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With dynamic changes in the economic and legal environment, taking optimal business 

decisions and retaining the ability to quickly and adequately react to threats to business 

activity become increasingly difficult. For this reason, among business managers there is a 

growing need for employing tools which would monitor the financial condition of enterprises 

as well as signal in advance a potential risk of bankruptcy. Corporate bankruptcy is a common 

economic phenomenon which is impossible to be eliminated. Early detection of the risk of 

bankruptcy is aimed at protecting the entities concerned against its negative effects. 

Bankruptcy prediction gives managers in enterprises time to react and take suitable decisions 

that would allow avoiding or minimising negative consequences of this form of closing 

business activity. Prediction of bankruptcy does not have to relate only to monitoring of the 

financial condition of a business. In today’s economic reality, security of a business does not 

depend only on a company's own financial standing but also on business partners’ stability 

and reliability. Therefore, detection and monitoring of the risk of corporate bankruptcy 

constitute an important area of interest among business practitioners.  

Corporate bankruptcy prediction is also a subject of many academic studies. It is 

frequently presented as posing a problem of classification which consists in determining the 

membership of an object, i.e an enterprise, in one of the two possible populations: entities 

with good financial standing or entities exposed to the risk of bankruptcy.  

The literature presents some attempts to create corporate bankruptcy prediction tools 

with the use of various classification methods. One of the first and best known bankruptcy 

prediction models was the Z-score model proposed by Altman [1968]. The model was 

developed based on data from the American market and its construction uses linear 

discriminant analysis. One of the first bankruptcy prediction models in Poland was proposed 

by Mączyńska [1994]. Later studies employed diverse classification methods for 

multidimensional objects, in an effort to explain the causes of corporate bankruptcy and 

obtain possibly the most effective prediction tools for this phenomenon.  

As found by the review of research studies dedicated to corporate bankruptcy 

prediction in Poland the most popular classification methods used in these studies include: 

linear discriminant analysis, logistic regression, classification trees and artificial neural 

networks [Hadasik 1998, Gruszczyński 2003, Hamrol et.al. 2004, Wędzki 2005, Korol and 

Prusak 2005, Hołda 2006, Hołda and Pociecha 2009, Korol 2010, Pociecha et al. 2014, 

Paliński 2018]. The above-mentioned methods are often used to predict corporate bankruptcy 
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also for other markets, as mentioned by the authors who reviewed research studies in this field 

[Bellovary et al. 2007, Prusak 2019].  

It is difficult to determine which of the classification methods applied in the literature 

of the subject is clearly better. One of the ways of improving the quality of object 

classification is applying ensemble methods. The use of ensemble classifiers consists in 

taking final classification decisions about membership of an object by indicating many 

individual classifiers.  

The basic division of ensemble classifiers is connected with the number of 

classification methods applied to create them. In a situation when a set of classifiers is built 

on the basis of one classification method (e.g. a classification tree), it is called a homogeneous 

ensemble. A classifier based on the use of one classification method is therefore strengthened 

by many classifiers of the same type [Krzyśko et al, 2008]. 

In another approach, a set of classifiers is formed by means of a bigger number of 

various classification methods. In this case, an ensemble classifier is called heterogeneous or 

a multiple classifier system [Ćwiklińska-Jurkowska, 2013]. This group of ensemble classifiers 

is built by the methods of combining or selecting individual classifiers, which constitutes the 

Author's  main scope of interest in this dissertation. Classifier combination and selection 

methods were developed as part pattern recognition studies, which are a component of 

machine learning. The attempt of simultaneous use of individual classifiers is a natural 

development direction of classification methods. Kuncheva [2004] emphasises growing 

interest in the ensemble approach for classifying multidimensional objects and the need to 

verify the effectiveness of this approach through its practical use in empirical research.  

The conducted research, whose development and results are described in this 

dissertation, is an effort to compare various classification methods for business bankruptcy 

prediction in Poland. It is intended to answer the questions if and when it is advisable to apply 

the ensemble approach based on classifier combination and selection to predict corporate 

bankruptcy. In the course of the research, results of numerous ensemble classifiers based on 

various methods of aggregation were compared. The empirical research allowed assessing and 

comparing the classification results, both for individual and ensemble classifiers, which 

offered a chance to obtain a fuller picture of the effectiveness of particular methods. 

In the foreign literature an overwhelming majority of studies devoted to the use of 

ensemble methods for corporate bankruptcy prediction present an attempt at enhancing 

classifiers of the same type. The most common methods comprise: bagging, boosting and 
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random subspaces. The effect of applying these methods is homogeneous ensemble classifiers  

[Fedorova et al. 2013, Kim and Kang 2012]. Examples of using heterogeneous ensembles to 

predict corporate bankruptcy make up a significantly smaller proportion of all the research in 

this field [Xiao et al. 2012, Geng et al. 2015].  

