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Abstract

In machine learning, imbalanced data has been one of the most relevant issue that the
classifiers have to deal with. The most common techniques applied in this scenario are all,
somehow, based on oversampling or under sampling concepts, In the former, the number
of instances of minority classes are, somehow, increased while in the latter, the number
of instances in the majority classes are somehow reduced. By increasing Pre-processing,
approaches as the ones described have been well succeeded in binary classification prob-
lems.However, as the larger the number of classes, less effective the pre-processing ap-
proaches are. Another related problem is that the metrics that evaluate the predictive
performance of the classifiers can be not effective in the presence of imbalanced data. The
metrics used to measure the predictive performance of classifiers, can be divided into three
groups: threshold, ranking and Probabilistic metrics. This paper aimed to purpose a prob-
abilistic metric with the main objective of, given the results of a classifier in a multi-class
domain, verify the relation between these result and the imbalance problem. The main pur-
pose of this work, is to build a probabilistic metric based on non-parametric approaches,
to measure the effect of imbalance feature of dataset in multi-class problems. As part of
the work, a comparison with the existing metrics will be implemented and analyzed, both
to understand the relation between them and to choose the best of them according to each
scenario.
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1. Introduction

Nowadays, the imbalanced problem occurs in many fields, such as finances, manufacture,
health, social media and others. According to Branco et al. (2017), most of the proposal
works with the main purpose of measuring the predictive performance results using a metric,
and most of them are well applied on binary problems(Gu et al., 2009). The scenario is
different with multi-class imbalance problems, where most of the existing metrics tend to
fail or give a not real performance. This domain has receiving more attention in present
times, once the challenge has grown in present times (Wardhani et al., 2019). In terms,
the common methods for imbalanced domain, according to the most recent studies, are
concentrated in two types. The first is focused on improving the classifiers, by trying to
reduce the sensitivity of them when they work with imbalanced data. In general, ensemble
learning (Tian and Wang, 2017) and cost sensitive algorithms (Ling and Sheng, 2010) are
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approaches with the main concern to increase the robustness of the classifier or make the
cost of misclassifying the minority class higher than the majority class Zheng et al. (2020).

In another hand, we have the approaches focused on sampling methods, with two ba-
sic ideas, oversampling and under sampling methods. Methods like Synthetic Minority
Oversampling Technique (SMOTE)(Jeatrakul et al., 2010), Adaptive Synthetic Sampling
(ADASYN), Random under-sampling (RUS), Condensed nearest Neighbor rule + Tomek
links (CNNTL), Class Purity Maximization (CPM), Selective Preprocessing of Imbalanced
Data (SPIDER) and Generative Adversarial Networks (GAN) (Kaur et al., 2017)(Wang
et al., 2022) are examples that combine these methods and that are nowadays commonly
used to deal with imbalance problems. Inside ensemble topics, two ways have been largely
explored: bagging, also known as bootstrap aggregating, and boosting(Wardhani et al.,
2019). The boosting approach has been largely used in present times, being one of the most
successful ensemble approaches to deal with imbalanced data sets. The basic idea of boost-
ing algorithms is to convert the weak learners to strong ones, and increase or improve their
accuracy of prediction (Wang et al., 2006). The motivation scenario is, given a data set, after
applying a classifier Ki and get the vi accuracy, doing it with different classifiers and get-
ting models with possible different values of accuracy, its mean, for {K1,K2, ...,Ki, ...,Km}
where m is the number of classifiers applied resulting in {v1, v2, ..., vi, ..., vm} values of accu-
racy, and assuming that each accuracy value is not equal than the rest, so we have possible
different values of accuracy like vi, vj ∈ V , and vi ̸= vj , and the idea is to use a method to
combine all these models to get the final prediction (Deb et al., 2020).

