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1
Background of the Research

The aim of the present research is to introduce and apply robust- and non-parametric
statistical methods regarding the question of economic convergence of regions of the Eu-
ropean Union (EU) and the resilient behaviour of Hungarian small and medium-sized
enterprises (SMEs) against idiosyncratic economic shocks that they undergo. Although, the
presented methods and procedures are universal and can be used for answering various
other problems, their application is unique in the selected research fields.

My main motivating goal was to introduce the Most Frequent Value (MFV) concept as a
robust statistical alternative regarding economic investigations and furthermore to try to
draw practically applicable and novel deductions for economic convergence and resilience
from a statistical and data analytical point of view [R1].

Economic convergence of EU regions is a research field that is detailed in-depth in
corresponding literature and is of great importance regarding proper resource distribution
and corresponding strategic EU-level policies [R2, R3]. On the other hand, economic
resilience is a continuously growing research field that took momentum especially in
past years and definitely has implications both on local and on regional, national and
international level as well [R4, R5].

Data-driven decision-making is essential in these fields, but the typically accessible data
often do not support assumptions of conventional statistical procedures. The high level of
skewness, mixture of distributions pertaining to different populations, outlying observations
even in a multidimensional space are common issues that I also had to face throughout
my research work. These attributes of economic data however can lead to non-resistant
and non-robust results of conventional statistical analyses [R6, R7]. Therefore, I found
extremely important to suggest and apply methods in the investigated fields, that alongside
with widely used statistical procedures can potentially highlight distorting effects of the
above listed undesirable circumstances and can lead to results that are expected to be of
greater robustness and outlier resistance but still promising optimal statistical efficiency.

Thanks to the Management Board of the Pannon Business Network Association located
at the West-Danubian Szombathely, Hungary, the current research could be based upon a
rich longitudinal dataset of annual balance sheets and income statements together with
metadata on locations, fields of activities and employment rates over almost 20 years of
numerous members of the Hungarian processing industry. From a scientific point of view
this offered a unique possibility on investigating economic resilience, since such a data
source is extremely rare in corresponding literature [R8, R9, R10, R11]. Moreover, from
a practical point of view, implications on national level policies regarding economic shock
reactions could be offered in a data-based and data-driven way.

Corresponding literature often lacked to possess similar annual balance sheet and
income statement information, onto I planned to build up my investigations. Consequently,
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3

the accessed materials often misaligned my research setting. On the other hand, additional
relevant fields (e.g.: bankruptcy prediction) utilizing similar data showed contradictory,
case- and data sensitive results that drew my professional attention towards robust and
non-parametric statistical application possibilities [R12, R5, R13]. For this purpose, detailed
analysis of the MFV method was carried out, which was originally developed by Steiner et al.
in relation to earth scientific investigations [R14, R15, R16, R17, R18] but no application to
economic related fields were discovered up to the beginning of my research work. Therefore,
throughout my investigations I devoted special interest to robust and non-parametric
statistical techniques – in particular to the MFV concept – and their utilization together
with other holistic approaches in order to be able to view our disposable economic related
information in a novel way.

This work gained further motivation by the Covid-19 pandemic that suddenly hit on
several levels ranging from the individual through microeconomic, macroeconomic up to
even the social level. It was unknown at the beginning of my research work in 2020 what
economic aftermath the pandemic would have, but it could be suspected that not every
company would be affected at the same level and reactions to the crisis – with an unknown
extent – would be different as well.

Although no further data on SMEs could be accessed after the pandemic, it became clear
during the conducted work that literature statements on the ever-increasing exposure to
economic turbulences due to globalization effects and growing interconnectedness [R11, R4]
were becoming perceivable on the individual’s level as well. The rapid financial crisis within
several industrial sectors due to the pandemic followed by supply chain problems, raw
material shortages, fierce market reactions, political inferences into economic processes on
national-, EU- and broader international level finally an outburst of a new war on the edge
of Europe. A short summary of events to support how extremely relevant it is to explore
the different aspects of entrepreneurial shock reactions and how it can be characterized,
measured and predicted based on accessible data in an objective way since it is evident that
a possible collapse of individual economic stakeholders can have further negative impacts
on other supply chain members, competitors, partners and even on regional or national
level.



