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Abstract

In many real world data mining prediction tasks, such as the forecast of extremely profitable

stock trading actions, fraud detection in credit card transaction, ecological or meteorological

catastrophes, among others, the phenomenon to predict is described by a specific range of values.

Given the nature of this type of applications, the relevance of the values forecasted may lead

to trigger alarms, preventive measures, among others, involving, inevitably some costs. When

understanding the particularities of this type of applications, one can acknowledge that the target

variable does not have a uniform relevance throughout its domain.

Utility-based mining is a relatively recent approach to learning problems that involve costs and/or

benefits. It has emerged from the already known cost-sensitive learning, as the most close approach

to the representation of real world problems. Most of the work conducted in this area is related to

classification problems. However, we claim that in some of these applications the phenomena to

predict is, in its essence, numeric. This means that the target variable is continuous and, therefore,

the same type of problems can appear in regression.

There are many real world applications in the conditions mentioned above: the stock market

financial prediction is one of such examples. The more relevant values will correspond to the most

extreme and rare price alteration. These subsets of values will be the ones that will potentially

give us the most helpful information.

In this thesis, we study the general problem of regression based on utility. More conventional

regression techniques assume that the relevance of values throughout the objective variable is

uniform and that the magnitude of the predictions error is the only factor related to cost. Along this

study we show that an evaluation based on utilities is more suitable when dealing with regression

tasks where the target variable does not have a uniform relevance. Even though the importance

of phenomena is often related to its rarity, that might not always be the case. For this reason, our

utility approach is based on any continuous relevance function defined to the target variable. We

propose a new evaluation methodology that assesses the utility (cost / benefit) of a prediction for

a given value of the target variable, based on the prediction error and on the relevance of both

predicted and true values.

When the goal is to predict a rare value, there are typically crucial decisions associated to those

predictions (e.g. trading actions, trigger different type of alarms). In such context, it is important
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to evaluate the models for those values that really matter, i.e. those that describe the target rare

event. Moreover, it may be important to evaluate the models from a ranking perspective towards

the target event. For this reason, we also derive utility-based evaluation metrics better designed

to cope with rarity (e.g. precision, recall, Precision-Recall curves). We illustrate the advantage of

using such metrics in the context of two-real world applications.

Finally, we propose ubaRules, a regression rules ensemble system that incorporates a measure

based on utility (derived from the proposed methodology) as a preference criterion in the creation

of models that satisfy the applications’ requirements: we intend to derive precise and interpretable

regression models.



Resumo

Existem muitos problemas de previsão reais em data mining onde o fenómeno a prever é descrito

por um intervalo específico de valores. A previsão de operações no mercado bolsista que originem

lucros avultados, a detecção de fraudes nas transacções de cartões de crédito, antevisão de

catástrofes ecológicas ou meteorológicas, constituem alguns exemplos. Dada a natureza deste

tipo de aplicações, a relevância dos valores previstos pode desencadear o accionamento de alarmes

e / ou medidas preventivas o que, inevitavelmente, envolve custos. Uma das particularidades deste

tipo de aplicações tem a ver com o facto da variável objectivo não possuir uma relevância uniforme

ao longo de todo o seu domínio.

Utility-based mining é uma abordagem relativamente recente a problemas de aprendizagem

envolvendo custos e/ou benefícios. Tendo por base a aprendizagem sensível ao custo, esta

abordagem surge como uma evolução, fazendo uma representação mais real do problema. A maior

parte do trabalho feito nesta área está relacionado com problemas de classificação. No entanto,

em algumas destas aplicações, o fenómeno a prever é, na sua essência, numérico. Isto quer dizer

que a variável objectivo é contínua e, portanto, o mesmo tipo de problemas pode surgir também

no contexto da regressão. Existem muitos exemplos reais de aplicações nestas condições, tais como

a previsão no mercado bolsista. Neste caso, os valores mais relevantes correspondem às variações

de preços mais raras e também mais extremas. Estes subconjuntos de valores serão aqueles que

potencialmente nos fornecerão a informação mais útil. É portanto sobre este conjunto de valores

que interessa obter previsões precisas.

Nesta tese, estudamos o problema da regressão baseado na utilidade. Técnicas convencionais de

regressão assumem que a relevância dos valores ao longo da variável objectivo é uniforme e que

a magnitude do erro de previsão é o único factor associado ao custo. Ao longo deste estudo,

mostramos que a avaliação baseada na utilidade é mais adequada quando se trata de tarefas de

regressão, onde a variável objectivo não tem uma relevância uniforme. Ainda que a importância do

fenómeno seja, tipicamente, associada á sua raridade, nem sempre isso acontece. Por esta razão,

a nossa abordagem de utilidade é baseada numa qualquer função contínua de relevância definida

para a variável objectivo. Propomos uma nova metodologia de avaliação, que afere a utilidade

(custo/benefício) de uma previsão para um dado valor da variável objectivo, baseada no erro de

previsão e na relevância dos valores previstos e dos valores verdadeiros.

No contexto da previsão de valores raros, existem, tipicamente, decisões importantes associadas a

essas previsões (e.g. acções de compra e venda no mercado bolsista accionam diferentes tipos de



viii

alarme). Neste sentido, é importante avaliar os modelos para os valores que realmente interessam,

isto é, aqueles que descrevem o evento raro da variável objectivo. Para além disso, pode existir

o interesse de avaliar os modelos numa perspectiva de ranking em relação ao evento objectivo,

para uma selecção mais adequada dos modelos. Por esta razão, derivamos métricas de avaliação

baseadas na utilidade que constituem uma adaptação das métricas mais adequadas à raridade

(e.g. precision, recall, Precision-Recall curves). Ilustramos a vantagem de usar essas métricas no

contexto de duas aplicações do mundo real.

Por fim, propomos um sistema de regras de regressão conjugadas que incorpora uma medida

baseada na utilidade (derivad da metodologia proposta) como critério preferencial para modelos

que satisfazem os requisitos da aplicação: tencionamos derivar modelos de regressão precisos e

interpretáveis.
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Introduction

"No sensible decision can be made any longer without

taking into account not only the world as it is,

but the world as it will be ..."

Isaac Asimov (1920 - 1992)

In our everyday life most of our actions are ruled by decisions we consider useful for us. Our

objective is to make the best decisions so that we achieve the maximum utility at the end of

a day, a week, a month and so on. If we think of a large-scale problem, the objective remains

the same: choose the proper decisions to maximize the utility, but the risk we incur becomes

higher. Considerable profits or benefits can be achieved, but also serious or costly consequences.

For these more complex scenarios, models are built based on previous experience, being aware

of costs/benefits involved on a decision. With these models we then make predictions about the

"best" decision to take. Our final decision should be the one which is predicted to lead to the

maximum utility value, among all possible predictions.

This thesis studies the problem of Utility-based Regression. Our target problem is to predict the

value of a continuous variable based on its relationship with a set of variables, maximizing some

utility metric.

In this first chapter, we introduce the problem in the field of Knowledge Discovery research. We

also indicate our main motivations and contributions.

1.1 Knowledge Discovery and Data Mining

Data is everywhere in our life and storing it has always been a concern. One of the main reasons to

do so was to eventually extract potential interesting information from it using it in an advantageous

way. To acquire knowledge from data, there are two major types of learning techniques:



2 CONTEXT AND DEFINITION OF THE PROBLEM

• Supervised learning : the objective is to learn a model from the given observations which

describe the causal relationship between a target variable - called dependent variable - and

a set of variables - called the independent variables; classification, regression and time series

are three of the most well-known predictive tasks;

• Unsupervised learning : the objective is to learn a model which describes a set of patterns

found in the given observations; clustering and association rules are two examples of such

descriptive techniques.

Over the last decade, as the volume of the data collected by organizations on their activity grows,

data mining became very popular. The data mining task comprehends the process of data analysis

and the usage of learning techniques that yield to the discovery of knowledge in the data. The

data mining process culminates on the generation of a model/theory which may describe a pattern

or a causal relationship which should produce useful outputs when applied to new data, from the

perspective of the end-user of the data mining application.

Data mining is currently used in many application areas. Banking, insurance, sales departments

of companies and medicine, are some of the areas which commonly use it. Banks and insurance

companies use data mining techniques as a decision support tool for small credit loans or insurance

contracts approvals, thus aiming to reduce their costs. Through data mining is also possible to

perform customer segmentation, a valuable information for any marketing department of a company

to increase the sales. Medical research institutions frequently use data mining to develop their tests

on medication effects.

Nevertheless, data mining tasks are not always about learning what is standard and common. Many

applications have emerged in areas where what is really interesting for the end-user is to capture

and to understand what is anomalous or, at least, surprising (e.g. finance, fraud, security, ecology,

meteorology). In fact, reality is not perfect, quite on the contrary, it is full of exceptions and results

from multiple external factors, which prevents it from being easily described by any mathematical

model. These application areas bring new challenges to the standard learning techniques, namely

regarding the standard evaluation measures used by them.

1.2 Context and Definition of The Problem

This thesis is focused on a special type of applications: data mining tasks where the main goal is

the predictive performance on a subset of values of a continuous target variable. Many real-world

applications from several scientific areas share this objective. This is the case of the prediction



MOTIVATION AND MAIN CONTRIBUTIONS 3

of highly profitable trading actions, big credit card transactions, ecological/meteorological

catastrophes, among others.

Given the nature of this type of applications, the relevance of the values within specific ranges of

the continuous target variable often imply costly decisions. The anticipation of critical phenomena

in such domains can, for instance, trigger preventive actions and thus, is considered of high

importance.

Cost-sensitive learning (e.g. Domingos (1999); Elkan (2001); Zadrozny et al. (2006)) is a

key technique for addressing many real world data mining applications, which have similar

characteristics. However, most of the work done using these techniques, is focused on classification

problems.

Here, we are specially interested in those applications where the phenomenon to predict is

essentially numeric. This means that the target variable we aim at predicting is continuous and,

thus, our focus is on regression problems.

The prediction of stock market returns is one of the examples we can find in finance. In this case,

the target of prediction is a numerical value. Moreover, the more relevant values are the extreme

ones which are also the most unusual ones. In fact, as it will be further shown, this is a quite

common association: rarity and high relevance values. Nevertheless, it should be remarked that

though it is a frequently observed association, rarity and relevance have no fixed relationship.

1.3 Motivation and Main Contributions

In this thesis, our main goal is to address a particular class of regression tasks. The peculiarity

of these tasks is the existence of differentiated costs/benefits associated with the predictions made

across the domain of the target variable.

Traditionally, it is assumed that in regression the determinant factor to express the quality of

a prediction is the magnitude of the errors. One of the main claims of this thesis is that this

assumption leads to sub-optimal results in our target applications.

The current state of the art on cost-sensitive learning, which more recently evolved to utility-based

mining, is focused on classification tasks. However, the same type of cost-sensitive applications can

appear in regression tasks. Providing a way of addressing them through concepts of utility-based

mining is the main objective of this thesis.
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Handling cost-sensitive applications has lead to two main approaches: a) developing new learning

algorithms; b) re-sampling the available data in order to make the problem treatable by existing

algorithms. In this thesis we have followed the first path, that we think is more in accordance

with cost-sensitive principles. This type of approach requires the development of new evaluation

metrics that are to be optimized by the new learning methods.

Our work has lead to the following five main contributions:

i. increase the consciousness of the data mining research community for these type of

applications and in general to cost-sensitive regression;

ii. explain why the standard regression evaluation metrics are not effective in this context;

iii. propose a new evaluation methodology based on the concept of utility that addresses the

prediction of a continuous variable with non-uniform costs/benefits along its domain;

iv. based on the utility formulation, derive concepts related to the analysis of precision and recall

in regression; moreover, show how we can extend ROC analysis or Precision-Recall Curves

to regression;

v. finally, present a new learning system which uses the previously proposed evaluation metrics

as preference criteria to build models biased towards the objectives of our target applications;

the system was designed to produce accurate and interpretable models.

1.4 Organization of the Thesis

The thesis is structured in seven chapters outlined below.

Chapter 1 - Introduction

In the present chapter, we have described the problems addressed in this thesis in the context of

knowledge discovery from data. Main motivations, challenges and contributions of our work were

also outlined.

Chapter 2 - Utility-based Mining

In the next chapter, we give a small survey on utility-based mining. We analyze it from a broader

perspective. We discuss aspects such as cost-sensitive learning, outlier mining and highly skew class

distribution problems. These are all problems related to the proposals presented in the remaining

of the thesis.
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Chapter 3 - Utility-based Regression

In Chapter 3, we introduce our proposal of utility-based regression. We motivate the need for this

new evaluation methodology as a fulfillment of some real-world applications requirements. At the

end of the chapter, we provide an application problem to better illustrate the advantages of our

proposal in comparison to standard evaluation measures.

Chapter 4 - Prediction of Rare Values in Regression

In Chapter 4, we use some of the concepts defined on Chapter 3 to map the concepts of precision

and recall into a regression context. These are key concepts to address prediction problems where

the target is accuracy on rare events. From these concepts we show how to derive ROC and

Precision-Recall graphs. Again, we end this chapter by giving a small illustrative example.

Chapter 5 - ubaRules: Utility-based Regression Rule Ensembles

In Chapter 5, we present ubaRules, an utility-based regression rules learner. The goal of this

system is to give accurate and interpretable predictions for our target applications, by applying the

evaluation measures presented in Chapters 3 and 4. Each of the techniques used in the construction

of this system is described in detail.