1.1. Evaluation concerns

After knowing the ways to concern about the imbalanced problem in multi-class domains,
the next step is to evaluate whether the classifier is giving the right results. Predictive
performance evaluation metrics are used to evaluate the classification algorithms. According
to Jason Brownlee (2020), for classification problems, metrics are used to compare the
expected class label to the predicted class label or interpreting the predicted probabilities
of the classes of the problem. About taxonomy, these metrics can be classified into three
groups: Threshold, Ranking and Probabilistic metrics. The first group address to quantify
the error generated by prediction tasks in classifiers. The common threshold metrics are
accuracy given by acc = [Correct predictions]

[Total predictions] , and error metric, wrote by a complement of

accuracy, given by err = [Incorrect predictions]
[Total predictions] . These kinds of metrics, despite being largely

used, are inappropriate for imbalanced domains, once the high accuracy or low error might
be due to the difficulty of the classifier to predict the minority classes, or predict more
the majorities. Threshold metrics, more properly for the imbalanced case, are sensitivity-
specificity and precision-recall, once they focus on each single class (Jason Brownlee, 2020).
Outside the most popular threshold metrics, there are others approaches such as Kappa,
Macro-Average Accuracy, Mean-class-Weighted Accuracy, Optimized precision and many
others from old or recent studies. By another side, the ranking metrics addressed to evaluate
classifiers according to how effective they can target at separating classes. These kinds of
metrics are more useful in situations that the task is to select the best n instances of a
dataset. These metrics are commonly based on Receiver Operating Characteristic (ROC)
ROC AUC (Area under curve) (Prati et al., 2008).
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This research work aims to propose a newly probabilistic metric, to measure the relation
between the imbalanced problem and the performance of the classifiers. This approach
has as main contributions: i) to determinate the effect of the imbalance problem in the
results of the classification methods ii) to give inputs to evaluate the misclassification of
the classifiers, iii)to discuss the way to choose the right evaluation metric according to the
evaluation objective, iv) to provide a framework to apply the datasets and investigate the
imbalanced effects.

2. Evaluation metrics for multi-class imbalanced domain

Evaluation metrics are essential to verify the trust about the classifier results. Accuracy,
confusion matrix, precision, recall, F1 score, sensitivity, specificity, ROC curve and AUC
are the most common metrics used to evaluate the predictive performance of a classifier
(Smola and Vishwanathan, 2010). The accuracy has a simple idea to show how many of the
predictions are done correctly, so, it is given by the number of correct predictions divided
by the number of all predictions done. According to Fatourechi et al. (2008), the choice of
the right evaluation metric is important as well critical, and depends on characteristics of
the application or even on the dataset feature source.

As introduced in section 1, there is a large concern about selecting the best evaluation
metric to use for imbalanced domains, and this concern increase when the task is to deal
with the multi-class imbalanced domain. In fact, in present times, several metrics have
been proposed to apply on this kind of problem (Branco et al., 2017). Choosing the best to
use from three different groups (Threshold, Ranking and Probabilistic) has been part of the
challenge, once, as presented above, they have different perspectives (Japkowicz, 2013). The
point is, in model selection, the classifiers implemented to deal wit multi-class imbalance
domain might have different lowest metrics and no single classifier could dominate others
inside the group of used metrics, according to the idea presented on Mortaz (2020). Once
most of the Threshold and Ranking metrics are based on the confusion matrix, an easier
way to evaluate the classification model is to reduce this matrix into one single numeric
metric (Prati et al., 2008). Thus, the common metrics like accuracy, recall, precision or
F1-score are got based on this idea, and for common metrics used in multi-class imbalanced
cases are not different. The largely used on these cases are Accuracy, F1-score, macro and
weighted average for precision and recall (Mortaz, 2020).

2.1. Probabilistic metrics for multi-class imbalanced problems

The main purpose of probabilistic metrics, is not related to correct or incorrect class pre-
dictions, but on understanding how uncertain is the model in the prediction tasks, giving
hard attention to wrong predictions that are highly confident (Jason Brownlee, 2020). In
fact, this kind of metrics are in general more concerned to measure the reliability of the
classifier, regardless the wrong or right predictions. It is the matter for them, whatever
their actions, to verify whether the classifier is getting the information with a good level of
certainty or not.

