each k; should be the smallest integer that is large enough so
the resulting thin plate spline function f; can capture most of the variance in X;. Fortunately,

there is a statistical test proposed by [1] that test the null hypothesis that Var(Xj) is not
significantly different from Var (fj (XJ))

Given a set of m possible features X = {X,, X5, ..., X,,}, the task is to select a subset of X =
{Xl,XZ, ...,Xp} c X features, such that the resulting GAM has the best out-of-sample
performance. To achieve the best out-of-sample performance, we need to compromise in using
in-sample information. If we use too few in-sample information, we will fail to gain a good
enough understanding of the relationship between features and the target. However, if we use
too much in-sample information, we will overfocus our model and it will have poor out-of-
sample performance.

Out-of-sample performance for our model can be achieved in several ways. In our current
study, we utilize the adjusted McFadden pseudo R-squared measure, R? [14]. During feature
selection, X should be selected such that R? is maximal. On the other hand, evaluating every
possible subsets of X is a NP-hard problem [9].

To avoid redundancy of features in the final model, we should apply some extra constraints.
So, we must measure the non-linear extension of multicollinearity, called concurvity [19]. [19]
proposes an index of concurvity in GAMs that apply thin plate splines as f; transformation
functions. The index is bounded between 0 and 1, with O indicating no problem, and 1
indicating total lack of identifiability. The three indices are all based on the idea that a smooth
term, f;, in the model can be decomposed into a part, g;, that lies entirely in the space of one
or more other terms f..; in the model, and a remainder part that is completely within the term's
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own space. If g; makes up a large part of f; then there is a concurvity problem. The index is

the square of H that is the ratio of the squared Euclidean norms of the vectors of f; and g;
]

evaluated at the observed covariate values. In this paper, if the chosen concurvity measure is
above 0.5 for a X; feature, then we consider that feature redundant (has harmful concurvity).
This is in line with the recommendations of [19].

Several algorithms are proposed to solve this feature selection problem in GAMs. In this
paper, the performance of the algorithms listed in Table 1 are compared. The algorithms were
selected based on the number of Google Scholar references for the scientific paper in which
they were first published, and the availability of implementations in R or Python packages.
Detailed description of each algorithm can be found in the references given in Table 1.

Several have warned that stepwise and regularization methods of feature selection can result
in a non-consistent feature selection process if multicollinearity or concurvity is present in the
set of possible features: [4], [10], [22].

It is important to note that both the mRMR and HSIC-Lasso algorithms attempt to penalize
for concurvity in their aim functions. However, these algorithms can only penalize the
relationship of feature pairs. The methods cannot account for concurvity that arises if a feature
can be approximated by the non-linear combinations of several other features.

3 HYBRID GENETIC - HARMONY SEARCH ALGORITHM FOR GAMS (HA)

In our previous work [11], we proposed a hybrid genetic-improved harmony search algorithm
(Hybrid Algorithm, HA) as a best subset feature selector that is capable to find
multicollinearity-free models. In this paper, our HA solution is extended to address the
multivariate case of concurvity which is not accounted for by the mRMR and HSIC-Lasso
algorithms. The flow chart of the algorithm is given in Figure 1. The aim function in our current
paper is the R2.

Initialization of an optimization
problem and algorithm
parameters

harmony memory size (HMS),
harmony memary considering rate

Initialization of
harmony memory
»| randomly generated
vectors - melodies
sorted by values of

(H MCR).‘ . objective function:
termination criterion
NO
Updating of HM
Te.rmi.nation \ based on three rules:
:;':; rfli:,:i‘l + sglection for the new population
’ / using rulett selection
«  modify with HWCR probability
YES + choose a totally new melody with
v (1-HMGR) probability

Figure 1: Flow chart for the Hybrid Genetical — Harmony Search Algorithm
The HA represents the possible solutions for X as a binary vector of length m. The HA is only

applicable in a GAM framework if this does not change. If we apply thin plate splines for
representing the f; smooth functions, we can keep the binary decision point of the HA.
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In the algorithm, we apply the following procedure. If an X; feature is selected in the current
GAM, then by default k; = 10 propsed by [19]. If the value set of X; is smaller than 10, then
k; equals to the number of unique values in X;. If the p-value for the test defined in [1] is below
a = 0,01, then k; is increased by 5 until the null hypothesis can be accepted at « = 0,01.