2
Directions and Goals of the Research

The theoretical and practical developments of the thesis were organized around the uti-
lization of disposed economic data from different sources for investigating regional level
economic convergence on EU level and analysing economic resilience. Data sources were
selected in accordance with the main research goal to understand economic resilience in the
broadest possible sense and to explore the application possibilities of the MFV method on
the research field.

2.1 MFV-based Linear Regression for Regional Economic
Convergence

The concept of absolute economic β-convergence is one of the mostly applied and fundamen-
tal approaches to investigate economic cohesion tendencies of regions and countries [R19,
R20]. The problem can be translated to a linear regression problem and the majority of
corresponding literature sources build upon the utilization of the L2-norm based Ordinary
Least Squares method to approach it [R21, R2]. Accessible data regarding EU NUTS1

regions show high variability in literature regarding time period, geographical content and
applied methodological setup in order to assess whether regions show a converging tendency
or not [R22, R23, R24, R25, R26, R27, R28, R29, R30].

Literature results seem to be contradictory that can also highlight the handling chal-
lenges of highly skewed data contaminated by outlying observations with conventional
statistical procedures [R31, R16, R18]. My primary aim was therefore to collect and investi-
gate accessible data with the robust MFV procedure and apply it in a 2D linear regression
setting. Besides robust statistical investigations non-parametric, population-level investiga-
tions were also carried out that enabled the rough estimation of possible dates of convergence
with respect to Gross Domestic Product (GDP) and Net Disposable Income (NDI) among EU
member states and regions connected to the EU before 2004 and afterwards (often referred
as West- and East EU states and regions). In the framework of a holistic approach additional
datasets were sought regarding Horizon 2020 research activities to further support findings
via the analysis of regional-level social network time evolution.

2.2 MFV-based Robust Outlier Detection

Since outliers in economic related data are hard to be considered as faulty observations or
members of other populations they have to be treated with care and with special attention

1Nomenclature of territorial units for statistics
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5 2.3. ECONOMIC RESILIENCE OF SMALL AND MEDIUM-SIZED ENTERPRISES

that besides biasing conventional statistical results can carry valuable information. Their
careless exclusion – besides altering the apparent type of the distribution of our data or
artificially modifying its variance etc. – might lead to the abandonment of potentially
important information as well or even lead to biased and false conclusions [R32, R33].

My primary aim was to identify outliers with respect to the constructed robust MFV-
based linear regression line when considering EU-level economic β-convergence of NUTS
regions and countries, thereby demonstrating the applicability of the MFV concept for robust
outlier identification. Moreover, since the MFV-concept enables various applications and
generalizations, a further outlier identification approach was elaborated by the utilization of
MFV and dihesion values instead of mean values and standard deviations in the well-known
Lloyd’s algorithm of the widely used k-Means clustering scheme.

2.3 Economic Resilience of Small and Medium-sized Enter-
prises

SMEs constitute the backbone of the European economy. This sector constitutes approxi-
mately 99% of the total enterprises. Therefore, it also contributes with a great share to total
employment and overall GDP production [R34]. In case of Hungary, the production sector
contributes traditionally the most to the national GDP production [R35, R36]. Literature
details numerous concept frameworks to assess economic resilience in several aspects that
however mainly incorporate the economic resilience of individual enterprises [R37, R38,
R39, R40]. Data-based, comprehensive analysis of whole population of SMEs is barely
emerging in corresponding literature that might be due to the complicated access of relevant
and satisfactory data.

My primary aim was to analyse accessible data with a special emphasis on reactions
against idiosyncratic economic shocks triggered by arbitrary causes and draw general
conclusions on resilient behaviour of enterprises on their long-term behaviour and de-
velopment perspectives. Besides defining, measuring and understanding shock reaction
patterns, the prediction of favourable shock reactions would be preferable via an ”early
warning system” [R8, R9, R10, R11]. Therefore, the elaboration of a predictive model for
resilience-behaviour prediction was also among the main goals of my work.