In the process of training some models, there are some probabilistic frameworks used in
this process with the main purpose of calibrate their probabilities. The maximum likelihood
estimation is a method largely used for this purpose. According to (Ling and Sheng, 2010)
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to apply this method to calibrate the classifier, allow the construction of confidence intervals
and formal hypothesis testing (Vinayak et al., 2019). It is done in logistic regression, for
example, but it is less common in nonlinear classifiers. For this reason, these classifiers are
the right candidates to be evaluated with Probabilistic metrics (e.g. SVM or KNN).

The log loss is the common probabilistic metric, for binary cases, given by LogLoss =
−((1 − y) ∗ log(1 − p(y)) + y ∗ log(p(yi))), and it is also known in the literature as cross-
entropy in their generalized version, where we can apply for multi-class domain. In fact,
cross-entropy is used to determinate or measure the similarity between two distribution
functions. Considering p(x) and q(x), the cross entropy is given by Equation 1 for X
discrete (only for positive cases), and for continuous Equation, where Dx represent the
domains of both functions 2 (Grandini et al., 2020).

H(p, q) = −
∑
Dx

p(x) log q(x) (1)

H(p, q) = −
∫
Dx

p(x) log q(x) (2)

In multi-class scenarios, it is considered the Y and Ẏ , the actual and the predicted
discrete variables, assuming each k values, with K ∈ {1, 2, 3...k}. Thus, y(i) and ẏ(i) are
obtained from conditioned random variables of Y |X and Ẏ |X, and finally, for multi-class
classification, the cross-validation is given by Equation 3

H(p(yi), p(ẏi)) = −
K∑
k=1

p(Yi = k|Xi) log p(Ẏi = k|Xi) (3)

In another hand, there is also the Matthews Correlation Coefficient (MCC), developed
by Brian W. Matthews, which is based on Karl Pearson’s Coefficient, and the main purpose
is comparing the level of agreement between two variables (true labels and predicted ones).
The MCC, like most of all probabilistic metrics, works in [−1, 1] interval of continuous
and real values, meaning that 1 represent a strong positive correlation between predicted
and true values. For multi-class classification, instead of the binary case, the true and the
predicted values are given by a sum of each class.

MCC =
c× s−

∑
K pk × tk√

(s2 −
∑

k p
2
k) ∗ (s2 −

∑
k t

2
k)

(4)

So, given the multi-class confusion matrix, the MCC metric is given by Equation 4,
where c =

∑
K Ckk is the total of correctly predicted values, s =

∑K
ij Cij is the total of

elements, pk =
∑K

i Cki represent the number of times that class k was predicted (sum
made in column) and tk =

∑
K Cik represent the number of times that class truly occurred

(sum made in row). The MCC is a good indicator for many situations, mainly to indicate
the unbalanced prediction model, but its weakness appear in some cases that there are
unbalanced results in the model’s prediction, where the MCC can show wide fluctuations
(Grandini et al., 2020).
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The other interesting metric on this group is the Cohen’s Kappa, with many MCC
similarities for multi-class cases. The main idea on this approach is to measure the concor-
dance between the predicted and the true labels. In fact, Kappa has been largely used in
classification as a measure of agreement between observed and predicted or inferred classes
of cases in a testing dataset, despite the Delgado and Tibau (2019)’s approach has recom-
mend avoiding use this metric to measure the performance of the classifier. About c, s, pk, tk
parameter, they have the same functions and values described on the MCC topic.