Chapter 6 - Empirical Analysis of ubaRules

In Chapter 6, we describe the experimental evaluation of ubaRules on several problems.

Chapter 7 - Conclusions

Chapter 7 concludes the thesis. We summarize what motivated us and the contributions achieved.

We end up by giving some further research directions.

1.5 Bibliographic Note

Some of the work described in this thesis has been published elsewhere. The following list gives a

short reference to these publications.

• Chapter 3:

– Ribeiro, R. P. and Torgo, L. (2008b). Utility-based performance measures for regression.

In et al, K. W., editor, The 3rd Workshop on Evaluation Methods for Machine Learning.

held in the context of the 25th International Conference of Machine Learning (ICML ’

08)
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editor, PKDD’07: Proceedings of 11th European Conference on Principles and Practice

of Knowledge Discovery in Databases, volume 4701 of LNCS, pages 597–604. Springer

• Chapter 4:

– Torgo, L. and Ribeiro, R. P. (2009). Precision and recall in regression. In Gama, J.,

Costa, V. S., Jorge, A. M., and Brazdil, P., editors, DS’09: 12th International Conference

on Discovery Science, volume 5808 of LNCS, pages 332–346. Springer

– Ribeiro, R. P. and Torgo, L. (2008a). A comparative study on predicting algae blooms

in douro river, portugal. Ecological Modelling, 212(1-2):86–91. Selected Papers from the

5th European Conference on Ecological Modelling. Elsevier
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Utility-based Mining

Utility

"that property in any object, whereby it tends

to produce benefit, advantage, pleasure, good, or happiness...or

...to prevent the happening of mischief, pain, evil, or unhappiness"

Jeremy Bentham (1748 - 1832)

The term utility was first used in complexity economics to represent the benefits arising from the

consumption of goods or services in a economy. Recent studies within data mining have found this

to be also applicable to the data mining process. In all stages of this process (e.g. data acquisition,

data modelling, model application), there is an utility factor involved, which will end by having

an impact in the final utility of the results. The main principle of Utility-based Data Mining is

to maximize the expected utility associated to the entire data mining process by improving the

utility results in one or more of these stages.

In this chapter, we give a brief overview of the research carried out around Utility-based Data

Mining, focusing particularly on the data modelling stage. We present some main applications and

techniques of this area. We also give some insights on how the concept of utility is extendable to

many current fields of research.

2.1 Introduction

The study of many real-world applications by the data mining community, and the recent

interest in tasks involving the prediction of important phenomena (e.g. ecological/meteorological

catastrophes, frauds, network intrusions, stock market forecast), made clear that real-life is, in

fact, full of non-uniform costs.

The importance assigned to a phenomenon can arise from any application-specific feature. It can

be due to its profitability, rarity or even for its catastrophic consequences. Whatever is the case, it
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is essential to notice that decisions based upon standard models’ predictions may no longer be the

optimal ones. The predictions should lead to decisions that optimize a domain-appropriate metric.

Thus, selecting the most appropriate performance measures is application dependent.

Utility Based Data Mining (UBDM), as it is presented by Weiss et al. (2005, 2008); Zadrozny

et al. (2006), addresses this challenge by considering utility as a new general metric to maximize.

The utility should be defined according to the application problem specifications. The concept -

originally employed in economics - comprehends both benefits and costs (negative benefits).

Utility-based research covers a set of wide techniques in data mining, namely, cost sensitive learning,

detection of rare events (e.g. catastrophes), prediction of rare events, i.e. events which are rare but

for which there is some supervised information about them (e.g. credit card or telecommunication

fraud), the detection of new type of events through anomaly detection (e.g new network intrusions),

association rules to discover new relationships, and so on.

Depending on the application, outliers can be specially meaningful values and its detection may

be considered of high utility. Our work focus on this type of applications in which outliers, or

some other special subset of values, may be of major importance and, therefore, in this context,

so the cost-sensitive techniques assume equal relevance. Our objective is to provide a solution

for regression domains based on related work existing for classification domains. For this reason,

on this chapter, we will start by explaining how cost-sensitive learning has evolved to utility-

based learning. Afterwards, we present a brief survey on methods of outlier detection. Due to

space limitations, and as these areas are still an active line of research, we are confining to those

techniques which are related at some point to our work.

2.2 Background in Cost-Sensitive Learning

In data mining we can identify several types of costs: misclassification costs, data acquisition

costs, computation costs and more. In many real world applications, the misclassification costs

are the most important ones. This is the case of medical diagnoses, drug prescription to a patient,

business management decision (e.g. retain versus production), targeted marketing, credit approval,

prediction of highly profitable trading actions in stock markets, detection of fraud or intrusion in

a network, or even the prediction of ecological or meteorological catastrophes, among others. For

this type of applications, the goal of the prediction task is to minimize the total cost, noting that

not all the misclassified examples have the same cost, as assumed for most standard classification

algorithms.
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For instance, in credit card fraud detection, missing a fraud is probably more expensive then

issuing a false alarm. Moreover, in this particular application, the fraudulent cases are less then

the non-fraudulent ones. For these reasons, it will not be wise to evaluate models for this task

under a cost-insensitive assumption, which associates the same cost to all the cases. For this

concrete case, as for many other real-world applications, the class distributions of data are highly

imbalanced - a fraud is, hopefully, a rare case. Cost-sensitive learning by handling of classification

errors differently is also a common approach to solve the class imbalanced problem.

Regarding classification, and according to Zadrozny (2003) and Ling and Sheng (2010), there are

three main approaches to handle non-uniform costs:

• cost-sensitive learning by expected cost minimization: associates costs to the

classification errors and minimize the expected cost through the classifier learning method;

• cost-sensitive learning by example weighting: modifies the example distribution of the

data set before applying the classifier learning method;

• cost-sensitive classifiers: adapts the standard classifier learning methods to make them

cost-sensitive.

We briefly describe these approaches next.

2.2.1 Cost-sensitive Learning by Expected Cost Minimization

In a classification prediction task, we are given a set of observations DS, which we call training set,

of the form ⟨x, y⟩ where x is a feature vector composed by the predictor (independent) variables

and y is a class label of the target (dependent) variable. The target is known to be described by

f : X → Y, where X is the feature space and Y is the class label space. The goal of a classifier is

to learn the best approximation to f , by optimizing some preference criterion and obtaining the

model f̂Ω with a set of parameters designated by Ω.

In "standard" classification the objective is the minimization of the expected error rate.

Definition 2.1 (Error Rate). The expected error rate of a classifier f̂Ω with respect to a set of

instances ⟨x, y⟩ ∈ X × Y drawn from a distribution D is defined as

EER(f̂Ω, D) := E⟨x,y⟩∼D [I(f̂Ω(x) ̸= y)] (2.1)

where I is an indicator function that returns the value 1 in case its argument is true and 0 otherwise.
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Established this preference criterion, the optimal prediction ŷ ∈ Y for a given example x ∈ X is

determined by the classifier according to Equation 2.2.

ŷ = argmin
y ∈ Y

EER(f̂Ω, ⟨x, y⟩) (2.2)

This traditional formulation assumes that all the errors have the same cost, which as we have

mentioned is not the case for many real-world applications. To address such situations the cost-

sensitive meta-learning methods are the most commonly used algorithms. These methods are

wrappers that convert a cost-insensitive learning technique into a cost-sensitive one, without

modifying it. Through the cost matrix formulation, described by Domingos (1999) and Elkan

(2001), one can incorporate the domain knowledge by associating costs to all possible classification

scenarios.

Definition 2.2 (Cost Matrix). Let C := [cij ] be a n× n cost matrix, where n is the number of

classes existing in Y. The value cij represents the cost of classifying an instance of true class j as

class i. The structure of the cost matrix is such that,

cij =

0, if i = j;

> cii, otherwise.
(2.3)

The entries in the cost matrix for the accurate predictions should have no cost (i.e. be equal to

zero). The remaining entries express the costs associated to misclassifications and, thus should be

a positive value.

Typically, costs are associated with decision-making problems (e.g. is the transaction a fraud?; is

the patient sick?). According to the answer (e.g. yes or no) actions will be triggered. If we consider

a cost-sensitive binary decision-making problem, the costs can be specified through a cost matrix

as the one shown on Table 2.1. In this case, each instance of the problem is mapped to only one

element of the set {yes, no}, - {1, 0} in a binary notation - meaning that it is classified as positive

or negative.

Table 2.1: A cost matrix for a binary classification problem.

2-class Cost Matrix

True
Negative Positive

Predicted Negative c00 c01

Positive c10 c11
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Whatever is the number of classes, within this costs setting, the objective is to minimize the

expected cost of the classifier.

Definition 2.3 (Classification Cost). The expected classification cost of a classifier f̂Ω with

respect to a set of instances ⟨x, y⟩ ∈ X × Y, drawn from a distribution D, is defined as

EC(f̂Ω, D) := E⟨x,y⟩∼D [cf̂Ω(x),y] (2.4)

where C = [cij ] is the cost matrix.

MetaCost (Domingos, 1999) is a largely known cost-sensitive meta learning algorithm that uses

the Bayes risk theory. Assuming that we have the probability of each class y, for each example x,

that is P (y|x), then the Bayes optimal prediction for x is ŷ, the class with the lower expected cost

(cf. Equation 2.6), i.e. with the minimum conditional risk R (cf. Equation 2.5).

R(x, y′) =
∑

y ∈ Y
P (y|x) · cy′,y (2.5)

ŷ = argmin
y ∈ Y

R(x, y) (2.6)

This algorithm is included in a set of algorithms which use Bayes risk theory and require the

classifier to output class membership probabilities to assign each example to the class with the

lowest expected cost. Nevertheless, this type of algorithm implies that the costs assigned to the

classification errors and the class distribution are previously known. In fact, this is not usually

the case, and in those situations both costs and class membership probabilities must be estimated

and thresholds need to be established over these estimates in order to predict the class labels of

the examples. In this sense, the accuracy of the classifier is very dependent on the "quality" of the

estimates for the class membership probabilities.

According to researchers, though cost is the concept more traditionally used in cost-sensitive

learning, the impact of a prediction should not be restricted to it. Besides implying no cost,

accurate predictions may result in possible profit / benefit and thus should not be neglected.

Benefits are considered a more natural baseline from where to measure all the benefits, whether

positive or negative (commonly seen as costs). Benefits are, in fact, utility values expressed in

some unit.

Elkan (2001) proposed a benefit matrix formulation where the costs are measured against a fixed

baseline of benefit as it appears more natural for some domains. A benefit matrix obeys to the

following formulation.
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Definition 2.4 (Benefit Matrix). Let B := [bij ] be a n × m benefit matrix, where n is the

number of classes existing in Y. The value bij represents the benefit of classifying an instance of

true class j as class i. The structure of the benefit matrix is such that

bij =

≥ 0, if i = j;

< 0, otherwise.
(2.7)

The benefit matrix is an extension to the cost matrix, in the way that its entries can have either

positive or negative values. Furthermore, the diagonal elements of the matrix, representing the

accurate predictions, should have non-negative values. The remaining elements of the matrix,

representing opportunity costs (i.e. loss benefits) or false alarms, should have negative values.

In this context, a new objective was established in cost-sensitive learning, that is, maximizing the

expected benefit. (cf. Equation 2.8).

Definition 2.5 (Expected Benefit). The expected classification benefit of a classifier f̂Ω with

respect to a set of instances ⟨x, y⟩ ∈ X × Y drawn from a distribution D is defined as

EB(f̂Ω, D) := E⟨x,y⟩∼D [bf̂Ω(x),y] (2.8)

where B = [bij ] is the benefit matrix.

The approaches referred until now assume that the costs are fixed, i.e. they only depend on

the predicted and actual classes. Nonetheless, besides being difficult to determine the exact

misclassification costs, studies in cost-sensitive learning (e.g. Elkan, 2001; Zadrozny and Elkan,

2001), argued that in real-world scenarios, costs should be example dependent. Consider the

examples of credit card fraud detection and one-to-one marketing for donations. The amounts

involved in both applications will affect significantly the costs in the first domain or the benefits

of the second case.

To better illustrate this new formulation, Elkan (2001) described a simple example of a benefit

matrix which we reproduce here in the Example 2.1.

Example 2.1. A benefit matrix: credit card transactions

Consider the credit card transactions domain. Table 2.2 expresses the benefit of a transaction as

a function of the true type of the transaction, the predicted type of transaction by the bank and,
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finally, the amount of the transaction (x) itself. The rationality behind this has to do with the

costs/benefits for the bank after its prediction. The best scenario occurs when the bank approves a

legitimate transaction, obtaining a profit of 2% of it. On the other hand, if it approves a fraudulent

one, it looses all the money involved on it. The last two scenarios have non-trivial costs: if it refuses

a legitimate transaction, it annoys the customer; if it refuses a fraudulent one it benefits, since it

prevents a fraud. With this example, it is simple to realize that the cost or the benefit may not be

constant, and may be distinct for different examples. In effect, according to Zadrozny and Elkan

(2001), this example-dependent benefit property is what makes possible to achieve a good decision

making. There is no constant c that maximizes the benefit for all x.

Table 2.2: A benefit matrix for credit card transactions.

Credit Card Fraud

Action
refuse approve

Expected fraudulent $20 -x
legitimate -$20 0.02x

If the learning technique fails to consider the negative benefits (costs), it will lead to models

performing poorly. At the same time, if the models are too conservative to avoid approving

fraudulent transactions, then there is a high risk of generating models that are almost useless as

they will obtain very poor benefits. In this sense, it is said that the models have large opportunity

costs.