The most important advantage of the HA is that during feature selection it aims to eliminate
concurvity directly. This means that during a memory update, we only transfer solutions where
the concurvity measure introduced in Section 2 is below 0.5 for all features. If the ith solution
in a memory satisfies this constraint, then a binary variable, C; takes a value of 1, and 0
otherwise.

Furthermore, only those features should be preferred, where we can reject the null
hypothesis that its f; smooth function is identically 0. A test for this null is proposed by [13].
If at a user defined significance level, the null hypothesis can be rejected for all features in the
ith solution in a memory, then a S; binary variable takes a value of 1, and 0 otherwise.

Incorporating these two conditions is solved in the memory update step of the HA. During
this phase, when selecting the better than average solutions from the memory, the average
objective function of the current memory is defined by (2). We only accept the ith solution in
the memory as a better than average solution if it satisfies the condition C; = S; = 1.

N 52
R2 — Ziz1RiCiSi @)
M N Cisi

Where N is the memory size, and R? is the objective function of the ith solution in the memory.
If YN, C;-S; =0, then R is simply the arithmetic mean of R?s, and every solution in the
current memory can be accepted as a better than average solution in the memory.

It is important to notice that the C; and S; constraints in the algorithm can cause having no
solutions in the initial random memory where C; = S; = 1. So, it can take several iterations to
find solutions that satisfy every constraint. This implies that expected runtime of HA depends
on the quality of the initial random memory. To address this, a smaller memory size is chosen,
which ensures a shot expected runtime, and the algorithm is run several times with a small
maximal generation number. This way several initial random memories can be tested, ensuring
the desired variability.

4 NUMERICAL RESULTS

Performances of the 10 examined algorithms are compared on two real-world datasets. The
first dataset contains 9 variables of 1030 concrete girders. The task is to estimate the
comprehensive strength of concrete material as a non-linear function of age and ingredients.
As m = 8, the feature selection task is small, which means all the possible subsets can be
generated and the global optima is easily selected. This dataset is mainly used to finetune the
parameters of the algorithms. In the second dataset, the task is to estimate for clients in a
Taiwanese bank if they are to report default on their credit card loans in one month from now.
This dataset consists of 30000 observations and 26 possible features. The feature selection task
in this case is not solvable via examining all possible feature subsets and selecting the best one.
More detailed descriptions of each dataset can be found in [20] and [21]. All the numerical
experiments are implemented in R version 4.0.2. except for the HSIC-Lasso. For this
algorithm, only Python implementation is available [5].

In the Concrete dataset the target is continuous and normally distributed [20], so the link
function for the GAMs is the identity. Predictive performance of the final models from the
algorithms is measured by the R? = cor(Y, f’) on a randomly selected 20% test set. In the
Credit Card default dataset, the target variable has a Bernoulli distribution [21], so the link
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function for GAMs is the logit and to evaluate predictive performance, we examine the Area
Under the ROC Curve (AUC) on a randomly selected 20% test set. All algorithms are run 30
times. Since these algorithms are heuristics, the best model out of 30 trials is shown.

Table 1: Numerical Results of the Examined Algorithms on the Concrete and Credit Card Default datasets.

No. Features
No. . EXxp. St. D.
Selected ?g;;ﬂg\l/?tte R? AUC Runtime | of Rtimes
Algorithm Features Constrain é (Test Set, | (Test Set, onCr. on Credit
(Concr., Concr.) | Cr. Card) Card Card
(Concr., Cr. . .
Cr. Card) Card) (min) (min)
Full model (8, 26) (7, 22) 0.881 0.769 0.305 0.041
Cosso [12] (5,7) (4,5) 0.851 0.701 64.272 20.979
Double Penalty
TPS [13] (8, 23) (7, 19) 0.881 0.768 6.624 0.105
TPS with
Shrinkage [13] (8, 24) (7, 20) 0.877 0.767 5.183 0.065
Nonnegative
Garrote [3] (8, 24) (7, 20) 0.782 0.767 0.670 0.003
Stepwise [10] (8, 26) (7, 22) 0.881 0.769 0.309 0.045
GAMBoost [17] (8,13) 7, 7) 0.892 0.761 692.237 9.497
Modified
Backfitting [2] (5, 16) (2,11) 0.879 0.765 0.443 0.214
mMRMR [6] (4, 6) 0,1) 0.816 0.744 1.629 0.035
HSIC-Lasso [5] (5,5) (2,3) 0.864 0.741 0.446 0.048
Hybrid
Algorhitm, HA (4, 3) (0, 0) 0.844 0.749 147.257 15.079
Decision Tree -1 (-,0) - 0.641 0.013 0.001
Random Forest
Wwith REE (-, 26) (-, 22) - 0.756 132.543 0.758