CK =
c× s−

∑
K pk × tk

s2 −
∑

K pk × tk
(5)

3. Material and Methods

3.1. Spearman correlation concepts

The Spearman correlation is defined by a non-parametric measure, with the main purpose
of evaluating how intense is the relation between two groups of variables and how this
intensity can be described as a monotony function. It has, almost, the same idea of Pearson
correlation, but Spearman is for variables represented by ranks. This kind of correlation
works well with continuous, discrete or even ordinal values. Given Xn and Yn, a sample of
size n, these data have been converted by ranks R(Xi) and R(Yi) and get Spearman rs by
Equation 6.

rs = ρR(X), Y (R) =
cov(R(X), R(Y ))

σR(X)σR(Y )
(6)

Where ρ is the Pearson correlation coefficient, cov(R(X), R(Y )) is the covariance but
applied for rank data, σR(X) and σR(Y ) are the standard deviations of the original variables.

On this work we expect to get ranks composed by distinct integers and for this way,
that rs can be computed using the Equation 7, where di is the difference between the two
ranks we need to compare, given by di = R(Xi) −R(Xi)

rs = 1 − 6
∑

d2i
n(n2 − 1)

(7)

In another hand, after we get the Spearman correlation, it is compulsory to test the
evidence, based on the rs value, and check which given hypotheses keep as conclusion. To
do this, it is necessary to do the significance test, or calculate the p − value to decide if
matter the rs information. For this work, two Hypotheses were considered: the H0, or null
hypotheses, which means the imbalance problem does not affect the way classifier works,
and the alternative one HA, which means that imbalance problem affects the classifier
performance.

pvalue = rs

√
n− 2

1 − r2s
(8)
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3.2. Proposed method

The basic idea of the purposed metric of this work is to use a non-parametric concept,
properly the Spearman correlation, to evaluate the imbalanced domains in multi-class cases.
The main concern of this method, is not to score the prediction results of a classifier, or
even determinate its efficiency. The focus on this idea is, given the results of a classifier,
this metric helps to conclude if the predictions (good or not) were affected by the imbalance
problem.

The solution was divided by two parts: The main routine, and inside it the specific
routine to get our probabilistic metric. The first one is illustrated on 1(b) and the second
on 1(a). In the main solution, first we access and read the data folder, and get one by
one to charge inside the data structure. After we apply the pre-processing, where we clean
the dataset (eliminate index column if it exists and convert all non-numeric attribute into
numeric). After, we introduce the selected classifiers to apply each dataset in all of them.
Once we generate the confusion matrix, as well as the accuracy, F1-score and Macro average,
it is time to get the Proposed Metric (PM), and for this it is used the second part of the
solution.

(a) Metric solution (b) General solution

Figure 1: Algorithm of solution

3.3. Datasets

Some datasets were verified, and it was necessary to select them considering different number
of attributes, instances and classes. Most of them are from UCI repository, and some from
previous works about this topic, developed in papers referred to this work. The table 1
shows, in resume, the features of each dataset used during the experiments

In facts, just looking at the parameters, properly the Shannon Entropy test, it is clear
to see that the level of imbalance in a given dataset does not depend on the number of
attributes, classes or instances. Thus, there is no dependency between them or at least is
a weak dependence, in spite of the level of imbalance commonly is big as big is the number
of instances.
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Table 1: Resume of datasets features

Dataset nº Attributes nº Instances nº classes Shannon Entropy

cmc 10 1473 3 0.64
yeast.data 10 1484 10 0.62
reportlost 56 5832 2 0.41
processed.switzerland 14 123 5 0.62
processed.cleveland 14 303 5 0.64
column3C 7 310 3 0.65
floatglass 10 214 6 0.64
zoo 18 101 7 0.66
hayes-roth 6 132 3 0.64

4. Experiments and results

4.1. Preliminary featuring

For these experiments, each dataset was classified by number of attributes, instances and
classes. We use the Shannon Entropy (Galar and Kumar, 2017) to measure how imbalanced
are the data, and further confront this information with results in classifiers. To interpret
the results, based on the PM results and Cross with significance test, they are generated
indicators to inform whether the classifier result is affected by the imbalance problem. The
initials on the test can be interpreted using the Table 2.