In this scenario, another problem formulation is proposed in cost-sensitive learning, which is to

maximize the example-dependent benefits (cf. Equation 2.9).

Definition 2.6 (Expected Example-dependent Benefit). The expected classification

example-based benefit of a classifier f̂Ω with respect to a set of instances ⟨x, y⟩ ∈ X × Y drawn

from a distribution D is defined as

EBx(f̂Ω, D) := E⟨x,y⟩∼D [B(x, bxf̂Ω(x),y)] (2.9)

where B : X ×R → R is the function that calculates the benefit of a prediction with respect to an

example x and a benefit matrix Bx := [bxij ].

Following this criterion, the optimal prediction ŷ ∈ Y for an example x ∈ X is obtained as

presented in Equation 2.10.
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ŷ = argmax
y ∈ Y

EBx(f̂Ω, ⟨x, y⟩) (2.10)

2.2.2 Cost-sensitive Learning by Example Weighting

There are several ways of introducing utility in machine learning and doing it through the

assignment of costs/benefits to classification errors is just one of them as referred by Abe (2005).

In effect, all the approaches we have referred in the previous section, are applicable only if all the

costs/benefits are known or possible to estimate. But there are many real-life applications where

such task is not trivial.

In the approach described in this section, the conversion of classifier learning into a cost-sensitive

algorithms is based on cost-proportionate weighting of the training examples, which can be realized

either by feeding the weights to the classification algorithm, as often done in boosting (Freund and

Schapire, 1997), or by careful sub-sampling. It is a more general approach as it does not require

accurate probability estimates and can be combined with any existing learners.

For 2-class problems, Zadrozny et al. (2003) proposed the importance weighted classification, where

each example is given a non-negative weight c that specifies the extra cost acquired in case of being

misclassified. Instead of minimizing the error rate weighing all misclassifications under the same

cost assumption, the objective is now to minimize the expected cost of the weighted classification.

Definition 2.7 (Weighted Classification Cost). The expected weighted classification cost of

a classifier f̂Ω with respect to a set of instances (x, y, c) ∈ X × Y × C, where C ⊂ [0,∞[ is the

importance or extra cost associated with a wrong classification to each instance, drawn from a

distribution D is defined as

EWC(f̂Ω, D) := E(x,y,c)∼D [cI(f̂Ω(x) ̸= y)] (2.11)

where I is an indicator function.

This formulation of cost-sensitive learning in terms of one number per example is more general

than cost matrix formulations which are more typical in cost-sensitive learning, when the output

space is binary. On those situations, the only considered costs are true positives, false positives,

true negatives and false negatives, i.e. the four possible outcomes of the cost matrix. This setting

is more general in the sense that the importance may vary on a example-by-example basis. For

a benefit setting, we can define the importance as the difference between classifying the example

correctly and incorrectly. In that context, the objective changes to maximize the expected benefit

and the same theory applies.
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2.2.3 Cost-sensitive Classifiers

We can make classifiers cost-sensitive by changing their learning process so that they take in

consideration the costs. There is a variety of learning methods where this technique has been

applied.

The cost-sensitive decision trees proposed by Ling et al. (2004) use the misclassification costs in

the split criterion. Some research has also been conducted over other learning techniques such as

neural networks (e.g. Liu, 2006) and support vector machines (Yuanhong et al., 2009, e.g.), in order

to make them cost-sensitive. Later, in this chapter, we will describe more cost-sensitive classifiers

in detail.

2.3 Detection of Rare Cases

In several applications, rare events are often the more interesting ones from the knowledge discovery

perspective. The occurrence of such events is registered by a small set of observations called outliers,

which are significantly different from the rest of the observations in the data set.

Outliers are frequently seen as potential indicators of numerous critical situations such as fraudulent

transactions, highly profitable stock market actions, ecological/meteorological catastrophes (e.g.

flooding, natural fires, hurricanes), atypical disease symptoms and its possible spread, and

identification of strange objects in surveillance systems. In this sense, the detection of outliers

can lead to the discovery of unexpected, interesting and useful knowledge. From this perspective,

outliers are points of high utility value.

2.3.1 Problem Definition and Challenges

The concept of outlier goes back to the origins of data analysis. The primary definition of outlier

was given by Hawkins (1980),

Definition 2.8 (Outlier - I). Outlier is "an observation which deviates so much from other

observations as to arouse suspicions that it was generated by a different mechanism".

Later, another definition of outlier was given by Barnett and Lewis (1994), which is also commonly

used,
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Definition 2.9 (Outlier - II). Outlier is "an observation (or subset of observations) which

appears to be inconsistent with the reminder of that set of data".

Initially, the identification of outliers had as only purpose data cleaning since they were considered

errors. In this sense and not to wrongly influence the posterior statistical analysis, they were

corrected or just expunged. Presently, researchers are also interested in understanding the

"different mechanism" that is behind them. But, none of the above perspectives is wrong and

it will always be hard to tell if a given outlier was originated unintentionally - representing an

error, noise in the data - or intentionally - representing an unusual value originated from a natural

variation of the population (cf. Figure 2.1). Either way, the identification of outliers is an important

step in data analysis.

Figure 2.1: Is the Outlier a liar?

The importance of outlier detection is related to the fact they can represent critical information,

which can trigger preventive or corrective actions in a large set of applications.

Outlier mining is an established data mining task and active line of research. It has two main

objectives: defining the concept of outlier; and finding efficient methods to detect them. Even

though it can appear as a common data mining task, there are several factors (Chandola et al.,

2009) that make this task more challenging, namely:

• it is hard to define every possible "normal" behaviour;

• the boundary between normal and a outlying behaviour is often not precise;

• there is no such outlier general definition, as the exact notion of outlier varies according to

the application domain;

• it is difficult to distinguish real meaningful outliers from simple random noise in data;
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• in many applications, the outlier behaviour evolves with time;

• in many cases, outliers are the result of malicious actions, which try to make the outliers

appear as normal situations and thus difficult their detection;

• there is an inherent lack of known labeled outliers, which adds more complexity to the outlier

detection tasks.

Due to the above difficulties, the existing outlier detection techniques approach the problem by

making assumptions on the type of target outliers, the kind of output required, and the nature of

the data set.

Chandola et al. (2009) identified three types of outliers.

Definition 2.10 (Point Outlier). Given a set of data instances, an instance is a point outlier if

individually or in small groups is very different from the rest of the instances.

Credit card abnormal transactions of huge amounts are examples of point outliers.

Definition 2.11 (Contextual Outlier). Given a set of data instances, an instance is a contextual

outlier if when considered within a context is very different from the rest of the instances.

A temperature of 40◦ during winter time in Portugal is a contextual outlier, as it depends on the

context where it is inserted, in this case: winter and Portugal.

Definition 2.12 (Collective Outlier). Given a set of data instances, an instance is a collective

outlier if, even though individually may not be an outlier, inspected in conjunction with related

instances and with respect to the entire data set is an outlier.

The output of a human electrocardiogram is presented in some works (e.g. Chandola et al., 2009),

as an example of collective outliers. The electrocardiograms have several flat lines, which can

appear both at normal and outlier regions, the difference is that the later ones last longer. So, in

order to detect abnormal behaviours it is necessary to analyse the entire electrocardiogram and

thus, if there are outliers they are collective.

In what concerns the expected output from the outlier detection, two results can be returned with

respect to a data point: a binary value stating if it is an outlier or not; a score, which indicates

the degree of outlyingness of that point when compared to the rest of the points.

Regarding the number of attributes, outliers can be described by one attribute, in which case are

called univariate, or described by a set of attributes, in which case are called multivariate, making

its detection more complex.

Similarly to other learning tasks, outlier detection techniques can be divided in three main groups,

as follows:
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• Supervised learning approaches: require a data set with instances labeled as normal or outlier

to then learn a 2-class model. Real life applications with all instances labelled are not easy

to obtain and, moreover new outliers can always appear, different from the ones present in

the data set.

• Unsupervised learning approaches: are able to identify outliers in non-labeled data set, using

several techniques for that; these techniques are more general than the supervised approaches,

as the non-labeled data is easier to obtain; for this reason it has been the area more extensively

researched in the context of outlier detection.

• Semi-supervised approaches: in this technique we have both non-labeled and labelled

instances of normal and outliers. The are several methods used to learn to detect outliers from

this type of data. One of the used methods, requires that the normal instances are labeled

during the modelling phase so that normality boundaries can be learned; every instance that

does not fit the model is considered an outlier; while it is not required to get outlier labeled

instances, getting a set of normal labeled instances is not easy for a real-life application.

The type of data set also determines the detection technique to use. High dimensional data sets

pose computational efficiency issues. Complex data sets like sequence data, spatial data, streams,

spatial-temporal and so on, require special techniques to be used.

In the following subsections, we briefly describe different outlier detection methods, for supervised

and unsupervised learning methods, their application contexts and limitations. As we will see, each

method defines its own outlier concept according to its detection technique, but they all express,

essentially, the same concept presented in the Definitions 2.8 and 2.9.

2.3.2 Supervised Approaches

Supervised outlier detection techniques assume the existence of historical information on all the

normal and outlier instances from where predictive models for outliers can be built. Most of the

work regarding this area focus on classification tasks and, in particular, on binary classification as

it considers only two classes: normal and outlier.

By the implicit definition of outlier, these classification tasks have an imbalanced class distribution,

a well known problem and subject of research (e.g. Chawla, 2005; Kotsiantis et al., 2006; Kubat

and Matwin, 1997). The instances with outlier class label are rare and, thus, far less frequent than

the instances with the normal class label.
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Learning algorithms that do not consider class-imbalance tend to be overwhelmed by the major

class and ignore the minor one (Chawla, 2005). But, to the minority class, higher costs are typically

assigned and, to be effective, the classifier must not neglect the performance on this minority class.

Within the set of applications with imbalanced class distribution, the subset of problems with

a very high skew in the distribution is usually associated with domains with marked differences

in terms of utility of the predictions. On these problems the rare classes usually describe the

occurrence of rare phenomena. Examples of these problems include: prediction of fraudulent

transactions (e.g. credit cards, mobile telecommunications), network intrusions, diagnose of rare

diseases, ecological/meteorological catastrophes, and so on. Decisions aim at detecting rare but

important cases. In these applications, the minority class is known as the positive class, and the

majority class is the negative class. According to several studies (e.g. Weiss, 2004) this brings

additional difficulties to traditional classification algorithms, due to:

• lack of data: the small number of examples of the minority class to learn from, limits the

capacity of generalization of the standard learning method and causes the model to overfit

the concept - this is known as the small-disjuncts ⋆1 problem;

• the misclassification errors do not have all the same costs: in traditional classifier

learning it is assumed that all the misclassification errors are equal, but, typically, in real-life

applications with class imbalance it is more serious to wrongly classify an example of the

minority class than to misclassify an example of the majority class.

• standard evaluation measures, such as accuracy, are no longer appropriate: they

minimize the overall error to which the minority class contribution is almost meaningless;

the reason is that given the "natural" class imbalance distribution of the test set, the model

will predict mostly the majority class and the minority class examples will be, with high

probability, misclassified;

These are a few of the causes for the bad performance obtained by standard classification algorithms

when predicting rare classes. Under these circumstances, there are two main approaches to tackle

this type of problems:

1. find evaluation measures suitable for this type of classification problems that are able

to measure and compare the performance of the classifiers according to the application

objectives;
⋆1Details on small-disjuncts can be obtained in http://storm.cis.fordham.edu/~gweiss/small_disjuncts.html

http://storm.cis.fordham.edu/~gweiss/small_disjuncts.html
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2. make the classification algorithms aware of the application’s objectives and bias their model

conception according to it; this can be accomplished either by a wrapper approach, such as

sampling the training data, or by changing the algorithm itself introducing a new preference

criterion that can better guide the search process during model construction.

In the following subsections, we will briefly describe some of the solutions that have been proposed

to the problem of class imbalance and, in particular, for the binary classification problem of rare

class prediction.

2.3.2.1 Biased Evaluation Measures

One of the first things that is important to be considered refers to the inadequacy of the standard

evaluation measures to the prediction of rare classes. An appropriate performance measure should

be chosen.

The classifier maps instances into predicted classes. Thus, given a binary classifier and an instance,

there are four possible outcomes that can be represented in a confusion matrix, such as the one

shown in Table 2.3.

Table 2.3: A confusion matrix for a binary classification problem.

2-class Confusion Matrix

True
Negative Positive Total

Predicted Negative TN FP PNEG
Positive FN TP PPOS

Total NEG POS

The target class is the rare class and so is the positive class. The confusion matrix reports: the

number of False Positives (FP) and True Positives (TP), i.e. the number of incorrect and correct

predictions of the positive (rare) class; and the number of True Negatives (TN) and False Negatives

(FN), i.e. the number of correct and incorrect predictions of the negative (common) class. This

matrix contains information that forms the definition of many performance measures, enabling a

quick inspection of the model performance.

Definition 2.13 (Accuracy). Accuracy is the proportion of correct predictions made by the

model. In a binary classification scenario it is defined by,

accuracy =
TP+ TN

TP+ FP + TN+ FN
(2.12)

Even though accuracy is the standard performance measure most commonly used in classification,

it shows to be ineffective regarding the class imbalance as it is illustrated in the following example.
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Example 2.2. Inadequacy of accuracy: different diagnoses of a rare disease

Imagine that we have 100 patients to control the diagnose of a rare disease, and four different models

to do it. The confusion matrices shown in Table 2.4 represent the predictions made by each of

these models over the same group of patients. The rare disease corresponds to the minority/positive

class.