Table 2: Optimal parameters for the HA.

Parameter Optimal value
initial HMCR probability 5%
initial mutation (bw) probability 90%
maximal HMCR probability 35%
minimal mutation (bw) probability 10%

The most important numerical results for the two datasets are summarised in Table 1. The
optimal parameter set identified for the HA on the Concrete dataset is summarised in Table 2.
HA finds it 19/30 times with these parameters, otherwise returns the mMRMR model.

Results indicate that feature selection algorithms with no constraints on concurvity tend to
prefer large models. Models proposed by the mMRMR, and HSIC-Lasso algorithms had violated
the concurvity constraints in some features. If our aim is to build a sparse model and we have
no serious time constraints, HA is preferrable to the other examined algorithms. If our aim is
simply to maximize predictive power GAMBoost, full GAM or other machine learning
algorithms (like Random Forest) are preferred.
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Abstract: This paper focuses on the market structure of the Hungarian insurance market. After the
change of regime, the monopoly situation of the Hungarian insurance market started to develop rapidly.
The sector still has a strong oligopolistic character, so it worth examining how close the market is to a
state of perfect competition. From the estimated elasticity of total revenues with respect to changes in
input prices, we can deduce the market structure based on the methodology of Panzar and Rosse (1987).
We estimate the input price elasticity with a static and a dynamic panel model. Our research shows that
the structure of the Hungarian insurance market significantly differs from the perfect competition case
between 2010 and 2019. The knowledge of the market structure is important for modelling phenomena
and new regulations effectively in the sector, which is important for the supervision to be able to protect
the costumers.

Keywords: Hungarian insurance market, market structure, Panzar—Rosse model, dynamic panel
model.

1 INTRODUCTION

Modelling a sector plays a crucial role in the preparation of new regulations and supervisor
decisions. Knowledge of the market structure has a critical role in the maintenance of
modelling Systematically Important Financial Institutions. Insurance market is a large and
risky sector with a lot of clients all over the world. When market competition rises, the situation
of consumers improved as well. On the other end of the spectrum, in case of a monopoly, the
costumers are completely vulnerable. Thus, it is an important factor that how strong the
competition observed in the market can be.

This research addresses the question about the market structure of the Hungarian insurance
sector. Studying the participants of the Hungarian insurance market, the answer is not clear, so
it is worth examining the problem more thoroughly. The objective of the study is to determine
whether the monopoly or the perfect competition case fits better for the balance sheet data
between 2010 and 20109.

The history of Hungarian insurance dates back a long time. In the 1800s, many domestic
and foreign insurance companies operated in the country. However, most of them were
destroyed during the World War II. In socialism, like in several Eastern European countries
[16], insurance has operated as a state monopoly in Hungary since 1952. In 1986, the only
insurer company split into the new State Insurer and the Hungaria Insurer, and it became
allowed to establish new companies. The market started to develop rapidly, foreign companies

! The present publication/presentation is the outcome of the project ,,From Talent to Young Researcher
project aimed at activities supporting the research career model in higher education”, identifier EFOP-
3.6.3-VEKOP-16-2017-00007 co-supported by the European Union, Hungary and the European Social
Fund.
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appeared in the market, in parallel the supervisor authority has also evolved. Therefore, after
the change of regime, the market has undergone significant transformation.

The structure of the current Hungarian insurance market cannot be clearly defined.
According to the Association of Hungarian Insurers in 2019 not less than 31 insurance
companies were in the market [10]. Breaking out of the monopoly position, the market has now
undergone a major transformation towards perfect competition. On the other hand, in terms of
premium income, the top 10 companies cover more than 80% of the market. The position of
the market-leading insurers is stable, and their order has changed only slightly in recent years,
which does not confirm the hypothesis of perfect competition.