Table 2: Indicators to interpret the cross-validation results

Symbol Meaning

e Evidence

ne Not Evidence

me midlle Evidence

mne Middle not Evidence

To run the experiments, we selected two specific groups of classifiers according to their
applicability. On first group we selected of simple classifiers with linear and nonlinear
features, such as KNN, decision tree, Random forest and logistic regression. In another
hand, we select classifiers based on Boosting methods because of their great performance
dealing with multi-class problems and good results for imbalanced domains. Inside boosting
methods, we selected Gradient Boosting and adaboost using the classifiers of first groups
of weak learners.

4.2. Main results

Regarding the results, all algorithms failed the significance test for the ”Report Lost”
dataset. If we look at the dataset summary, we will see that this particular dataset repre-
sents a binary case, and since PM was only built to handle the multi-class case, it cannot
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Table 3: Single classifiers experimental results

Dataset MCC Accuracy TS Significance Conlusion

KNN

cmc 0.35 0.58 0.5 0.67 mne
yeast 0.47 0.59 0.86 0.0 mne
reportlost 0.19 0.65 1.0 n.a n.a
processedswitz 0.36 0.52 0.67 0.22 me
processedClev 0.16 0.56 0.9 0.04 mne
column3C 0.75 0.84 -1.0 0.0 e
floatglass 0.6 0.72 -0.12 0.82 mne
zoo 0.93 0.95 0.0 1.0 ne
hayes 0.36 0.52 0.0 1.0 ne

Decicion tree

cmc 0.26 0.52 0.5 0.67 mne
yeast 0.37 0.5 -0.02 0.95 mne
reportlost 0.16 0.61 1.0 n.a n.a
processedswitz 0.18 0.4 0.67 0.22 mne
processedClev 0.27 0.52 -0.1 0.87 mne
column3C 0.65 0.77 -0.5 0.67 mne
floatglass 0.62 0.72 -0.71 0.12 mne
zoo 0.93 0.95 0.0 1.0 ne
hayes 0.69 0.74 -0.87 0.33 me

Random Forest

cmc 0.29 0.54 0.5 0.67 mne
yeast 0.48 0.59 0.68 0.03 mne
reportlost 0.21 0.65 1.0 n.a n.a
processedswitz 0.06 0.32 0.67 0.22 me
processedClev 0.34 0.62 0.7 0.19 me
column3C 0.74 0.84 -1.0 0.0 e
floatglass 0.67 0.77 -0.54 0.27 mne
zoo 0.93 0.95 0.0 1.0 ne
hayes 0.69 0.74 -0.87 0.33 me

Logistic Regression

cmc 0.24 0.51 0.5 0.67 mne
yeast 0.42 0.55 0.89 0.0 mne
reportlost 0.21 0.65 1.0 n.a n.a
processedswitz 0.24 0.44 0.87 0.05 mne
processedClev 0.37 0.64 0.7 0.19 me
column3C 0.75 0.84 -1.0 0.0 e
floatglass 0.54 0.67 -0.71 0.12 me
zoo 1.0 1.0 n.a n.a me
hayes 0.34 0.41 -0.87 0.33 me
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get any definition in conclusion. Incidentally, it was one of the warnings used in our research
to test the delimitation of the scope of work.

On Table 3, were explored single classifiers (linear and non-linear), to get answer about
the PM metric developed on this work, accuracy as a common Threshold metric, and
MCC. In common, for all datasets we see that the ”e” result is linked with high MCC
coefficient values and all occurrences were with ”columm3C” dataset, and this observation is
complemented with ”ne” result that present also high MCC (and Accuracy) for all situations
and most cases happen with ”hayes” dataset. Another attention is necessary for the ”Zoo”
dataset, because almost all classifiers got the ”ne” result and the numeric metrics value got
little variation during the experiments.