3
Materials and Methods of the
Investigation

3.1 MFV-based Linear Regression for Regional Economic
Convergence

In contrast to the omnipresent OLS-based approaches of the linear regression problem of the
absolute economic β-convergence of EU countries and NUTS regions in literature, robust
statistical alternatives have been sought. The MFV-based robust and outlier resistant
regression method, introduced first by Steiner et al. has been elaborated and applied for
the accessible data [R17]. The implemented algorithm has been compared to other robust
regression variants and its convergence properties have also been investigated [T1].

As a first step the background of the algorithm has been detailed and then applied
to the economic convergence problem, where it clearly indicated major deviations in the
pace provided by OLS-based regression. This observation was further supported by MFV-
robustified correlation calculations as well [T2].

Since the existence of economic convergence within the EU on regional level is still
a disputed question, population-level analysis of West- and East- European countries
and regions has been performed as well, where the diminishing tendency of distribution
bimodality regarding certain national- and regional level GDP and NDI curves has been
identified. The results, gained based on Mann-Whitney U-tests and Wilcoxon signed rank
tests showed evidence in several cases for population level convergence of the two subgroups
and rough estimate of date of convergence was also provided via investigating time evolution
of calculated decreasing statistic values [T3].

As part of a holistic approach, Horizon 2020 data on R&D projects were also brought into
the analysis, where regional-level social network analysis was performed. Albeit results
could not be linked to GDP and NDI data, the assessment of the analysis clearly indicated
the tendency of greater cardinality of partnership establishments of East-European regions
at given financial contribution levels provided by the EU authorities. This can implicate
increased speed of uptake in R&D related projects that through innovation can have a direct
local consequence on regional development and economic resilience [T4].

3.2 MFV-based Robust Outlier Detection

In my second thesis I focused on the outlier identification possibilities via the robust
MFV-method. For this purpose, outliers in case of the linear regression problem of the
absolute economic β-convergence of EU countries and regions were considered and isolated
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7 3.3. ECONOMIC RESILIENCE OF SMALL AND MEDIUM-SIZED ENTERPRISES

in particular. Robust regression lines have been fit to the corresponding data and outlying
observations were categorized compared to the fitted line.

Since no background information on the observations were present, none of the data
points could be discarded by considering them to be an outlier of any kind of origin (e.g.:
measurement error, member of another population etc.) and should be considered instead as
a potential source of valuable information. Therefore, within the framework of the applied
regression setup every available data point was kept, incorporated to the conducted analyses
and considered to be a valuable information source but with an adequate weight. After
identification of outliers compared to the given model, geographical representations were
also generated in order to ease field relevant interpretation of the results.

On population level, also the additionally accessed Horizon 2020 R&D project informa-
tion data were combined to the outlier investigations. Here, robust Mahalanobis distances
were utilized to assess R&D related EU contributions compared to regional average GDP
values.

As a further application area, the MFV-robustification possibility of the unsupervised
k-Means clustering algorithm was done with demonstrations on sample datasets. The
possibility for robust outlier detection within the formed clusters via the utilization of
robust-Mahalanobis distances has been demonstrated.

3.3 Economic Resilience of Small and Medium-sized Enter-
prises

For the assessment of economic resilience among SMEs a literature-inspired resilience indi-
cator number has been constructed and ”data-tailored” according to practical possibilities.
After procuring the necessary data and performing necessary transformations the shock-
and shock-reaction history of Hungarian production sector SMEs has been generated.

For the investigation of long-term operation in a quasi experimental setup matched-pair
analysis has been concluded. Due to non-normality of the data distributions besides one-
tailed 2-sample t-tests, one-tailed Wilcoxon signed-rank tests were used in order to assess
the optimistic hypotheses that had been formed in advance for resilient shock reactions
of the given entities. The goal was to verify long-term superiority of resilient attributes
regarding the occurrence of a second shock and verify that companies can learn from their
prior experience and presumably restructure in a way that it contributes to their long-
term development or can reassure significant advantages on population level compared
to un-shocked control pairs [T5, T6]. Surprisingly, results showed an unexpected but
obvious decline of resilient companies in the long-run, that definitely highlight the until
now unknown feature of economic resilience.