Previous researchers have established several methods, which can be used at empirical
analyses of the market structure, see Panzar and Rosse model [13] or Iwata model [7]. The
Panzar and Rosse method uses the sum of the factor price elasticities of the reduced form
revenue equation to create testable hypothesis about the market structure. Studies over the past
decades have provided important information on market structures mainly in the bank industry
based on this method in Canada [12], in Italy [5], or in a general way [3],[14]. The method can
be used in other markets for instance in cigarette market [15], and the Panzar—Rosse model is
often used in the insurance sector also, see [11], [1], [18], or the case study of the Turkish non-
life insurance market [9], Italian car insurance [6], Chinese [8], Bulgarian [17] markets or the
analyses of the insurance market of Ecuador [4].

The Hungarian insurance market structure is studied empirically indeed rarely, this article
fills in this gap by using the Panzar—Rosse method in the case of Hungarian insurance market.

2 THEORETICAL BACKGROUND

The analysis of the insurance market is based on the Panzar—Rosse model [13], which gives
testable implications of profit maximizing companies in different market structures. Its great
advantage is that the amount of data required for the analysis is relatively small, only the
revenues and factor prices of the companies. There is no need for explicit information about
the structure of the market. The reduced form revenue equation is the following:

1T=R(y:Z)—C(J’»W't) (1)

Where R(y, z) is the reduced form revenue function, y is the decision variable and z are further
exogenous variables, which influence the revenue function. C(y, w,t) is the cost function,
where w is the vector of exogenous factor prices and t is the vector of additional exogenous
variables, that influence the costs.

This simple method assumes profit maximizing companies. The testable expression is the
sum of the factor price elasticities of the reduced form revenue equation:

H=Y5 @

Where * means the profit maximizing values.

The paper of Pazar and Rosse [13] gives different theorems about the value of H for
competitive and monopolistic markets to be able to distinguish these models. In the case of
monopoly, the elasticity is nonpositive ( H < 0). Here monopoly means that the revenue
function does not depend on the decision of the rivals. A further assumption is that in the case
of perfect competition and monopolistic competition the companies are observed in the long
run equilibrium and entry and exit are free in the market. In monopolistic competition H < 1.
In the long run competitive equilibrium the elasticity is unique ( H = 1). To test the long run
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equilibrium the same equation is fitted but the dependent variable is the ROA, which is a proxy
of the company's return.

3 METHODOLOGY

To test whether the market is competitive or monopolistic we built empirical models. From the
Hungarian insurance market we chose the ten biggest companies and collected the required
information about them between 2010 and 2019. In this way we had the opportunity to build a
balanced panel dataset with 10 cross-section observations and 10 time periods.

The following equation is estimated with a panel dataset:

InTR = o + B1InPL + B,InPBS + B3InPFK + yLTA + 8ROA + €Life + ( 3)

where TR: total revenue, PL: unit price of labor, PBS: unit price of business services, PFK:
unit price of financial capital, LTA: ratio of losses paid to total assets, ROA: Return on Assets,
Life: ratio of life insurance in portfolio. ROA was omitted from the model as a selection step,
because of serious collinearity issue.

These values can be calculated with the financial report of the companies. To see the market
structure, we should test the hypothesis about the factor price elasticity (H), that can be
calculated as the sum of the coefficients of the factor prices (B, + B, + B3). Taking the
logarithm of the dependent variable and the main three explanatory variables is feasible.?

We use two approach of panel modelling, static and dynamic. The static way means that we
do not use any autoregressive, lagged variables. The easiest way to estimate a pooled OLS
model. It is a simple OLS for panel data. There could be one serious problem, the unobserved
effect which hurts the exogeneity assumption. In that case the goal of the estimation is to
eliminate the unobserved effect. We can make a within or fixed effects transformation in that
case. It means that we take the average of cross-section observations over time and then
subtract it from the original equation. In this way all the time constant effects disappear
(unobserved effect and all explanatory variables which are constant over time) [19].