About the effect on the results of classifier, there are many situations classified as middle
(or middle not) evidence, which means that this classifier with the dataset charged, can or
not be affected by the imbalance problem (like 50/50). For singular ones, decision tree did
not get evidence in all cases, so its configure a good candidate to work with more powerful
experiments because this classifier probably is less affected by the imbalanced problem.
Actually, this fact can be verified in Random forest, where we have the large number of
middle not (”mne”) and not(”ne”) evidence. Thus, this behaves can be also verified on Ada
boost method, with decision tree as weak classifier. in another hand, the KNN was the one
with more ”not evidence” and ”middle not evidence” results (Table 3). So it’s mean, for
this preliminary study, the KNN was the one with more ”not evidence” and ”middle not
evidence” results (Table 3). So, for this preliminary study, the KNN might be the classifier
less affected by imbalanced problem (not necessarily with positive or negative score).

4.3. Future Work

Nowadays, we have a large bibliography about methods to deal and evaluate multi-class
imbalanced problems, and PM is one more contribution for this research area. For the
future, we expect to use the PM to evaluate a bigger number of classifiers with high poten-
tial to deal with multi-class imbalance problems, and explore it in more datasets, as well
as develop a comparison study with other probabilistic methods and explore the relation
between them and threshold metrics.

5. Conclusion

On this work, we propose a probabilistic metric (PM) for the multi-class imbalanced domain,
which main concern is to measure the effect of the imbalance in the classifiers’ results. A
brief approach were done in section II to get clear the kind of metrics and challenges about it
that can be used in multi-class imbalanced domains, and more specifically to probabilistic
metrics, which is the main focus of the work. For the experiments, nine datasets from
different areas were selected, and we used to test the effect of the MP in two groups of
classifiers: the singular ones and the Boosting methods. In general, we could observe
that, for imbalanced cases, the threshold metrics are not good to evaluate the prediction
of classifiers, once the results can be strongly affected by the distribution of the classes. In
another hand, MCC showed some relation with PM conclusions.
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Table 4: Boosting classifiers experimental results

Dataset MCC Accuracy PM Significance Conlusion

Gradient Boosting

cmc 0.33 0.56 -0.5 0.67 mne
yeast 0.23 0.4 0.63 0.05 mne
reportlost 0.24 0.66 1.0 n.a n.a
processedswitz -0.16 0.2 0.87 0.05 mne
processedClev 0.2 0.48 -0.3 0.62 mne
column3C 0.72 0.82 -1.0 0.0 e
floatglass 0.62 0.72 -0.75 0.08 me
zoo 0.93 0.95 0.0 1.0 ne
hayes 0.72 0.78 -0.87 0.33 me

ADA+DT

cmc 0.31 0.55 0.5 0.67 mne
yeast 0.25 0.41 0.22 0.54 mne
reportlost 0.22 0.66 1.0 n.a n.a
processedswitz 0.2 0.4 0.3 0.62 mne
processedClev 0.29 0.52 0.1 0.87 mne
column3C 0.44 0.58 0.5 0.67 mne
floatglass 0.11 0.3 0.13 0.8 mne
zoo 0.74 0.81 0.26 0.62 mne
hayes 0.49 0.44 -0.87 0.33 me

ADA+ExtraTree

cmc 0.29 0.54 0.5 0.67 mne
yeast 0.29 0.44 -0.03 0.93 mne
reportlost 0.15 0.61 1.0 n.a n.a
processedswitz 0.03 0.28 0.1 0.87 mne
processedClev 0.27 0.52 -0.1 0.87 mne
column3C 0.46 0.66 -0.5 0.67 mne
floatglass 0.6 0.72 0.31 0.55 mne
zoo 1.0 1.0 n.a n.a n.a
hayes 0.68 0.78 -0.87 0.33 me

ADA+LR

cmc 0.24 0.51 0.5 0.67 mne
yeast 0.06 0.31 0.7 0.02 mne
reportlost 0.21 0.65 1.0 n.a n.a
processedswitz -0.02 0.2 -0.7 0.19 me
processedClev 0.36 0.61 -0.3 0.62 mne
column3C 0.73 0.82 -0.5 0.67 mne
floatglass 0.17 0.42 -0.46 0.35 mne
zoo 0.93 0.95 0.0 1.0 ne
hayes 0.24 0.41 -0.87 0.33 me
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