In spite of the clear, but unexpected foundings of the hypothesis tests it is evident, that
for short-term survival and for local- and regional level resilience the presence of resilient
attribute within economic organisations is of great importance [R41, R38, R4]. Therefore,
an ”early-warning” system for resilience is desirable, for predicting which enterprises
would withstand or fail in case of a future idiosyncratic economic downturn. For this
purpose, the labelling of the generated company-year observations was done according to
the constructed resilience indicator number, then classification attempts were performed
via logistic regression and decision trees on different, by literature suggested [R12, R5, R13,
R42] cleaned datasets of company-year observations. Unfortunately, the range of data did
not prove satisfactory regarding information content for predicting resilient behaviour of
the given economic entities. At this point, my future goal is to introduce new resilience
metrics or indices that fit the range of accessible data appropriately, broaden the range
of data with transaction information in order to identify supplier-customer relationships
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and conclude further machine learning based classification tests for achieving satisfactory
predictive power in practice.



4
New Scientific Results

Thesis Group 1: Application of robust and non-parametric
statistical tools regarding economic convergence

Thesis 1
I have identified via robust and non-parametric statistical ap-
proaches that convergence among EU countries and regions based
on the absolute β-convergence regarding GDP per capita is of
lesser degree than could be estimated based on the conventional
Ordinary Least Squares (OLS) linear regression. I have also as-
certained that economic convergence regarding GDP per capita
also exists on the whole data-population level between EU member
states and regions connected to the EU before and after 2004.

Publications relevant to the theses: [T1, T2, T3, T4, T7].

Thesis 1.1
With robust correlation calculations based on the Most Frequent
Value concept, I have shown that there is less correlation among
initial values and growth rates of GDP and NDI financial indicators
of EU member states and regions, which suggest a slower pace
of convergence than is suggested by OLS linear regression based
absolute β-convergence theorem.

Publications relevant to the theses: [T2].

Thesis 1.2
With robust linear regression, based on the Most Frequent Value
concept, I have shown that convergence of economies of EU mem-
ber states and regions is of slower pace than provided by OLS
linear regression based absolute β-convergence theorem.

Publications relevant to the theses: [T1, T7].
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10 4. New Scientific Results

Thesis 1.3
With non-parametric hypothesis testing I have shown the existence
of convergence among subgroups of economies of EU member
states and regions connected to the EU before and after 2004 re-
garding GDP per capita on the whole data-population level. Based
on the non-parametric approach, I have suggested a method for
the estimation of rate of convergence and for the time needed for
member regions to catch up.

Publications relevant to the theses: [T3].

Thesis 1.3.1
Having created the regional level social networks of participating
organizations of the Horizon 2020 framework, I have shown that
regions of EU member states connected after 2004 had generated
more connections at the same level of average annual GDP or R&D
subsidy given by the EU as member states and regions connected
before 2004. This observation further supports the existence of
regional convergence.

Publications relevant to the theses: [T4].

Thesis Group 2: Robust outlier detection based on the MFV
concept and its application regarding economic convergence

Thesis 2
I have developed a clustering algorithm based on the MFV concept
and performed robust outlier detection in case of linear regression
problem with application area of the economic convergence of EU
regions. I have developed a methodology to identify regions in
a robust way that show faster or slower economic convergence
than the bulk of the regions suggested by the absolute economic
β-convergence theorem.

Publications relevant to the theses: [T1, T7, T8, T9].

Thesis 2.1
I have developed a method to identify outliers based on the MFV
concept compared to the MFV-robustified linear regression. Re-
garding the absolute economic β-convergence of EU member states
and regions, I have identified regions converging faster or slower
than the bulk of the data suggested by the fitted robust trend line.