The dynamic way uses autoregressive approach, the lag of the dependent variable as
explanatory variable. In that case several problems occur during estimation. When the lagged
value of dependent variable correlates with the error term, the fixed effect estimation could not
solve the problem of endogeneity. Arellano and Bond [2] use Generalized Method of Moments
(GMM) estimation, in which they use first differencing to eliminate individual effect. They
solve the endogeneity problem by using all the lagged values of dependent variable as
instruments. The method is also called one-step GMM in case of panel modelling. The
hypothesis about the factor price elasticity (H) could be tested in this specification because the
lag of dependent variable and the instruments belong to control variables.

4 RESULTS

We conclude the results of static and dynamic panel models below (see Tab. 1).

2 To provide positiveness in case of taking logarithm we shifted the values of PBS and PFK with an epsylon
above zero. The parameters did not show significant difference after this change-over. The result seems robust.

127



Table 1: Results of fixed effects and GMM model

Fixed effect model GMM model
Coefficient Standard P-value Coefficient Standard P-value
error error
Constant 25.597 0.425 0.000 0.059 0.009 0.000
InPL 0.002 0.018 0.907 0.005 0.012 0.658
InPBS 0.042 0.061 0.496 -0.036 0.074 0.622
INPFK 0.037 0.043 0.390 0.025 0.018 0.162
LTA -4.536 3.621 0.214 13.129 2.880 0.000
Life -0.802 0.467 0.090 1.035 0.342 0.003
InY(t-1) 0.698 0.198 0.000
n 100 80
t 10 10
Instruments - 42
Sargan test - x%=53.561 and p-value=0.023
AR(2) test - z=0.211 and p-value=0.833
B1+B2+B3=0 F=1.049 and p-value=0.308 F=0,006 and p-value=0.937
B1+B2+B3=1 F=136.349 and p-value=0.000 F=177.729 and p-value=0.000

The first model is the fixed effects panel model. The first thing what is obvious is that none of
the variables is significant in the model (alfa=1%). It is not a strange phenomenon,
multicollinearity could be the reason, which is common in panel models due to the data
structure. Below the results of the model we report the two parameter tests. These are simple
linear parameter restriction, so we could implement an F test for the sum of coefficients.

In the case of monopoly, the elasticity is nonpositive (H<0). In this case that means that the
revenue function does not depend on the decision of the rivals. The value of the appropriate
test is 1.049 with 30.8% p-value. It means that, we cannot reject the null hypothesis, we accept
monopoly market.

In monopolistic competition H<I. In the long run competitive equilibrium, the elasticity is
unique (H=1). The value of the second appropriate test is 136.349 and the p-value is near 0. It
means that we reject the null hypothesis, so there is no perfect competition. The result of the
two tests shows that the insurance market is a monopoly or a monopolistic competition.

It is rational and realistic to make the model dynamic. In the one-step GMM model we use
the lag of dependent variable as an explanatory variable. It is significant, our choice seems
appropriate. The model should meet some requirements. The first is the AR(2) test. It is testing
the lags” number and model specification. The null hypothesis says that the first lag of Y is
enough. The p-value of the test is 83%, so more lags are not needed in the model. The second
requirement is the Sargan over-identification test. Due to instruments over-identification could
occur in the model. In our model the p-value of the test is 2.3%. This is not unambiguous, it is
on the edge of acceptance and rejection. Thus, it could be a limitation here.

The parameter tests (H<1 and H<0) provide the same result as in the fixed effects panel
model. It seems a quite robust result in this way. In the static and dynamic panel estimation we
got the same decisions in the hypothesis testing.

5 SUMMARY
We examined the market structure of the Hungarian insurance sector with the help of empirical
analysis. Based on the Panzar and Rosse model, we tested input price elasticity. Using a static

and dynamic panel model we got the same results. The Hungarian insurance sector is a
monopoly or monopolistic competition market. We reject the following null hypothesis: sum
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of the parameters of unit price of labour, unit price of business services and unit price of
financial capital is one, thus the market is not a perfect competition.