Table 2.4: Four different classifiers represented by the confusion matrix of their predictions for the
same data set. Each matrix gives an estimate of the accuracy of the models.

Model A Confusion Matrix

Disease
absent present

Diagnose negative TN = 81 FN = 4
positive FP = 9 TP = 6

(a)

Model B Confusion Matrix

Disease
absent present

Diagnose negative TN = 63 FN = 2
positive FP = 27 TP = 8

(b)

Model C Confusion Matrix

Disease
absent present

Diagnose negative TN = 68 FN = 7
positive FP = 22 TP = 3

(c)

Model D Confusion Matrix

Disease
absent present

Diagnose negative TN = 41 FN = 1
positive FP = 49 TP = 9

(d)

Models Performance

Model A Model B Model C Model D

accuracy 0.87 0.71 0. 71 0.50

(e)

If we evaluate the performance of the four models, according to accuracy, we get to the values

shown in Table 2.4e.

From the obtained results, model A is the best with 87% of accuracy. Then, we have model B

and C with the same accuracy value of 71%. This result is clearly counter intuitive given the

goal of diagnosing effectively the rare disease. While model B correctly diagnosed 80% of the sick

individuals, model C diagnosed only 30%. Model D achieved the worst accuracy result, only 50%.

Still, this is the model that identifies more sick patients, both correctly and incorrectly.

By assigning the same weight to all the cases, accuracy diminishes the impact of the performance

over the rare class. Therefore, the results shown in Table 2.4 are mainly driven by the TN, i.e.
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the correct diagnose of healthy individuals. Regarding this application, the cost of a false diagnose

about the presence of the disease (FP) should have lighter consequences to the patients than a

false diagnose about the absence of the disease (FN) as, this later one, can delay the start of a

possible treatment.

Provost and Fawcett (1997) have shown that within the context of highly imbalanced class

distribution, the average accuracy assumes that all errors, FP and FN, have the same impact,

which is inappropriate. A suitable evaluation measure should focus on the accuracy over the

minority class.

2.3.2.2 ROC Analysis

ROC analysis, and in particular its associated AUC measure, is the most commonly used evaluation

framework to assess the overall quality of a classifier over imbalanced class distribution conditions.

Provost et al. (1998) have proposed them as alternatives to accuracy.

The concept was initially presented by Egan (1975) in the context of the Signal Detection Theory.

Its usefulness was later recognized in the field of medical diagnoses for its discriminatory power,

and turned out to be a standard technique used in medicine and biology.

So far we have been referring to binary classifiers which assign a positive or a negative class to each

example. Still, there is a set of classifiers called probabilistic classifiers (e.g. naive Bayes) which

also address binary decision problems. A probabilistic classifier is a function f : X → [0, 1] that

maps each example x to a real number f(x). A decision threshold t is then chosen to establish the

positive examples, i.e. those examples for which f(x) ≥ t, and the negative examples, where all the

remaining examples fit. Traditionally, the decision threshold is 0.5, but any other can be chosen.

By changing the threshold, we get a new classifier. ROC analysis uses this technique to check the

"quality" of a classifier under different conditions. It is also an important tool for evaluating and

comparing classifiers when operating characteristics (i.e. class distribution and cost parameters)

are imprecise, or not known, at training time.

ROC Curves

ROC curves establish, in the so-called ROC-space, the relation between the true positive rate and

the false positive rate, which we define next.
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Definition 2.14 (TPR). The True Positive Rate (TPR) (also designated as sensitivity, hit rate

or recall) is the proportion of positive instances that were correctly captured by the model. It is

defined by,

TPR =
TP

POS
=

TP

TP + FN
(2.13)

Definition 2.15 (FPR). The False Positive Rate (TPR) (also designated as specificity relative

to the negative class) is the proportion of negative instances that were erroneously captured by

the model as being positive. It is defined by,

FPR =
FP

NEG
=

FP

FP + TN
(2.14)

Through the ROC curves, one can visually inspect the ability of the classifier in distinguishing

between false positives and true positives, independently of the class distribution of data and error

costs. The reason is that each point in the ROC curve represents a different decision threshold,

obtained from all the possible cutoffs along the scores, between positive and negative examples.

According to the chosen threshold that assigns the class membership based on its estimates, so

is obtained the distribution of TP, FP, TN, and FN. In Figure 2.2 we provide two hypothetical

models (D1 and D2) for a medical diagnostic test with the respective density estimation of the

distribution of the healthy and diseased patients. For each model, different ROC cut-offs values

are considered. The scenario resulting from the cutoff c2 for the model D2, shown on the right side

of the figure, corresponds to the ideal diagnostic test, where no errors are committed.

(a) c2 has low probability of committing errors. (b) c2 has almost no chance of committing no errors.

Figure 2.2: Choosing the best ROC cutoffs. Two possible distributions of healthy and diseased
patients and the probable outcome for a medical diagnostic test on a new patient according to
different ROC cutoffs.
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ROC analysis presents, in fact, an advantage over the performance measures derived from the

confusion matrix, such as accuracy, which are insensitive to class skew. In this sense, as ROC

curves do not rely on a specific decision threshold, but rather try to represent all set of possible

decision thresholds, the performance exhibited by the model ROC curve is not expected to change.

ROC curves express the same information of a confusion matrix, but allow to generalize and

visualize the performance of classifiers and compare them, whatever the class distribution or the

misclassification costs are (e.g. Fawcett, 2004; Provost et al., 1998).

In this setting, an operating point is a specific combination of misclassification costs and class

distributions. In particular, this technique meets the evaluation requirements of the prediction of

rare classes - a particular case of the imbalanced class distribution problem.

In ROC space, illustrated in Figure 2.3 (a), models are characterized by the corner to which they are

nearer. On the top left corner are the best models, the ones that classify all the positive examples

correctly and do not have false positives. On the opposite corner, the bottom right corner, are

the worst performance models, the ones that classify all the positive examples incorrectly. The

bottom left corner corresponds to conservative models that classify all examples as negatives. On

the top right are the "liberal" models, i.e. the ones that classify all examples as positive, but

incur on many false positive errors, classifying all examples as positive, thus incurring on many

false positive errors. Along the main diagonal are the random classifiers, the ones that perform no

better than just random guessing.

(a) ROC Space Characterization (b) Models Operating Points in the ROC space

Figure 2.3: ROC space characterization.

Through ROC analysis, we compared the models presented in Example 2.2 (page 21) and plotted

them in the ROC space as shown in Figure 2.3 (b). According to the ROC space characterization,
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one can first notice that models B and C have no longer equal performance. In fact, model C is

a very poor performing model due to its low TPR value in comparison to model B. On the other

hand, model D turned out to be one of the best classifiers, and this has to due with its high TPR.

Model A with the best accuracy result shows also poor performance in the ROC space, due to its

low TPR. Figure 2.3 (b) shows a single "operating point" per model. Usually, to draw ROC curves

it is necessary to vary the decision threshold to generate several operating points of the classifiers.

Example 2.3. ROC curves: performance of classifiers of co-receptors used by HIV-1

The data set ROCR.hiv (Sing et al., 2009) contains the predictions obtained by Support Vector

Machines (svm) and Artificial Neural Network (nnet) to determine which of the co-receptors, CCR5

or CXCR4, HIV-1 used to infect the cells. This data set has an imbalanced class distribution as

the positive class is associated to only 30% of the instances. Each classifier was subject to a 10-

fold cross-validation technique (Stone, 1974). We used two variations of the two models, which

we called svm1 and nnet1. The predictions of these two artificial models are the result of the

manipulation of the original set of predictions obtained by each model. The goal was to obtain

different, but still comparable models to the original ones. On svm1, we allocated the smaller errors

of svm to the positive instances. On nnet1, we did the opposite and allocated the bigger errors of

nnet to the positive instances.

Each classifier shown in Figure 2.4 is the result of a vertical average (Fawcett, 2004) over all the

ROC curves obtained by cross-validation. This means that the final curves for each classifier were

obtained by averaging the TPR values at fixed FPR values.

The performance ranking of the classifiers can be captured visually. According to the ROC space

characterization, from the top left corner to the bottom right corner, we enumerate the models

consistently with their performance estimates from the best to the worst one. In this context,

we have: svm1, with the best performance; the original svm and nnet; and, finally, with worst

performance, nnet1. This ranking actually confirms our assumptions regarding the performance

estimates of the artificial models, when we were generating them.
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Figure 2.4: ROC curves of four different models. The relative positioning of the curves allows us
to establish an empirical ranking among the models.

Choosing the best model using ROC curves can be very subjective. That is the case when there

are too many models in comparison or when some curves mixed up together.

To obtain a less heuristic comparison of the performance of the classifiers based on ROC curves,

two main techniques are used: AUC (Metz, 1978) and ROCCH (Provost and Fawcett, 1997, 2001).

Area Under the ROC Curve (AUC-ROC)

The Area Under the ROC curve (AUC) is a method used frequently when we want to represent

the ROC curves performance information in a single-value.

AUC, as illustrated in Figure 2.5a, is a portion of the area of the unit square and, as so, its value

is always be between zero and one, being defined by the following formula:

AUC =

∫ 1

0

TPR dFPR (2.15)

To obtain the AUC value it is necessary to solve the above defined integral. There are some

proposals (e.g. Krzanowski and Hand, 2009) based on specific distributional assumptions to solve

it analytically. One of the most used techniques is the binormal model, which assumes a normal

distribution for both the population of positive examples and the population of negative examples.
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Nevertheless, if the ROC curve has been estimated empirically, its AUC is usually calculated with

the trapezoidal rule (Davis and Goadrich, 2006). This rule approximates the area of a definite

integral by splitting the interval of integration into sub-intervals and obtaining, for each of them,

its trapezoidal area, as defined in Equation 2.16.

∫ b

a

f(x) dx ≈ b− a

n

[
f(a) + f(b)

2

n−1∑
k=1

f

(
a+ k

b− a

n

)]
(2.16)

In terms of ROC analysis, the trapezoidal rule states that the AUC is the result of the sum of all the

areas of the successive trapezoids between each ROC point of the empirical curve. In the concrete

case of the ROC curve of Figure 2.5b, AUC is given by a trapezoidal rule with five sub-intervals

defined by six ROC points. However, if there are many possible thresholds in a curve, this calculus

may be quite an effort.

(a) (b)

Figure 2.5: The Area Under Curve (AUC) of an empirical ROC curve and a theoretical ROC
curve.

For the case of empirical ROC curves, the numerical integration is unnecessary as AUC is equivalent

to the probability that a randomly chosen positive example will have a smaller estimated probability

of belonging to the negative class, than a randomly chosen negative example (cf. Equation 2.17).

Hence, AUC can also be interpreted as the probability that the classifier represented by the

curve will rank a randomly chosen positive instance higher than a randomly chosen negative

instance. In this sense, AUC is equivalent to the Mann-Whitney Test or the Wilcoxon Rank-

Sum Test (Krzanowski and Hand, 2009). It is a nonparametric alternative to the Two-Sample

t-test, which uses the ranks of the data rather than their raw values to determining whether there
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is a difference between two populations (in this case positive and negative instances). In a succinct

way, AUC measures the power of discrimination for a binary classifier, by measuring how accurately

it ranks the positive patterns before the negative patterns.

AUC = P (random positive example > random negative example) (2.17)

When the AUC for a classifier is equal to one, it means that all positive and negative samples are

correctly classified as so. Nevertheless, if the AUC is equal to zero it means that all the positive

samples are classified as negative and all the negative as positive, i.e. our classifier perfectly

discriminates the two classes but the decision is always wrong. In this case, if we exchange the

label, the AUC will be equal to one. A pure random guessing means that the model does no

discrimination at all between the two classes, and the AUC is equal to 0.5. However, no model

should have an AUC less than 0.5. If that happens, it means that the model is able to discriminate

between the two classes but it exchanges the labels, and to improve the model, the decision rule

must be reverted.

Following the same theory of the ROC curves, AUC does not put more emphasis on one class over

another, so it is not biased against the minority class. In this sense, we can say that it represents

the performance averaged over all possible class distributions or cost ratios represented by the

ROC curve.

Regarding the classifiers shown in Example 2.3, the final AUC value for each of them is obtained

by averaging all the AUC values of all the curves obtained by cross-validation. The result is the

following average AUC values for each classifier: svm1 with 0.943± 0.008; svm with 0.904± 0.009;

nnet with 0.862± 0.015 and nnet1 with 0.835± 0.023).

ROC Convex Hull (ROCCH)

The analysis of the ROC Convex Hull (ROCCH) allows to determine if a subset of classifiers

is potentially optimal (cf. Provost and Fawcett (1997)). This analysis is specially important in

scenarios with skewed distributions or cost-sensitive learning. Though these conditions may change,

the ROC curve does not; what might change is the region of interest of the curve. Therefore, at

different regions of the ROC space, which may correspond to different distribution skews, different

classifiers can lead the performance. Through the ROCCH, the objective is to find out which are

the classifiers potentially optimal across all the ROC space.
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Having this goal, the convex hull ⋆2 of the points in the ROC space is drawn. Once we get the

ROCCH, and according to Provost and Fawcett (2001); Provost et al. (1998), some conclusions

can be drawn about the classifiers with operating points lying on the convex hull.