Publications relevant to the theses: [T1, T7].
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Thesis 2.2
Based on the Minimum Covariant Determinant estimator, I have
shown by the usage of robust Mahalanobis distances that regions
of EU member states connected to the EU before 2004 and after are
forming two separate groups regarding H2020 financial support.
Furthermore, I have demonstrated the applicability of the method
in identifying outlying regions compared to the bulk of the data
when regional GDP, population and R&D funding is considered.

Publications relevant to the theses: [T9].

Thesis 2.3
I have developed a clustering algorithm by using robust location-
and scale parameters based on the MFV concept that considers
outliers compared to the bulk of the data but attenuates their
biasing effect. The developed method can perform similarly or
better regarding computation time measured in the number of
centroid swaps in case of larger sample sizes simultaneously with
more clusters to be identified than the robust k-Medians.

Publications relevant to the theses: [T8].

Thesis Group 3: Resilience investigations via non-parametric
hypothesis testing

Thesis 3
I have designed an indicator number for measuring economic
resilience of Small and Medium-sized Enterprises (SMEs) based
on fluctuations of their annual sales growth, which was used for
the classification of their reaction types to idiosyncratic shocks.
With non-parametric hypothesis testing I have demonstrated that
showing resilient behaviour is only relevant in the short term
regarding individual financial development.

Publications relevant to the theses: [T5, T6, T10, T11].

Thesis 3.1
Based on the proposed resilience indicator number via matched
pair analysis I have shown, that in short- and medium-term the
economic attributes of companies reacting resilient to idiosyn-
cratic economic shocks fall behind of those that had not suffered
any kind of previous shocks measured in the setback of annual
sales growth.

Publications relevant to the theses: [T5, T6].
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Thesis 3.2
Via matched pair analysis, I have shown based on the available bal-
ance sheet-, income statement- and other metadata from Hungar-
ian SMEs, that gained experience of short-term successful shock
reactions does not influence their survival abilities. The transfer-
ability of experiences to the subsequent negative economic events
is restricted. However, by enabling longer-term shock reactions
the bankruptcy willingness decreases with the length of time en-
abled to bounce back from the economic shock.

Publications relevant to the theses: [T5, T6].

Thesis 3.3
I have shown that the proposed sales growth based resilience in-
dicator number and corresponding classification of companies
can be extended to a continuous scale of economic shocks and
shock reactions, measured in the fluctuations of sales growth. The
proposed extension offers a possibility for the comparison of indi-
vidual observations regarding resilient characteristics. Further-
more, can characterize complete industrial branches regarding
resiliency within arbitrary time intervals with respect to their
shock reactions.

Publications relevant to the theses: [T6, T11].



5
Discussion and Practical Applicability
of the Results

The dissertation presented solutions based on the utilization of robust statistical and non-
parametric statistical tools. Throughout the outlined work data analytical considerations
led to the selection of the specific practical choices. The outlined smaller developments can
be applied on other statistic related problems as well in a general manner and the drawn
economic considerations can be used as input for policymakers in order to enhance regional
level resource distribution and re-evaluate former conceptions on individual-level economic
resilience.

5.1 Application of robust and non-parametric statistical tools
regarding economic convergence

The first thesis group investigated the practical usability of the MFV-based linear regression
for the absolute economic β-convergence problem regarding EU countries and regions.
Further results have been added by concluding non-parametric Mann-Whitney U-tests and
Wilcoxon signed rank tests on population level by observing the time evolution of bimodal
distributions of annual national and regional level GDP and NDI data. Furthermore,
additional Horizon 2020 datasets on R&D activities on different EU levels have been
incorporated in order to further support the previously gained results.

According to the findings, EU-level economic convergence among regions does exist, but
its pace is slower than concluded by previous literature sources. Moreover, an approximate
date of convergence of West- and East European subpopulations has been provided.