The scope of this study was limited in terms of the time period and the number of companies.
Greater efforts are needed to work with a larger sample. Further interesting research question
could be the examination of the insurance sector at regional or even European level.
Understanding the market structure of Systematically Important Financial Institutions has
importance, so a similar study is worthwhile for the banking sector, which would allow a
comparison of the two sectors.
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Abstract: Information discrepancy between insurance company and its clients is mostly in favor of the
latter, therefore, as preventive measures, insurance companies inspect subjects and objects of insurance
and perform risk assessments. Analysis of a five year portfolio of motor policies shows that group of
policies from transition with unknown subjects and objects of insurance represent twice as high
exposure to the realization of coverage risks compared to renewed policies. Distribution of exposures
and realizations through the age of the vehicle is another factor with considerable impact, again with
transition group twice as high.
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1 INTRODUCTION

The management of the realization of future insured risks ranges from assessments and advice
to policyholders to reduce probable risks [3, 15] to entry inspections of the condition of insured
objects upon entering into an insurance contractual relationship. Adjusting the offer to
individual customers [3] requires in-depth analytical monitoring [7] and individual treatment
[15], in which good policyholders are rewarded, and those with increased risk must bear an
additional premium burden [2].

Customers strive for the best conditions for the lowest possible price, while insurance
companies strive for optimal prices for the services they offer [1, 12]. It is a conflict of interests,
S0 negotiations take place, with both sides having to make concessions in order for both to gain
something [13]. Long cooperation under optimal conditions grows bond, but when the
insurance company benefits, a negative attitude develops on the side of a client as the
disadvantaged party, who tends to compensate through abuse of an insurance contract for the
loss or damage to which is exposed [5, 10]. Individualization of customer treatment is gaining
ground, through which the impact on portfolio sustainability and profitability is optimized and
at the same time the offer is adjusted to individual customer's needs [2, 3, 12, 14].

For those clients who abuse the insurance system for their own unjustified benefits to the
detriment of other honest policy holders, it makes sense to establish analyzes and control
mechanisms that will exclude them from the portfolio, burden them financially accordingly [5,
6, 11, 14] or stop the abuse by obtaining information on the condition of the insured object.
We can assume that the client has an advantage over the insurance company in cases when he
does not want to disclose certain information or tries to conceal it [9, 11], so we can make an
assessment of situations [6, 9] where such a discrepancy between the knowledge of relevant
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information is such that it poses a serious risk to the success of the business model of insurance
companies.

In the present paper we assess predictive and preventive measures to recognize and act
against such a bad actors in the Casco motor insurance [2, 8]. To achieve this goal, we
performed an analysis and assessment of several years of historical data of Casco motor
insurance contracts and realized risks, through which we came to the findings that enable a
more optimal adjustment of the business model.

In following chapters, we first reviewed the relevant literature, defined the methodology,
the data set and identify research questions. We analyzed and interpreted the obtained analysis
results, and in the end we presented the findings with an impact on the business model.

2 LITERATURE REVIEW

The organization of the insurance business model requires sound and sustainable management
of the collected contributions, so that they are sufficient to cover most claims, which requires
appropriately high contributions [12] to cover the anticipated possible future claims events.
Predicting appropriate contribution rates, reserves and future claims is in the domain of
actuaries [1], who ensure that the business model bears the burden of probable future risks and
brings a certain profit to the owners of insurance companies.

Insurance companies are regulated [7] and must operate with transparency and disclose all
relevant facts about the products (conditions, coverage), while customers disclose only what is
prescribed as mandatory by the legislator. Certain information could put customers in a
negative light, so it is in their best interest that those are not known to the insurance company
[10]. A special category are previous damages of the insured objects, which were not covered
because the client did not have this type of insurance coverage, but would like to cover this
damage from future insurance contract, which requires deception of the insurance company in
the underwriting process or such underwriting procedure that does not require inspection of the
insured object [11]. The discrepancy between the actual state of the insured objects and the
information held by the insurance company poses a risk that any of the coverages will be
unjustifiably realized.

3 METHODOLOGY

3.1 Baseline assumptions for building a multiparameter model
to assess exposure to coverage risks

Insured objects entering the insurance company's portfolio for the first time are unknown and
we only know about them, what the client is obliged and willing to disclose. For existing
customers who add new coverages at policy renewals, the exposure assumption changes. Thus,
we assume as the leading risk parameter the first entry of the insured object into the insurance
company's portfolio with included observed coverages or the addition of coverages with greater
claims exposure upon renewal of insurance.