Any point in the ROC space that corresponds to a set of conditions, such as distribution/costs,

can be mapped into a iso-performance line. That line is tangent to the point and establishes that

all classifiers (points) with the same slope of the iso-performance line have, at most, the same

performance. The flatter the slope of the iso-performance line, the higher is the TP-intercept.

With the properties of these lines, it is possible to state that if a given point is on the convex hull

then there is an iso-performance line tangent to that point such that there is no other line with

the same slope that passes through another point and has a higher TP-intercept. Thus, no point

lies above the final curve formed by the convex hull. In this context, the classifier represented by

that point is optimal under the assumed distribution/costs indicated by that slope. Using this

technique we are able to eliminate classifiers that are never optimal regardless of class distribution

or misclassification costs.

Figure 2.6 exemplifies some of the choices made on the construction of the convex hull. In Figure 2.6

(a), we see that if the convex hull does not include the model A, then it is possible to have an

iso-performance line tangent to A, which is above the convex hull and has a higher TP-intercept,

i.e. a better performance. This "forces" the convex hull passing through A. A similar situation

happens with model D in Figure 2.6 (b). In Figure 2.6 (c) we get to the final ROCCH. The only

model we can eliminate, knowing that it will never be optimal, is model C.

(a) (b) (c)

Figure 2.6: The ROC Convex Hull (ROCCH) is a hybrid classifier made up from one or more
classifiers.

Provost and Fawcett (2001) suggested that classifiers on the convex hull can be combined into a

hybrid classifier. This results in a powerful classifier composed by a ordered sequence of classifiers.
⋆2The convex hull is the boundary of the minimal convex set containing a given non-empty finite set of points in

the ROC space.
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Pool Adjacent Violators (PAV)

Probability classifiers (e.g. Naive Bayes) assign to each example a score, i.e. a probability estimate

of that example belonging to the positive class. The probability estimates can be used to rank

instances from the most to the least likely to be a positive class instance. As we have referred,

this kind of classifiers have their performance results heavily dependent on the accuracy of the

probability estimates obtained. In this context, Zadrozny and Elkan (2001) proposed several

methods to improve the calibration of probability estimates. According to Sheng and Ling (2006)

no accurate estimation of probabilities is necessary if we obtain an accurate ranking of these

estimates.

Zadrozny and Elkan (2002) proposed a calibration technique used to convert classification scores

into more reliable probability estimates. This technique uses the Pool Adjacent Violators

(PAV) (Fawcett and Niculescu-Mizil, 2007) algorithm to find new classifier scores through the

minimization of the Brier Score ⋆3 of isotonic (monotonically increasing) regression.

The PAV algorithm performs a monotonic increasing transformation of the probability estimates

(i.e. scores) produced by the classifier. It starts by ordering the instances by the decreasing order

of the scores given by the classifier and then assigns probability 1 to each positive instance and

probability 0 to each negative instance. Then, it looks for adjacent violators, i.e. those contiguous

instances whose scores violate the decreasing order after the probability has been assigned. When it

finds one of such adjacent violations replaces their probabilities estimates by the average probability

estimates of the instances involved. The process continues until it is obtained the initial sequence

of instances with probabilities estimates monotonically decreasing.

A recent study (Fawcett and Niculescu-Mizil, 2007) has proved that PAV and ROCCH are

equivalent. This means that generating the ROCCH of a single classifier is equivalent to finding the

PAV-transformation of the scores of the original classifier. This process is illustrated in Figure 2.7.

In Figure 2.7 (a) we have an example ROCCH. On the following plot, we show the resulting

calibrated scores from the application of the PAV algorithm to a set of original scores (cf. Figure 2.7

(b)). Finally, in Figure 2.7 (c), we have generated the ROC curve for the new calibrated scores.

As it can be observed, the ROC curve is equivalent to the first generated ROCCH.

Calibrated scores are very important in decision-making in a cost-sensitive scenario, as they

give more reliable estimates. Moreover, they also provide relevant insight about the algorithms

performance in ROC analysis.
⋆3Brier Score is used to assess the quality of the probabilities predicted by a classifier (Brier, 1950). It is equivalent

to the squared-error for binary class problems.
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(a) (b) (c)

Figure 2.7: The ROCCH and the calibration of scores through the PAV algorithm result in the
same ROC curve.

ROC Curves with Instance Varying Costs (ROCIV)

One of the criticisms made over ROC curves is their inability to deal with problems in which the

error costs vary with the instances.

In a standard binary classification scenario, the expected cost of a classifier on a test set can be

estimated as C = FP · cFP + FN · cFN, where cFP and cFN are fixed, and assumes that the class

distribution is static, i.e. FP and FN are also fixed. As we have referred before, one of the

advantages of the ROC curves is that they provide performance estimates independent of the class

distribution or costs operating conditions. The iso-performance lines in the ROC space, presented

by Provost and Fawcett (2001), represent the performance of classifiers for a specified operating

condition: class skew and the misclassification error costs. Two given points in the ROC space,

(FP1,TP1) and (FP2,TP2), have the same performance if they are in the same iso-performance

line, which slope is defined by m = FP2−FP1

TP2−TP1
= cFP·p(N)

cFN·p(P) , where p(N) and p(P) are the proportion of

negative and positive examples, respectively. All the classifiers lying in the same iso-performance

line are expected to have the same expected cost: C = FPR · p(N) · cFP + (1− TPR) · p(P) · cFN.

Nevertheless, in some applications the cost is not uniform regarding each type of error, but varies

with the instance. In those cases, the costs are usually determined by the value of the instance,

and thus known exactly. In particular, and as we have already referred, cost-sensitive learning is

one of techniques used to tackle the problem of prediction of rare classes. In Example 2.1 (page

12), we have shown a situation where the cost of an error may be dependent on the hypothetical

fraud value involved.

In this context, Fawcett (2006b) has proposed ROCIV curves to cope with instance varying costs.

To incorporate costs in the ROC graph it is necessary to transform the cost matrix into a cost-

benefit matrix, where the costs are relative to making a positive prediction. In the ROCIV space,
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the X-axis is the fraction of the maximum FP cost, and the Y-axis is the fraction the maximum TP

benefits. AUCIV is obtained in a similar way to AUC and shares the same statistical properties,

with the addition that instances are chosen in proportion to their costs. This feature makes ROC

curves a technique applicable to a wider set of real-world applications, where the cost associated

to different errors is not uniform.

2.3.2.3 Precision and Recall Analysis

Whenever the focus of the classification task is a specific target class, precision and recall are the

two suitable performance measures. They estimate the performance concentrating on the target

class and disregarding the performance over the other class.

Precision and recall were originally defined by Kent et al. (1955) in the area of Information

Retrieval. Together, precision and recall evaluate the "quality" of retrieved results within the

context of the information being searched for.

In the context of the prediction of rare classes, these measures can reveal how effective are the

predictions of the model.

Definition 2.16 (Precision). precision is the proportion of positive predicted instances that are

effectively positive instances.

precision =
TP

TP + FP
(2.18)

Definition 2.17 (Recall). recall is the proportion of existent positive instances that are correctly

predicted as so.

recall =
TP

TP + FN
(2.19)

Ideally, we would like a model with a high precision (FP → 0), but also with a high recall (FN → 0).

Nevertheless, there is usually a trade-off between these two measures. recall is a non-decreasing

function of the number positively predicted instances. This means that if all the examples are

predicted as positive, a high recall is achieved. Still, one must be aware that if all the instances are

predicted as positive and no discrimination from the negative examples is done, a poor precision

is obtained.

Also in the field of Information Retrieval, Rijsbergen (1979), proposed an effectiveness measure E,

presented in Equation 2.20, which is based on precision and recall.

Eα = 1− 1

α · 1
precision + (1− α) · 1

recall

(2.20)
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The α parameter, allows the specification of the relative difference of the importance of recall and

precision.

The F -measure is given in Equation 2.21, by taking α = 1/(β2 + 1),

Definition 2.18 (F-measure). F -measure is a measure that evaluates the trade-off between

precision and recall, by a weighted harmonic mean of their values.

F = 1− Eβ =

(
β2 + 1

)
· precision · recall

β2 · precision+ recall
(2.21)

where β, controls the relative importance of recall to precision

The F -measure assumes high values when both values of precision and recall are high. This means

that low values of F are an indicator of poor performance. The β parameter is important, as its

value has direct implications on the interpretation of F results.

• If β = 1 then the F -measure is the harmonic mean of precision and recall. In this case, it is

common to denominate it as F .

• If β → 0 then recall has less weight; in particular, when β = 0, the F -measure is the precision.

• If β → ∞ then precision has less weight; in particular, for large values of β, the F -measure

approaches the recall.

The graphs presented in Figure 2.8 show the F -measure obtained for three different values of β.

(a) F -measure with β = 1 (b) F -measure with β = 0.25 (c) F -measure with β = 4

Figure 2.8: Different parameterizations for the F -measure.

The first graph 2.8 (a) shows the most usual situation, where β = 1. The second graph 2.8 (b) plots

the situation where the precision is given 1/4 of the importance of recall, through the specification

of β = 0.25. Finally, the third graph 2.8 (c) shows the situation where the recall is given four times

the importance of precision, i.e. β = 4.
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Precision-Recall Curves

Precision-Recall (PR) curves are specially useful when the notion of negative class is not so clear

as the target positive class. These curves establish, in the so-called PR space, the relationship

between recall (cf. Equation 2.19), and precision (cf. Equation 2.18).

Likewise in the ROC space, we can typically characterize a model by its position in the PR space,

as shown in Figure 2.9 (a).

(a) PR Space Characterization (b) Models Operating Points in the PR space

Figure 2.9: PR space characterization.

The ideal situation is to obtain the maximum value of both recall and precision and, thus, be near

to the top right corner. The worst performing models are on the opposite corner, the bottom left

corner. The remaining two corners depend on the trade-off we establish as acceptable between

precision and recall.

In Figure 2.9 (b) we plotted the four models of Example 2.2 (page 21). It is interesting to observe

that the models B and D, in comparison to their positions in the ROC space, do not have so good

positions in the PR space. This has to do with the number of TN of model B and the number of

FP of model D, as we will explain next.

ROC curves have shown to be a good visualization technique for the analysis of the performance

of algorithms whenever there is an imbalance class distribution problem or error costs. Still, when

dealing with highly skewed data sets, such as the case of the rare classes, they can give misleading

estimates as argued by Drummond and Holte (2000, 2004).
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Regarding the performance analysis of a classifier on a single target class, the results shown in the

ROC space may be misleading. If a decrease in FPR occurs, that can be motivated by a decrease

on FP, but also by an increase on TN. Therefore, if this last scenario is the true cause for the

low FPR, an overly optimistic estimate is given for the model performance. Whenever there is an

imbalanced class problem, one must be aware that the model will tend to make a low number of

predictions of minority class POS, whether they are TP or FP.

In these cases of highly skewed data sets (Davis and Goadrich, 2006; Goadrich et al., 2006), PR

curves give a more rigorous insight about the algorithm’s performance. PR curves can expose

differences between algorithms that may not be apparent in ROC space. precision is dependent on

the prior distributions, as its definition depends on both classes. Thus it is directly related to the

degree of skewing.

If the goal is to make the model evaluation sensitive to variations in binary class distributions

problem, PR curves are the most appropriated tools. precision can detect the effect of large

number of negative instances as it compares FP to TP.

Contrary to what happens with ROC curves, in PR space the two dimensions are not strongly

correlated. A change in recall would not necessarily imply a change in precision, as there is no

direct connection between FN and FP. As the recall increases or remains constant, it must be

checked how it reflects in the value of the precision: it can decrease or remain constant too.

A typical behavior of a PR curve is shown in Figure 2.10. The final PR curve resulted from

the interpolation of precision according to Equation 2.22. This rule reflects what we have just

explained.

precisionint (r) = argmax
r′≥r

precision (r′) (2.22)

Davis and Goadrich (2006) demonstrated that there is a relationship between PR curves and ROC

curves by proving the following theorem.

Theorem 2.19. For a given data set of positive and negative examples, there exists a one-to-

one correspondence between a curve in ROC space and a curve in PR space, such that the curves

contain exactly the same confusion matrices, if recall ̸= 0.

In effect, given that the number of positive examples is fixed for a certain curve (ROC or PR),

it is possible to uniquely determine the confusion matrix associated to each point of the curve

and derive the correspondent point in the other space (ROC or PR). In their work, Davis and
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Figure 2.10: PR curve with interpolated precision.

Goadrich (2006), also proved that if a curve is dominant in one space, then it is also dominant

in the other. Still, and as it would be expected, the ranking performance of other curves (which

are not dominant) may change. Using ROC curves for imbalanced data may hide some difference

among classifiers that becomes noticeable in the PR space.

One important measure to consider in the PR analysis is the generality, defined as follows.

Definition 2.20 (Generality). The Generality (G) is the proportion of positive instances within

all the existent instances and is defined by,

G =
POS

POS + NEG
=

TP+ FN

TP+ FN+ TN+ FP
(2.23)

Example 2.4. PR curves: performance of classifiers of co-receptors used by HIV-1

In Figure 2.11 (b), we present the PR graph for the same models generated for the ROCR.hiv data

set that was presented in the Example 2.3 (page 25).

In Figure 2.11 (a), we have the ROC curves shown previously. The corresponding PR curves are

in Figure 2.11 (b).