Although the applied methodology of MFV-based linear regression proved to be satisfac-
tory, I have identified several opportunities for further improvement and possible research.
The regression task has been implemented for 3-dimensional data as well, but could be
done to higher dimensions and the generalisation of the Most Frequent Value for higher
dimensions still poses an interesting research area. Furthermore, albeit literature suggests
alternatives to interpret R2 values for robustly fitted regression lines [R43], the question of
confidence intervals is still to be elaborated for the MFV-based regression.

From policy point of view the results detailed in the thesis can be of great importance,
since they give feedback on prior EU actions regarding population level effect that aimed to
promote regional cohesion strivings. In case of further data procurement, results can be
refined and effects of further policies could be inserted to an extended evaluation.

13



14 5. Discussion and Practical Applicability of the Results

5.2 Robust outlier detection based on the MFV concept and
its application regarding economic convergence

The second thesis group introduced outlier detection alternatives highly relying on the
MFV-concept. For the case of the 2-dimensional linear regression a simple procedure has
been proposed for the isolation of outliers in a data dependent way utilizing the problem
specifically calculated, data-dependent MFV and dihesion values. Thereby, a naturally
arising more robust and resistant outlier identification could be applied to the selected
absolute economic β-convergence problem of EU countries and regions. Not only the slower
pace of convergence compared by the predictions of OLS-based linear regression has been
found but non-trivial outliers as well that can highlight problematic tendencies at certain
regions for policymakers.

The k-Means clustering procedure based on the Lloyd’s algorithm was updated according
to the MFV concept and applied on existing, open data sources in order to gain a more
robust clustering algorithm version that relies on a more interpretable background than
the k-Medians or k-Modes. Albeit the proposed algorithm in its current form is rather
computational costly, it can still serve as a reasonable robust clustering alternative in case
of smaller datasets, or for larger datasets with higher cluster cardinality.

Within the framework of a future research activity the proposed methods can be further
improved and generalized for higher dimensions. Their applicability for other data sources
alongside with conventional statistical procedures is highly advised where non-normality
or outlier presence is provided. It would be of great importance to further optimize for
the computational cost of the ”k-MFVs” algorithm and extend the application possibilities
for arbitrary nonspherical data. The examination of these questions were beyond of the
framework of the present thesis.

5.3 Resilience investigations via non-parametric hypothesis
testing

The third thesis group investigated the resilient behaviour of Hungarian SMEs from the
processing industry. The developed and investigated methods were meant to be applied
on the disposed data set, however due to the time-consuming relatively late procurement
of the data and the possibilities of approaching them for the given scientific goals made it
necessary to utilize more data-tailored approaches.

In order to assess economic resilience an appropriate resilience indicator number has
been used, based on which the idiosyncratic shock reactions of companies could be inter-
preted and its time-evolution investigated. It has been revealed via Mann-Whitney U-tests
and Wilcoxon signed rank tests that our optimistic mindset on the long-term development
perspectives of resiliently behaving economic entities is groundless. Instead, a long-term
economic decline compared to non-shocked control pairs is to be expected with a slow uptake.
This has a severe message for national and regional level assessment of economic resiliency
by highlighting the need of supporting also the resilient companies in order not to lose
development momentum on the individual-, regional- and national level.

The applied procedure enables the comparison of enterprises regarding economic shock
reactions and offers possibilities for further similar, real-life-suited and data-tailored re-
silience indicator number or index definitions. As a further step a composite metric, utilizing
other financial data beyond sales growth could be investigated, moreover besides one-year
shock reactions, the two-years and three-years shock reactions could be viewed and com-
pared by the former results.

In a future research, the from practical point of view relevant ”early warning system for
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resilience” should be further elaborated and verified based on existing longitudinal financial
data records. Unfortunately, the logistic regression- and decision-tree based classification
attempts on the labelled company-year observations did not enable an adequate model for
the prediction of resilient shock reactions. Therefore, the extension of data is planned with
transaction information for the identification of customer-supplier relationships and the
investigation of time-propagation of economic shocks and shock reactions as a response
within the resulted social network. Combining this investigation with geographical data
would be an interesting research, since it could contribute to the understanding of economic
shock development on regional level and within supplier-customer social network of the
Hungarian SMEs of the processing industry.
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