In the Polish literature there are few examples of using ensemble methods to predict 

corporate bankruptcy. In recent years several scientific papers have been published which 

tried to use homogeneous sets of classifiers for corporate bankruptcy prediction where the 

individual classifier was a classification tree [Pawełek and Grochowina 2017a, 2017b, Gąska 

2016]. The use of heterogeneous ensembles of classifiers to predict corporate bankruptcy in 

Poland  was described in an article written by the author of this dissertation [Lach, 2017]. The 

subject of this doctoral dissertation and the extensive research on the effectiveness of 

classifier combination and selection methods fill a gap in the studies on corporate bankruptcy 

prediction in Poland and contribute to the research in this field.  

Considering the aforementioned remarks, the Author formulated the main goal of the 

dissertation and four specific goals. The main goal of the dissertation is to examine the 

effectiveness of combining and selecting classifiers in business bankruptcy prediction in 

Poland.  

The conducted empirical research allowed verification of the main hypothesis of the 

dissertation, which reads as follows:  

H1. Using classifier combination and selection methods improves the accuracy of object 

classification in business bankruptcy prediction.  

In addition to the main hypothesis, the dissertation verified two auxiliary hypotheses : 

H2. Ensemble classifiers based on combination methods are marked with a better ability to 

correctly predict business bankruptcy than ensemble classifiers based on selection 

methods.  

H3. The effectiveness of classifier combination and selection methods depends on the 

number of exogenous variables considered during the formation of classifiers.  

The doctoral dissertation consists of five chapters. The first three chapters are 

theoretical and the remaining chapters present the results of the conducted empirical research. 

The theoretical part defines the notion of corporate bankruptcy, presents its causes and the 

statistical data which describe this phenomenon in Poland, highlighting the changes which 

took place in the bankruptcy law in 2016. The subsequent part shows the problem of 
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classifying multidimensional objects and classification methods applied in corporate 

bankruptcy prediction. Moreover, it draws attention to the evaluation of classification quality 

of the models and reviews the studies on corporate bankruptcy prediction in the Polish and 

foreign literature. The last chapter of the theoretical part presents essential characteristics of 

the working of classifier combination and selection methods. In particular, this fragment 

discusses the methods used for enhancing classifiers of the same type (homogeneous 

ensembles) as well as combined aggregation methods for classifiers of various types 

(heterogeneous ensembles). The last fragment of this chapter also presents an overview of the 

Polish and foreign research on corporate bankruptcy prediction which adopted the ensemble 

approach.  

In the context of the research goals and verification of the hypotheses, a very 

important role is played by the empirical part of the dissertation, included in the last two 

chapters. The empirical research used information on financial condition of 180 joint stock 

companies operating in Poland. These companies conducted business activity in one of the 

three following sectors: construction, wholesale and retail trade, and the processing industry. 

On the basis of the data from annual financial statements, 19 financial indicators were 

selected which would describe possibly in the most comprehensive way financial situation of 

each enterprise examined in the study.  

 The research applied four individual classifiers. These were: linear discriminant 

analysis, logistic regression, random forests and artificial neural networks. Based on them, 

nine ensemble heterogeneous classifiers were built (seven by combination methods and two 

by selection methods). The chosen combined classifiers were the following: a majority vote 

classifier, a summation classifier (including a weighted sum classifier), a multiplicative 

classifier and three classifiers based on positional statistics: the minimum classifier, the 

median classifier, and the maximum classifier). During the formation of combined ensemble 

classifiers the study used the architecture of common features of individual classifiers 

[Krzyśko et al., 2008]. To build selection classifiers the study adopted the approach proposed 

by Kunchevą [2000] – the Clustering and Selection method (CS). The CS method is based on 

determining static regions (observation clusters) within with the objects are similar in terms of 

certain defining features. For this purpose the method of iterative optimisation to divide sets 

of objects was used, i.e. k-means clustering. Each of these regions is assigned an individual 

classifier which in a given region obtained the highest power of correct classification at the 

stage of learning.  
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Most of the analyses performed as part of the conducted research were made with the 

use of a self-developed software application created in the R environment with the graphical 

user interface. The application enabled improving work on the effectiveness of classifier 

combination and selection methods. It can be used for any problem of binary classification of 

objects. The available software and popular statistical packages do not offer tools that could  

directly use classifier combination and selection methods, which was an important reason for 

undertaking work on the Author's IT solution.   

To meet the goals of the dissertation, the fourth chapter of was dedicated to comparing 

the accuracy of predictions obtained for all individual and ensemble classifiers in the training 

and testing sets. The highest level of the global accuracy rate in the training set, indicating a 

proportion of correctly classified objects, was given to two ensemble selection classifiers. In 

the case of testing set objects, the highest prediction validity was also shown for two 

ensemble classifiers: the summation and weighted sum classifiers. Out of individual 

classifiers, the highest forecast accuracy was proved for the artificial neural network and 

random forest.  

The subsequent fragment of the fourth chapter analyses the effect of training and 

testing set sampling on the validity of classification. Multiple draws as well as the formation 

of classifiers enabled comparing the forecast accuracy. Among the training set objects the 

highest forecast accuracy was again scored by the ensemble selection classifier. In the case of 

the testing set objects, the carried out analysis showed that for classifiers built on the basis of 

a selected set of financial indicators, the use of classifier combination and selection did not 

improve forecast accuracy. The highest global accuracy rate out of all the thirteen classifiers 

was obtained for the random forest, which in the study belonged to the group of individual 

classifiers.  