As it is possible to observe, not all the differences among the classifiers estimatives of performance

reflect in the same way in the two spaces. Even though the dominant model prevails as it is
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expected (Davis and Goadrich, 2006), i.e. the svm1 is the best performance model in both ROC

and PR spaces, the difference among the remaining three models does not remain the same.

Namely, nnet1 is not the worst performing model anymore. In fact, for recall values below ≈ 0.55

it shows better performance than the original nnet.

(a) ROC graph (b) PR graph

Figure 2.11: ROC and PR curves of four different models. The relative positioning of the models’
curves is not the same in both graphs.

Area Under the PR Curve (AUC-PR)

Examining the entire PR curve is very informative, like in ROC curves, but if we want to

proceed to a more formal statistical analysis, it is necessary to summarize this information

through, for example, the Area Under Curve for PR curves (AUC-PR). However, as there is

no linear relationship between precision and recall, calculating AUC-PR involves two previous

steps (Goadrich et al., 2006):

i. standardize the PR curve so to cover the full range of recall values [0, 1];

ii. perform the interpolation between the points which comprise the PR curve.

Regarding the first step, the first point of the curve (r1, p1) is extended horizontally to (0, p1). This

last point is surely achievable, as we can discard any fraction of retrieved positive instances and still
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get the same precision on the remaining instances. This is also a result of Equation 2.22. Regarding

the point for the maximum recall value, in the worst case, if the model predicts everything to be

positive, the point (1,G) can always be found.

The interpolation in the PR space is not linear and thus not straightforward as in ROC space.

Though every point in the PR curve is generated from the underlying TP and FP counts, to

interpolate two points in the PR space we need to know the local skew between them. Assuming

that we have points A and B with their respective TPA, TPB, FPA and FPB counts, their

local skew is defined by FPB−FPA

TPB−TPA
, which gives us how many negative examples it takes to

equal one positive example. By increasing the value of x, such that 1 ≤ x ≤ TPB − TPA, i.e.

TPA + 1,TPA + 2, . . . ,TPB − 1 the resulting interpolation points are given by,

(
TPA + x

POS
,

TPA + x

TPA + x + FPB−FPA

TPB−TPA
x

)
(2.24)

From this interpolation process, new points are created and the AUC-PR can be approximated.

Like in ROC curves, the optimal AUC-PR is one, but for a random classifier is not 0.5. The reason

is the fact that the interpolation is not linear. Thus for those random classifiers AUC-PR is equal

to Generality (G).

Achievable PR Curve (ACHPR)

Analogous to the convex hull in ROC curves, in PR curves there is the achievable PR curve. The

method (Davis and Goadrich, 2006) to obtain such a curve consists in:

i. find the convex hull in ROC space;

ii. for each point to be included in the hull, use the confusion matrix to derive the corresponding

point in PR space;

iii. perform the interpolation between the newly created PR points.
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Example 2.5. Achievable PR curve: two synthetic models.

We conceived two synthetic models, A and B, with an imbalanced class distribution (G = 0.1).

The objective is to illustrate the obtained ACHPR through the steps mentioned by Davis and

Goadrich (2006).

In Figure 2.12 (a), we plot the PR curves of the two models. In order to get the achievable PR

curve, we move to the ROC space and find the ROCCH shown in Figure 2.12 (b). Finally, we

move back to the PR space, where we convert the ROCCH into the final ACHPR, performing the

necessary interpolations. The result is shown in Figure 2.12 (a).

(a) The ACHPR for Model A and B (b) The ROCCH for Model A and Model B

Figure 2.12: An Achievable PR Curve (ACHPR).

The ACHPR has an AUC-PR of ≈ 0.282, whereas the ROCCH has an AUC-ROC of ≈ 0.748.

Based on conditions similar to the ones shown in the Figure 2.12, Davis and Goadrich (2006) claim

that algorithms that optimize the AUC-ROC can not be guaranteed to optimize the AUC-PR. In

this concrete example, while there is no dominant model in the ROC space, the same does not

happen in the PR space, where model B dominates for almost all the values of recall.
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2.3.2.4 Discussion on Performance Measures

The F -measure is the most commonly used single-value performance measure involving precision

and recall. Nonetheless, besides the F -measure, other performance measures have been conceived

combining precision and recall. We will present some of the measures (cf. Manning et al. (2008))

that rely on PR curves, next.

Definition 2.21 (PRBEP). Given a PR curve, the Precision/Recall Break-Even Point (PRBEP)

is the value at which the precision is equal to the recall.

Definition 2.22 (Prec@k). The Prec@k is the precision value calculated after k predictions were

made.

This measure has the advantage of not requiring any estimate of the number of positive instances

existing in the data set. But, at the same time, it is unstable as the number of positive instances

occurring in the k predictions has a strong influence.

Definition 2.23 (R-precision). The R-precision is the precision value measured at a fixed recall

value R.

R-precision overcomes the previous problem of Prec@k by adjusting the calculation of precision to

the existing positive instances in the data set.

Definition 2.24 (11-AP). 11-point Average Precision (11-AP) is the result of averaging the

precision values of the curve at the 11 fixed recall levels: 0.0, 0.1, 0.2, . . . , 1.0, as shown in

Figure 2.13.

Definition 2.25 (MAP). The Mean Average Precision (MAP) is the mean of the average

precision in several curves, obtained for a set of pre-specified levels of recall (e.g. 11-AP). It

is obtained as follows (cf. Equation 2.25),

MAP =
1

N

N∑
j=1

1

Mj

Mj∑
k=1

precision (rjk) (2.25)

where N is the number of recall levels and Mj is the number of iterations (curves) from which to

do the average at each recall level.

Nonetheless, all these measures are more indicated for those situations where the end-user

establishes how many TP are likely to be found. As argued by Goadrich et al. (2006), AUC-

PR has advantages over the PRBEP, as the PR curves are not necessarily generated from ranked
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Figure 2.13: Average 11-point PR graph.

list of retrieved examples. It can also be more exact than 11-AP, as for AUC-PR all the points for

all the range of recall are calculated and interpolated.

The overview of evaluation measures and visualization tools mentioned in this section is necessarily

incomplete. For instance, regarding visualization tools we could also have mentioned the Lift

Charts (Witten and Frank, 2005) and Cost Curves (Drummond and Holte, 2006). Lift Charts are

able to represent the advantage of using a prediction model over a small portion of the data set.

Cost Curves share many of the properties of ROC curves, but bring additional features such as an

easier and reliable selection of the best algorithm by visualizing the statistical significance of the

difference in performance of two classifiers.

The decision on which visualization tool to use is domain-dependent. For instance, in medical

applications ROC curves are widely accepted and understood by the end users. In applications

where class probabilities are unknown or highly variable, being largely skewed, precision-recall

analysis is more appropriate.

If the interest is quantifying the "quality" of a classifier, then scalar performance measures should

be used, such as F. All the measures relate to a single decision threshold, or operating point. This

would be perfect in an environment where class priors probabilities and misclassification costs

are known. On the contrary, if we want to obtain ranking information about the performance of

different classifiers, than ranking-aware measures should be used, such as AUC-ROC, AUC-PR,

MAP and PRBEP. These are also single-number characterizations. They can be used to assert

some statistical significance of the performance ranking.
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More recently, regarding the AUC measures, it came up a controversy around the fact of their

evaluation being trustful. Hand (2009) argues that, even though AUC is a widely used measure for

evaluating the performance of classifiers it does shows some drawbacks. Besides the known problem

of giving potential misleading estimates if the ROC curves cross, it also varies the evaluation

according to the classifier. This means that the AUC derived from the curve depends on the

empirical distribution of the scores given by the classifier itself. In this sense, Hand argues that

if there are differences among the classifiers they depend on their empirical score distributions.

Thus, the measure AUC reflects the evaluation of different classifiers using different measures. The

misclassification costs should not depend on the scores it produces. In this context, and unless the

cost ratio distribution is specified, Hand (2009) proposes the H measure.

Definition 2.26 (H-measure). The H-measure is a standardised measure of the expected

minimum loss obtained for a cost balance c established between the two classes, chosen from

a random distribution.

According to Hand, this measure allows for fair comparisons to be made, independent of the scores

distributions, and based on what is called a belief distribution that reflects the application goals,

namely based on the class priors. Hand (2009) suggests choosing c from the beta distribution with

the shape parameters α = 2 and β = 2, a binomial symmetric cost distribution (cf. Figure 2.14).

Figure 2.14: Beta Distribution used by the H-measure.

2.3.2.5 Biased Supervised Learning Algorithms

In this section we discuss some of the existing approaches for the imbalance class problem, and

namely rare class prediction, that make use of some of the techniques we have seen so far.

Several studies (e.g. Weiss and Provost, 2001) have been conducted about the influence that train

data class distribution has on learning. Some results based on ROC analysis have shown that
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the "natural" distribution is not always the best distribution for training, specially for highly

imbalanced class distributions. Therefore, sampling techniques have become the most usual way

of addressing class rarity in machine learning. Their goal is to make the learning task easier by re-

balancing the class distribution. Nevertheless, the basic and more intuitive techniques have some

drawbacks. In this sense, new and more advanced sampling techniques have appeared in order to

make them more effective regarding the class imbalance problem. In this subsection, some of these

techniques will be described.

The basic sampling techniques consist on a simple heuristic sampling towards the balance of class

distribution: under-sampling and over-sampling.

The under-sampling method, randomly eliminates examples of the majority class. The major

problem with this approach is that we may incur on the risk of eliminating important majority

class examples for the discrimination process of the classes.

Similarly, the over-sampling method, randomly re-samples examples of the minority class. Again, it

presents a major problem of overfitting by just replicating information, transmitting the apparent

impression of accuracy in the train data. Both of these techniques suffer from lack of other sources

of information and their results are easily surpassed by more sophisticated sampling methods.

Kubat and Matwin (1997) improved under-sampling by removing the majority class examples that

are considered redundant. These examples are the ones belonging to the majority class that are

far away from the decision border. The authors also eliminate the examples identified as noise

or lying in the borderline of the decision. Nevertheless, the identification of such set of examples

is very time consuming for large data sets. Moreover, one can never ensure that only the proper

examples are removed.

Having in mind the influence that class distribution has on learning, Chan and Stolfo (1998) focused

on obtaining the best class distribution for a given problem by generating multiple data sets where

an ensemble of classifiers would then be learned and aggregated into one classifier. Each data set

is generated by joining the minority class with a subset of the majority class ensuring that all

majority class examples are used at the end. This gives origin to a set of well-balanced data sets.

The problem with this approach is the time complexity involved in the preliminary experiments

necessary to achieve the best distribution.

Boosting (Freund and Schapire, 1997) was developed with the intention of addressing a given

difficult classification task by iteratively learning weak classifiers with respect to a distribution and

adding them to a final strong classifier. One of the most popular applications of this technique is

on imbalance class problems through the AdaBoost algorithm, which was presented by Fan et al..



44 DETECTION OF RARE CASES

AdaBoost is a boosting algorithm, which assigns different weights on the training distribution

of each iteration. Examples that are correctly predicted have its weight decreased for the next

iteration. On the contrary, examples wrongly predicted have its weight increased in the following

iteration. The objective is to obtain a more powerful model at the end, which is able to learn even

the "harder" examples, as it is the case of examples of the rare class.

AdaCost was then proposed by Fan et al. (1999) as a small extension of AdaBoost. The

particularity about AdaCost, relative to AdaBoost, is the cost-sensitivity of the weights’ updating

rule. Examples of the minority class that are misclassified are assigned higher weights in the next

iteration, than the rest of the misclassified examples.

RareBoost (Joshi et al., 2001) is another boosting algorithm whose weight-update rule is determined

by the perception of the differences between FP, TP and TN on each iteration. The argument of

the authors is that AdaCost may sometimes over-emphasize recall, thus leading to poorer precision.

The SMOTE algorithm, proposed by Chawla et al. (2002), generates synthetic minority examples

to over-sample the minority class, without replicating examples. Each new example results from

an interpolation between some randomly chosen examples of k-nearest (usually k=5) neighbors

minority examples. This way it opens up the instance space of the minority class, without causing

overfitting. In fact, results shown in Chawla et al. (2002) confirm that a better generalization of

the minority class is achieved.

Chawla et al. (2003) argued in their work that both boosting and over-sampling can overfit, as

it weights examples belonging to the minority class more than those belonging to the majority

class. In this context, they propose SMOTEBoost, which alters the distribution not by updating

the weights associated to each example, but by introducing new minority-class examples using the

SMOTE algorithm. Results have shown that SMOTEBoost have achieved higher F values then

AdaCost.

Costing, proposed by Zadrozny et al. (2003), uses "cost-proportionate rejection sampling" to

avoid overfitting. In particular, each instance in the original training set is sampled once, and

accepted into the sample with a probability proportional to the misclassification cost. For a

specific parametrization, the sample can contain all the examples of the minority class and sampling

without replacement of the majority class. After this sampling, the algorithm performs bagging.

It allows the use of an arbitrary cost-insensitive learning algorithm as a black box in order to

accomplish cost-sensitive learning.

Estabrooks et al. (2004) claim, based on their experiments, that a classifier formed as the

combination of classifiers induced with under-sampling or over-sampling at different rates, achieves
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better results in comparison to just one classifier. Even though it is not clear what is the best

sampling technique to use and with which parametrization, the result of their study lets us conclude

that, in general, the combination of techniques seems to outperform the use of one method only.