We limited ourselves to car insurance, which represents the largest group of insurance in
the portfolios of general insurance companies. Among them, Casco insurance has a higher
claims exposure, so as the second risk parameter we chose those Casco coverages that have a
poor result in themselves, as claims payments are greater than or close to the amount of
collected premium. The set was limited to 5 representative covers with the largest negative
effect on cash outflows: Full Casco and 4 Partial Casco coverages for glass, lights and mirrors,
animals and parking lots.

131



In this research, we focus on the adjusted indicator, which shows whether the exposed
coverage risks have been realized, regardless of how many claims were filed under each policy
for each cover risk. The analysis will check the extent of the observed coverages (OC) and the
extent of exposed coverage risks (ECR), share of the realized observed coverages (ROC) and
realized exposed coverage risks (RECR) - we observe everything in the relationship to the
entire portfolio and within the renewal and transition groups. We will check the distribution of
these indicators also against the age of the vehicle, through which we will check the impact of
this parameter in connection with ECR and RECR.

3.2 Data

Historical data for motor insurance and claims of one of the Slovenian insurance companies
for a period of five years was used, which provided a sufficiently large representative sample
with more than six hundred thousand policies and related claims. Data on all motor policies of
the selected period, which were issued from January 1% 2014 onwards and expired by
December 31 2019, as well as data on claims related to them, was obtained.

Indicators with a value of 0 and 1, respectively, were assigned to the observed coverages,
depending on whether the coverage was additionally included in the policy (renewal) or
selected at the transition. Indicators with a value of 0 and 1, were also assigned for realized
claims from exposed coverages on the policies, depending on whether the observed coverage
risk was realized or not. The policies were assigned 'transition' values for vehicles entering
the insurance company's portfolio for the first time. The remaining policies were assigned to
the 'renewal’ group.

As a risk parameter, the policies were assessed with values from 0 to 5, depending on
whether the policy has no exposed coverage risks (for transitions) or when the policy is
renewed and the same coverage remains as on the pre-policy - value 0 (no risk), values from 1
up to 5 define the number of exposed coverage risks on the policies (for transitions) or
additional covers from the set of five observed exposed coverage risks in the renewal of the
policies (risk exists).

3.3 Research questions

The research sought answers to how the observed indicators OC, REC, ROC and RECR are
distributed:
1. How are policies with renewal and from transition distributed throughout the
portfolio?
2. What proportions do policies with OC, REC, ROC and RECR represent in the total
portfolio?
3. What is the share of policies with OC by groups renewal and transition in the total
portfolio? What is this share within the renewal and transition groups?
4. What is the share of policies with REC by renewal and transition groups in the total
portfolio? What is this share within the renewal and transition groups?
5. What is the share of policies with ROC within the renewal and transition groups in
the total portfolio? What is this share within the renewal and transition groups?
6. What is the share of policies with RECR within the renewal and transition groups in
the total portfolio? What is this share within the renewal and transition groups?
7. What is the distribution of ECR and RECR according to the age of the vehicles?
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4 RESULTS

Renewal policies group: represents 77.09% of the portfolio, 47.17% of them include one or
more observed coverages and 5.31% of them include exposed coverage risks. The realized
observed coverages represent 7.72% and realized exposed coverage risks represent 1.04% of
all policies.
Transition policies group: represents 22.91% of the portfolio, 11.33% of them include
exposed coverage risks. The realized exposed coverage risks represent 2.07% of all policies.
The distribution of OC, ECR, ROC and RECR in relation to the total portfolio is shown in
Figure 1 below. The narrower results for both subgroups show the following:
e within the renewal: the share of policies with OC is 61.19%, policies with ECR is
6.88%, ROC are 10.02% and RECR are 1.35%;
e within the transition: policies with ECR are 49.44%, ROC are 9.19% and RECR are
9.04%.

Portfolio

Figure 1: The share of OC, ECR, ROC and RECR in the portfolio of policies

The results of the ECR and RECR distribution analysis are shown in Figures 2 and 3.