Another stage of the study evaluates the prediction stability of particular classifiers 

and their ability to generalise results. For this purpose, standard deviations of the obtained 

global accuracy rates for 100 draws of the training and testing sets were determined. The 

ability to generalise classifier results was assessed on the basis of a proposed indicator 

measuring a mean deviation of global accuracy rates obtained for the testing set objects from 

the training set objects. The conducted analysis indicated that the highest prediction ability in 

the training and testing sets was obtained by the random forest classifier.  

To find the answer to the question why only in some cases of the draws for training 

and testing sets the use of ensemble classifiers improved prediction accuracy, the last 
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fragment of the fourth chapter was dedicated to examining the effect of a degree of 

compliance of individual classifiers on the effectiveness of combination and selection 

methods. The results of the statistical test showed that a higher proportion of ambiguously 

classified objects by individual classifiers increases the chance of improved forecast accuracy 

through the use of combination or selection methods. The study assumed that an object is 

classified ambiguously if at least one of the individual classifiers indicates its membership in 

a different population than the other classifiers.  

The last, fifth chapter of the dissertation examined the influence of diagnostic variable 

selection on the effectiveness of classifier combination and selection methods in corporate 

bankruptcy prediction. The analysis of the relationships between the number of exogenous 

variables taken into consideration while building classifiers and the effectiveness of 

combination and selection methods constituted one of the specific goal of the dissertation. As 

part of this stage an extensive simulation test was performed, encompassing almost 550 

thousand individual and ensemble classifiers. The formation of classifiers adopted the random 

subspaces method consisting in multiple draws of various sets of exogenous variables for 

each possible number of variables from 2 to 18. 

The results for the training set objects displayed the expected dependence in which 

with an increase in the number of variables, individual and ensemble classifiers obtained 

increasingly high average global accuracy rates. For each possible number of variables the 

highest forecast accuracy was presented by ensemble selection classifiers, which proved the 

results obtained earlier. The results for the testing set objects were equally interesting. The 

average global accuracy rate for all classifiers rose until the number of variables exceeded 6-

8. When the number of variables still rose, most individual and ensemble classifiers were 

marked with an increasingly low ability to classify objects correctly. The only exception was 

the random forest classifier whose average global accuracy rate increased also in the case of 

higher numbers of variables. The random forest was definitely the most effective in corporate 

bankruptcy prediction when the number of variables exceeded 9.   

Comparing the validity of predictions obtained for the examined ensemble classifiers 

in the testing set allowed positive verification of the hypothesis which says that ensemble 

classifiers based on combination methods are marked with a better ability to correctly 

predict corporate bankruptcy than ensemble classifiers based on selection methods    

(H2). For each possible number of variables from 2 to 18, out of all ensemble classifiers, the 

best results were obtained by one of the combination classifiers. The highest scores of the 
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averaged global accuracy rate were obtained by the median, summation and weighted sum 

classifiers. Comparative analysis also showed that applying ensemble classifiers based on 

probability vectors a posteriori (e.g. summation or median classifier) represents a more 

effective method of aggregating classification results than the majority vote method, which 

relies only on indications of object membership in a population.  

In the simulation test, ensemble combination classifiers achieved the highest average 

global accuracy rates out of all the analysed classifiers when they were formed of a smaller 

number of exogenous variables. The results obtained for the analysed method allow positive 

verification of the hypothesis which assumed that the effectiveness of classifier 

combination and selection methods depends on the number of exogenous variables 

considered during classifier formation (H3). It is also confirmed by the frequency analysis 

for classifiers with the highest global accuracy rate in the testing set. In the case of classifiers 

with a small number of variables, for more than a half of the draws in exogenous variable 

sets, the most effective was one of the nine ensemble classifiers. The summation and median 

ensemble classifiers also obtained the highest global accuracy rates for the number of 

variables amounting to 6 and from 8 to 10. Therefore, it needs to be stated that the main 

hypothesis H1, which assumed that classifier combination and selection methods 

improves object forecast accuracy in corporate bankruptcy prediction, was confirmed 

only for classifiers with a small number of exogenous variables. Among the classifiers 

with the number of variables exceeding 8, distinctly the most effective classifier was the 

random forest.  

The final part of the fifth chapter examines to to what was the impact of particular 

financial indicators affect correct classification of enterprises into the population of 

companies with good financial standing or the one exposed to bankruptcy. For this purpose 

the study proposed to create a measure of discriminant power, relying on the results of the 

simulation test. The measure determined for a given financial indicator corresponded to the 

average global accuracy rate for all classifiers with two exogenous variables, one of them 

being that indicator. The highest discriminant power was obtained by the following 

indicators: equity capital / total liabilities, total liabilities / total assets, equity capital / total 

assets and the current ratio.  
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