On a comparative study conducted with several methods over several data sets with imbalanced

class distribution, Batista et al. (2004) proposed variations of SMOTE that use some of the

under-sampling techniques used in Kubat and Matwin (1997). Results have shown that these

new methods, which comprise over-sampling with a data-cleaning under-sampling, presented good

performance results in highly skewed data sets.

According to Weiss (2004), all the available data should be used, regardless of the class distribution.

Cost-sensitive learning algorithms should be preferable to sampling techniques. However, if there

is a very high lack of data, or the data is very expensive to obtain, then sampling techniques must

be used. To truly assess the performance over the rare class, proper evaluation measures should

be used.

Still, research studies on the poor performance of the learning systems on imbalance class problems

continue. Some researchers (Jo and Japkowicz, 2004; Prati et al., 2004) argue that it is not the

imbalance of the classes itself the responsible for the bad performance of the learning system, but

the presence of the small-disjuncts in the models.

In conclusion, in what sampling techniques are concerned to tackle imbalanced class distribution

problems, or even rare classes problems, there is no unified solution. Even though some relevant

results have emerged, the research field remains active.

Different bias can be introduced into the learning algorithms so that pre-specified goals can be

successfully accomplished. Some algorithms optimize the AUC of the ROC curve, others precision

and recall. The objective is to improve the performance of the algorithms under imprecise

environments, such as the ones with imbalance class distributions or different error costs. In

fact, there is a wide range of classifiers biased to the problem of imbalanced class distribution and

misclassification costs. We are going to mention just a few as example.

PNRule is a two-phase rule induction algorithm, proposed by Joshi et al. (2002), which copes with

the concepts of precision and recall. During the first phase, it learns the so-called P-rules which

predict the presence of the minority (positive) class. During this phase, achieving a good recall

is the objective. In the second phase, it learns the N-rules that predict the non-existence of the

minority class. The objective in this phase is to improve the precision, by eliminating the FP

included in the first phase. According to the authors, PNRule has shown good results on problems

with rare classes where there is a strong correlation between the rules that distinguish the minority

class from the majority class.
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Ferri and Flach (2002) proposed a new decision tree algorithm, designed for imprecise environments.

This decision tree learner has as new features, the ability of representing a set of classifiers by

relabelling its leaves and using the AUC as split criterion. Experiments have shown that its

accuracy performance with these new features were satisfactory.

Prati and Flach presented ROCCER, a rule selection algorithm guided by the ROCCH, thus

optimizing the AUC. Experiments have shown that ROCCER tends to select smaller rule sets

than other rule selection algorithms, but with comparable performance results.

Nevertheless, it should be noticed that, according to Davis and Goadrich (2006), algorithms that

optimize AUC-ROC do not optimize AUC-PR. For this reason, and even though the algorithms

that optimize AUC-ROC show a different bias in comparison to traditional classification algorithms,

they do not share the same objectives of the algorithms for the prediction of rare classes.

2.3.3 Unsupervised Approaches

Even though most of the research on Utility-based Data Mining is focused in classification tasks

and it is highly related to cost-sensitive learning, it is important to have in mind that it does

not confine to it. Utility-based Data Mining is a wide area of learning, which aims to be closer

to real world scenarios and even though most of the existing work in Utility-based Data Mining

is associated to prediction tasks, utility has also impact on unsupervised learning tasks, such as

clustering. Weiss et al. (2008) actually claim additional research for these tasks, arguing that the

same considerations on utility theory hold. Unsupervised outlier detection is one of such tasks.

In the machine learning field, several techniques for outlier detection appeared in the area of

unsupervised learning. In effect, due to the the lack of labeled and known instances of outliers this

constitutes a wide area of research concerning outlier detection. These techniques do not have any

premise on previous information, they only assume that for some similarity measure, outliers will

appear isolated or in very small groups.

The choice of the method depends on the number of dimensions of the data, data type, sample

size, algorithms efficiency (time-complexity and space- complexity), and the user understanding of

the problem.

Due to space limitations we will just briefly describe a few unsupervised outlier detection

algorithms. Following the taxonomy presented by some researchers (e.g. Chandola et al., 2009;

Chen et al., 2010; Zhang et al., 2007), we outline statistical methods, clustering methods, distance-

based and density-based methods and finally, those attached to more complex data sets, spatial,

spatial-temporal and sequential detection methods.
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2.3.3.1 Statistical Methods

Statistical techniques were the first ones used in outlier detection. The goal of these techniques

is to check if the data follows an assumed theoretic distribution. All the points that satisfy a

statistical discordance test for the assumed distribution are declared outliers. In that sense, an

outlier is an object that has a low probability with respect to a probability distribution model of

the data.

The more traditional approach is the identification of univariate outliers under the premise of

a Normal distribution for a continuous random variable which is assumed to be identically and

independently distributed. The Normal distribution is fully determined by two parameters: mean

(µ) and variance (σ2). The probability density function, also designed as Gaussian curve, is a

bell-shaped function that gives the probability that the random variable takes a value in a given

interval. If the sample values of the variable follow the Normal distribution then the obtained

Gaussian curve is symmetric around µ, meaning that the probability of having a value lower than

µ is equal to the one of having a value higher than µ, i.e. 50%. Graphically, we also see a violation

to the symmetry assumption as an indicator of the presence of outliers: breakdowns on the curve,

too heavy or too short tails. The probability density curves shown in the Figure 2.15 indicate the

presence of outliers in all the three hypothetical variables.

Figure 2.15: Probability density function of random continuous variables.

To find outliers, we need to examine how the values spread around the central value of the

distribution. One of the methods used for this purpose is the Grubbs’ Test (Grubbs, 1969),

also called ESD method (Extreme Studentized Deviate). This method calculates the z-score (cf.

Equation 2.26) for each observation.
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z =
|x− µ|

σ
(2.26)

The value of z gives the distance from the point x to the mean µ in units of the standard deviation

σ. The variable z follows a Standard Normal distribution (having mean 0 and standard deviation

1). If the obtained z value is large enough, i.e. greater than a critical value known from the z-table

(for instance, greater than two for, approximately, 5% significance level), then it is considered an

outlier.

Based on this method Rousseeuw and Leroy (1987) established a distribution-based definition of

outlier, as presented in Definition 2.27.

Definition 2.27 (Distribution-based Univariate Outlier). Let Y be a set of observations

from a univariate Normal distribution N(µ, σ) and p a point from Y . Then the z-score for p is

greater then pre-specified threshold if and only if p is an outlier.

Nevertheless, this method is not fully reliable for outlier detection as it is based on measures that

are themselves heavily influenced by the presence of outliers, namely the mean and the standard

deviation, which may fail the identification of some outliers.

A more informal but robust approach is given through the box plot introduced by Tukey (1977)

which does not assume any distribution, but emphasizes the tails of the distribution. The box

plot (e.g. Cleveland, 1993) provides a visual summary of important aspects of a distribution,

namely symmetry and skewness, because it depends on two so-called robust statistics: the median

and the inter-quartile range. The designation robust comes from the fact they provide estimates

less influenced by outliers.

The box plot consists of a box with two edges, one on each side of the box. The box itself contains

the middle 50% of the data as it is delimited by the first quartile (Q1), which indicates the 25th

percentile, and the third quartile (Q3), which indicates the 75th percentile. The range of the middle

two quartiles is known as the inter-quartile range (IQR). The edges that extend outside the box,

are called whiskers. Essentially, each whisker extends as far as the most extreme observation, which

is not classified as a potential outlier. The adjacent values are the thresholds that determine the

existence of outliers.

The box plot points out two thresholds for potential outliers, which are obtained based on the

data’s Q1 and Q3. According to Tukey’s definition, these thresholds - the adjacent values - are the

two most extreme values in the data within 1.5 times the inter-quartile range (IQR = Q3 −Q1)

away from the first and third quartiles, as described below.
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Definition 2.28 (Box Plot Outlier). Let Y be a set of observations, Q1 the corresponding first

quartile, Q3 the third quartile, IQR the inter-quartile range, adjL the low adjacent value and adjH

the high adjacent value.

The set of outliers O is defined as follows,

O := {y ∈ Y | y < adjL ∨ y > adjH} (2.27)

where

adjL = max {y ∈ Y | y ≤ Q1 − 1.5 · IQR} (2.28)

adjH = min {y ∈ Y | y ≥ Q3 + 1.5 · IQR} (2.29)

The set O can be further split and defined into one of two categories:

• Mild Outliers (MO)

MO := {y ∈ O | y ≤ Q1 − 1.5 · IQR ∨ y ≥ Q3 + 1.5 · IQR} (2.30)

• Extreme Outliers (EO)

EO := {y ∈ O | y ≤ Q1 − 3 · IQR ∨ y ≥ Q3 + 3 · IQR} (2.31)

The Figure 2.16 displays a box plot where the main thresholds are signaled.

Figure 2.16: The box plot provides five statistics that characterize the data: the median (Ỹ ), the
1st and the 3rd quartiles (Q1 and Q3) and the two adjacent values (adjL and adjH). With this
information, the set of outliers is defined by its extremeness as mild outliers (MO) or extreme
outliers (EO).
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The next example illustrates how the presence of outliers can influence the detection of univariate

outliers through z-scores and the box plot rule.

Example 2.6. Univariate Outlier: detection of Ca outlier values in soil samples.

The Condroz data (Rousseeuw et al., 2008) is a set of 428 observations which contains the pH-value

and the Calcium (Ca) content in soil samples, collected in different communities of the Condroz

region in Belgium. All the data used in this study has a pH-value between 7.0 and 7.5.

Figure 2.17 (a) is the plot of Ca measurements. From the plot it is possible to visually identify the

presence of some outlier Ca values within the soil samples. We then try to identify the outlier soil

samples according to the Grubbs’ Test with the z-score, as shown in Figure 2.17 (b), and Tukey’s

definition of a box plot, as shown in Figure 2.17 (c). The outliers detected by the first method were

signaled on plot (a) as black points. From the comparison of the graphs (b) and (c) we find that a

very different number of observations is identified as outlier. The reason is that Ca has only high

extreme values, which bias the mean to higher values and diminishes the z-value for some of the

potential outliers. The box plot, on the contrary, does not suffer such influence as the thresholds

for the outliers are established upon quartiles of the data.

Figure 2.17: Identification of univariate outliers by the z-score and by the box plot.
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Extreme Values

In the context of what we have said so far, extreme values are potential outlier candidates. For

many years extreme values motivated curiosity in several sciences such as ecological, meteorological,

economics, physics and engineering. In these areas, it is typical to observe skewed distributions,

i.e. heavy tails on the probability density distribution which indicates the presence of not only

rare but also high or low extreme values. Tukey had already drawn the attention for this fact.

"As I am sure almost every geophysicist knows, distributions of actual errors and

fluctuations have much more straggling extreme values than would correspond to the

magic bell-shaped distribution of Gauss and Laplace."

John Tukey

The importance of effective risk management on areas such as financial markets gave origin to

the Extreme Value Theory (EVT) (Coles, 2001; Embrechts et al., 1997, 1998), which is now

an important field of research in statistics. It is focused in finding probabilistic models able to

extrapolate and estimate values outside the range of existing data.

One of the proposals of EVT is the method Block Maxima. According to this model, the

extreme (maximum or minimum) of a sequence of observations, under very general conditions, is

approximately distributed as the Generalized Extreme Value (GEV) distribution. This distribution

can only be described by one of the three models: Gumbel, Fréchet and Weibull distributions.

As it is exemplified by Figure 2.18 (a), for an example of only high extreme values, each of

these three distributions have different characteristics. The Gumbel distribution has a light upper

tail and is positively skewed. Fréchet distribution has heavy upper tail and infinite higher order

moments. Finally, the Weibull distribution has a bounded upper tail. Informally speaking, Fréchet

distribution is a heavy-tailed distribution; Gumbel distribution is light-tailed; and, finally, Weibull

distribution is bounded, i.e. with finite tails.

The peaks over threshold (POT) method was proposed later and it is used to estimate the excess

distribution with respect to a threshold level u. This model follows a Generalized Pareto (GP)

distribution as a good approximation to the tails of the distribution, i.e. observations exceeding

the specified high threshold, described by EVT. The GP distribution has one of the three forms:

Beta, Pareto and Exponential, all illustrated in Figure 2.18 (b).

The three models of GP distribution are similar to the ones defined for GEV distribution. In

this context, the Pareto distribution is a heavy-tailed distribution (sometimes called "power law");
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(a) Generalized Extreme Value (GEV) Distribution (b) Generalized Pareto (GP) Distribution

Figure 2.18: Different distributions in Extreme Values Theory.

the Exponential distribution is a light-tailed distribution; and, finally, the Beta distribution is a

bounded distribution.

The application of EVT has shown useful results in hydrology, climatology and finance. Still,

depending on the application, if operational risk of capital is involved, convergence of the estimates

provided by methods based on EVT to a theoretic maximum (or minimum) can be slower than

real data. In those cases, alternative simulation techniques have to be used (Degen et al., 2007).

Multivariate outlier detection is not as straightforward as it is univariate outlier detection, because

multivariate distributions have no tails. Multivariate outliers are cases that have an unusual

combination of values for a number of variables. The value for any of the individual variables

may not be a univariate outlier, but in combination with other variables compose an outlier.

Multivariate outliers are, sometimes, also univariate outliers.

The univariate outlier detection technique we have seen is based on the distance of a value to the

central value of the distribution considered - the mean if the Normal distribution is chosen.