A comparison of the obtained results shows that more than three quarters of the policies
belong to the renewal group (77.09% vs. 22.91%) and that these policies also represent the
majority of policies with OC (47.17% vs. 11.49%). However, the ECR shows that there are
twice as many such policies in the portfolio of transition vs. renewals (11.33% vs. 5.31%).

The comparison of ROC again shows a higher realization of OC in the renewal group
(7.72% vs. 2.10%), while in RECR the picture is reversed, as there are twice as many such
policies in the portfolio of transition vs. renewal (2.07% vs. 1.04%).

A more detailed analysis within the renewal and transition groups shows that in the renewal
group there is a larger share of policies with observed coverages (61.19% vs. 50.14%), while
the ECR shows that there are significantly more such policies in transition than in renewal
(49.44% vs. 6.88%). Realizations by all observed coverages are quite close (10.02% vs.
9.19%), while in RECR the picture is reversed, as the share of such policies in transition is
significantly higher than the renewal (9.04% vs. 1.35%).

The analysis of the distribution of ECR and RECR by vehicle age shows a marked upward
deviation for the transition group, according to both criteria, which confirms the assumption
that unknown subject of insurance represent an increased level of exposure to the realization
of coverage risks. The greatest damage exposure is in new vehicles, with a larger drop at the
age of two years, after which it rises sharply and reaches a peak at the age of 4-6 years and then
slowly falls towards the age of 20 years when it reaches the bottom.
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Comparison of ECR distribution by age of the vehicle through portfolio, coverages, groups
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Figure 2: Comparison of ECR distribution by the age of the vehicle

Comparison of RECR distribution by age of the vehicle through portfolio, coverages, groups
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Figure 3: Comparison of RECR distribution by the age of the vehicle

5 CONCLUSIONS

In this paper, we compared exposure to coverage risks and the realization of those exposed
coverage risks in two distinct groups of policies, e.g. renewed policies and group of policies
from transition. We assumed that policies within the transition group and with renewal
subgroup, where exposed coverage risks were added to the policies at the renewal, will have
more exposed coverage risks and higher realization of those risks in comparison with the
policies with observed risks and no changes at the renewal. Both assumptions proved true with
twice as high realization of exposed coverage risks in the transition group compared to renewal
group and twice as high realization of exposed coverage risks of renewed policies with added
exposed coverage risks compared to non-changed renewed policies with observed coverages.

Previous researches were predominantly observing and analyzing past claims history and
client behavior with a focus on generalized adaptation of insurance conditions to limit
extensive realization of highly exposed coverage risks or with individual treatment of the
clients through tracking use of the insured objects (e.g. telematics). Search in literature did not
give any result, compared to approach in the present study.

Present research and analysis results would enable insurance companies to focus inspections
on insurance objects with higher exposure to coverage risks to prevent unjustified claims and
to improve business profit lines and to make business models sustainable.
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An upgrade of this research would be a study of the multiplicative effects of multiple claims
from observed coverages on an individual policy, with a study of the impact of the loss result,
I.e. the financial evaluation of exposure factors. Additional useful insight would be provided
by the study of the distribution of all observed indicators according to the age of policyholders,
the comparison of regions and the comparison of policyholders as individuals vs. companies.
A meaningful summary of further research should enable the comparison of different indicators
of exposure to coverage risks and their realization, and the ultimate goal is to establish an
analytical model for real-time identification of exposed motor policies and consequently apply
the research model to other types of insurance.
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Abstract: The main objective of this research was to evaluate the efficiency of Croatian hotels and
provide insights into the sources of their efficiency. In order to obtain set goals, a two-stage analysis
(DEA and truncated regression) was performed on a sample of 69 large and medium-size hotels that
were operating in Croatia in 2019. Results of the research showed that the average value of overall
technical efficiency amounted 51.32%. Additionally, it was found that ownership, location, size and
star rating play significant and important role in determining the achieved level of efficiency.
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1 INTRODUCTION

Tourism is becoming increasingly important in the world economy today. The last decade has
been marked by the constant growth of tourist arrivals, which in 2019 reached a peak of 1.5
billion globally [23]. A turning point was in 2020 in which travel bans and restrictions were
introduced to curb the spread of the Covid-19. The number of international tourist arrivals in
the world in the first eight months of 2020 fell by 70 percent compared to the same period in
2019, r