The basis for multivariate outlier detection is the Mahalanobis distance which also assumes a

Normal distribution. This measure calculates the distance of every multivariate example x =

(x1, x2, . . . , xp) to the mean of the data set µ = (µ1, µ2, . . . , µp) using the covariance matrix Σ, as

it is shown in Equation 2.32.

DM (x) =
√
(x− µ)TΣ−1(x− µ) (2.32)
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The square of this distance is distributed as χ2
d distribution, i.e. a chi-square distribution with

d-degrees of freedom. Within this distribution, a threshold value is proposed for the outliers

detection, according to a significance level (usually 1% or 5%).

Definition 2.29 (Distribution-based Multivariate Outlier). Let DS be a set of d-dimensional

multivariate observations from a normal distribution and p a point in DS. The square of the

Mahalanobis distance follows a χ2
d distribution with d-degrees of freedom. Then the Mahalanobis

distance is larger then a pre-specified threshold if and only if p is a multivariate outlier.

This distance incorporates dependencies between attributes by the covariance matrix and, at the

same time, is independent of the variables’ scale as it standardizes them to a mean of zero and a

variance of one.

Unfortunately, similarly to z-score, Mahalanobis distance is itself affected by outliers. The

estimates of the mean and covariance matrix are extremely sensitive to the presence of outliers.

In this context, and so that more candidate outliers can be detected, robust multivariate estimators

have appeared. Rousseeuw (1985) proposed a robust estimate for the covariance matrix, which is

based on weighted observations according to their distance from the center. Some other robust

estimators include Minimum Covariance Determinant (MCD) and the Minimum Volume Ellipsoid

(MVE) (Rousseeuw, 1985; Rousseeuw and Leroy, 1987).

To illustrate the influence of outliers in a multivariate scenario, we present the following example

within a medical application.

Example 2.7. Multivariate outliers: detection of a heart disease severe risk.

In this example we show how the identification of multivariate outliers helps the diagnostic of

individuals who suffer potential severe risks of a heart disease, such as extremely high diabetes

and cholesterol or other symptoms. The data set diabetes(Faraway, 2008) is the result of a study

conducted over 403 African Americans to understand the prevalence of obesity, diabetes, and other

cardiovascular risk factors in central Virginia. For each individual 19 variables were measured, such

as age, gender, height, weight, waist, Total Cholesterol, Stabilized Blood Glucose, High Density

Lipoprotein (HDL), and Glycosylated Hemoglobin, among others. For our outlier identification, we

removed all the cases with missing values, which left us with 130 observations.

Some domain knowledge was used to visually inspect those individuals who were at clear life risk.

In this context, we decided to plot two of the most informative measured variables:
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• Glycosylated hemoglobin: a value greater than 7% is taken as a positive diagnosis of diabetes;

• Total Cholesterol: a value greater than or equal to 240 mg/dL is considered a high risk of

developing heart disease.

If you have diabetes, you’re more likely to have more cholesterol abnormalities — which highly

contributes to a cardiovascular disease.

From the observation of Figure 2.19 (a) we can realize that the measured Glycosylated Hemoglobin

evidences the presence of outliers, by extreme high values.

In Figure 2.19 (b) and (c) we show two methods for the identification of outliers. The first one,

shows to the Mahalanobis distance and identifies the five individuals signaled with a black point

in the plot (a). The second one, uses a robust version of the Mahalanobis distance that identifies

more outliers. This result is quite interesting as we realize that, with the second method, we

are also able to identify those individuals that, even though do not have the maximum value of

Stabilized Blood Glucose and Total Cholesterol, should be in a precaution area. Hypertension is

another important risk factor for the development and worsening of many complications of diabetes.

Therefore, instead of this set of attributes we could have chosen to analyze diabetes regarding the

values of blood pressure, sex and age, for instance.

Figure 2.19: Identification of multivariate outliers through the Mahalanobis distance and the robust
Mahalanobis distance.

Laurikkala et al. (2000) have shown that the threshold definition of outliers used by the box plot

is also extendable to multivariate outliers with real-valued, ordinal and categorical attributes. The
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scatter plot, such as the one shown in Figure 2.19 (a), is a graphical technique which can be used

to detect outliers in two-dimensional data sets. In these plots an outlier is a point that deviates

significantly from a linear model between the two variables. Other plots exist for more than two-

dimensional data sets (Zhang et al., 2007), but for high dimensional data the outlier detection can

be very time consuming and an inaccurate process.

Most of the statistical methods, present some limitations as argued in Hodge and Austin (2004).

All are parametric, i.e. attached to a known theoretic distribution, which requires prior knowledge

about the data for accurate results to be obtained. In many situations, data sets do not really

follow any particular distribution. In fact, data can be of any type and is usually described by a

large number of variables.

In complex problems it is often hard to decide what is the theoretic distribution of the normal

instances. For these situations non-parametric methods are used. These methods do not make any

assumption on the functional form of the probability distribution. This function is estimated from

the data using, for instance kernel functions. But these methods are computationally expensive,

especially for high-dimensional data sets. Estimating the parameters of multidimensional

distributions is harder and often inaccurate.

Classic statistical methods go beyond the scope of our study. Further details can be found in the

literature (e.g. Coles, 2001; Embrechts et al., 1997; Petrie and Sabin, 2005).

2.3.3.2 Clustering Methods

Cluster analysis is a common technique with the objective of group data instances into groups

based on a similarity measure. Even though in a indirect way, this technique is used for outlier

detection. The reasoning is that the clustering methods group normal instances together in one

or more dense clusters, while outliers are isolated in low density clusters or do not belong to any

cluster at all. Following this theory, there are several clustering based outlier detection techniques.

In this section, we will mention some of them.

BIRCH (Zhang et al., 1996) was one of the first algorithms coping with outliers notion. For Zhang

et al. (1996) all the points lying in less dense regions were interpreted as potential outliers. The

clustering algorithm identifies as potential outliers those points which were not included in none

of the formed clusters.

Definition 2.30 (Clustering-based Outlier). Outliers are points that do not belong to clusters

of a data set or belong to clusters that are significantly smaller than other clusters.

Another cluster-based outlier detection was recently proposed by Torgo (2007), which takes

advantage of the resistance each point offers in the aggregation step of an hierarchical clustering,

as a way to measure its outlyingness.
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2.3.3.3 Distance-based Methods

Nearest neighbour analysis is a widely known and used technique in data mining in which a data

object is analysed in the light of its nearest neighbours, i.e. with respect to the data objects that

are closer to it. This type of analysis is data-driven, which means that, contrary to the statistical

approaches, no assumption is made upon the underlying distribution of data.

Regarding outlier detection, distance-based methods were originally proposed by Knorr and Ng

(1998). The basic idea is that we should look for outliers in a locally sparse area within the instance

space.

There are three popular definitions of outlier, from a distance-based detection perspective. The

first one was proposed by Knorr and Ng (1998) as follows,

Definition 2.31 (Distance-based Outlier - I). A point p in data set DS is a DB(f,D)-outlier

if at least a fraction f of points in DS lies at a distance greater than D from p.

This definition posed some difficulties, namely in the determination of the distance D. Ramaswamy

et al. (2000) extended further this definition so that outliers can be more efficiently discovered and

ranked. Their proposal was based on the distance to the kth nearest neighbour of a point Dk.

Definition 2.32 (Distance-based Outlier -II). Given k and n, a point p is an outlier if no

more than n− 1 other points in the data set have higher Dk value than p. The top n points with

the maximum Dk values are the Dk
n outliers of the data set.

Outliers are the top n examples whose distance to the kth nearest neighbour is the greatest. Still,

according to Angiulli and Pizzuti (2002), this definition fails for only considering the distance to

its kth neighbour, ignoring information about the closer points. Such a scenario is exemplified in

Figure 2.20) for two points q1 and q2 and a neighbourhood of eight points (k = 8).

According to the Definition 2.32, q1 and q2, we would get D8(q1) = D8(q2), i.e. would be ranked

equally, which is absurd. In this context, another definition was recently suggested by Angiulli and

Pizzuti (2005),

Definition 2.33 (Distance-based Outlier - III). Given a data set DS and integer a k, the

weight w of a point p is defined as the sum or the average of the distances separating it from its k

neighbours. Outnk is the set of top n outliers of DS with respect to k, i.e. the points which score

the largest n values of weight.

One of the problems with distance-based approaches is scalability of the algorithm with large data

sets. Some efforts have been made (e.g. Ghoting et al., 2008) with the goal of finding fast algorithms

for this task, but they rely on several assumptions that limit their application.
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Figure 2.20: Two different points q1 and q2 that would be wrongly labeled as "equal" outliers
(given that D8(q1) = D8(q2)) by the distance-based detection method.

2.3.3.4 Density-based Methods

Breunig et al. (2000) proposed an algorithm specially designed for outlier detection, claiming that

the concept of outlier should be locally inspected. This approach was motivated by some limitations

found in distance-based outlier detection when dealing with data sets with both sparse and dense

areas, such as the one shown in Figure 2.21. From the visual inspection of the figure, we identify

two clusters C1 and C2 of different densities. Regarding outliers, o1 is easily detected, but for o2

to be detected as outlier by the distance-based definition, all the points of C2 would have to be

outliers too.

The weak performance of distance-based approaches in data sets with a non-uniform density, lead

to the formulation of a density-based approach and to the definition of the Local Outlier Factor

(LOF) (Breunig et al., 2000) method. The essence of the approach is that being an outlier is not

a binary property, is a characteristic that every object has, but with some score assigned.

The outlier factor is used to rank the objects regarding their outlyingness. The outliers are no

longer treated equally. Every point that lies outside a cluster should be identified as outlier,

but each one is given a score, LOF, which captures the relative degree of isolation of the point

from its surrounding neighbourhood. According to Breunig et al. (2000), points that are deep

inside a cluster have approximately a LOF of 1. The other points are assigned a value within a

tight interval, regardless of whether the considered nearest neighbourhood embraces one or more

clusters. Therefore, the local outlier factor of a point is the reciprocal of the density in the point’s

neighbourhood. This lead to a new outlier definition,
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Figure 2.21: One of the main limitations of distance-based detection of outliers is being density
careless.

Definition 2.34 (Density-based Local Outlier). Outliers are points that lie in the lower local

density areas with respect to the density of its local neighbourhood.

To better illustrate how this new density-based local outlier definition addresses some of the

limitations shown by the distance-based outlier definitions, we return to the instance space shown

in Figure 2.21. In the Figure 2.22 are represented the subset of instances which compose C2 and

the point o2, which could not be identified as outlier in the previous distance-based approach.

In the same figure are also pictured two distance concepts introduced by (Breunig et al., 1999):

• core-distance of a point p - core(p) - is its distance to its kth nearest-neighbour;

• reachability-distance between two points p1 and p2 - r(p1, p2) - is the maximum between the

core-distance and their actual distance.

In a elementary way, the reasoning is that high values of reachability-distance between two given

points indicates that they may not be in the same cluster. The local reachability-distance of a point

is defined to be inversely proportional to the average reachability-distance of its k neighbourhood.

By the formula presented by the authors, LOF assigns high values to the points that have a much

lower local reachability-distance in comparison to its k neighbourhood.

In these conditions, and considering the instance space of Figure 2.21, to the point o2 would be

assigned a higher LOF then to the points belonging to the clusters C2 or C1.
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Figure 2.22: Illustration of local reachability distance of points relative to a core-distance of a point
c.

Again, some limitations have been detected in this methodology. Namely, the selection of the

neighbourhood (k), which is not always trivial, and the time complexity of the algorithm, which

results from the fact of density being itself defined in terms of distance.

LOCI was one of the proposals (Papadimitriou et al., 2003) to fasten the LOF algorithm. One

of its features is a different definition of local neighbourhood, based on a radius, not on a fixed

number of points.

Later, another efficient density-based outlier detection method for large data sets was pro-

posed (Ren et al., 2004): RDF-based outlier detection, where RDF stands for relative density

factor. The relative density of a point p is given by the ratio of the density of the point and the

average density of its neighbours. The outlier score of a point becomes its relative density. This

leads to another density-based definition of outlier,

Definition 2.35 (Relative Density-based Outlier). A point can be considered as an outlier if

its own density is relatively lower than its nearby high density pattern cluster, or its own density

is relatively higher than its nearby low density pattern regularity.

This method uses a vertical data structure (P-trees) to efficiently index data and prune the points

which are deep in clusters, and then detects outliers only within the remaining small subset of the

data, using the RDF.

In summary, density-based approaches have the ability of detecting local outliers that other

methods may not be able to detect.
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2.3.3.5 Spatial Methods

These methods are closely related to clustering methods. They are often used in geographical

information systems (GIS) and in practical applications such as spread of diseases and climate

studies (e.g. Shekhar et al., 2003).

The main distinguishing feature of spatial data is the existence of spatial attributes and the

neighbourhood relationship.

Shekhar et al. (2003) describes the definition of outlier in a spatial context as follows,

Definition 2.36 (Spatial based Outlier). A spatial outlier is a spatial referenced point whose

non-spatial attribute values are significantly different from those of other spatially referenced points

in its spatial neighbourhood.

Spatial outliers can be further split into two categories (cf Shekhar et al. (2003)): multidimensional

space-based outliers and graph-based outliers. Their difference relies on their neighbourhoods.

For the multidimensional space-based outliers, the neighbourhood is defined with the Euclidean

distance and for the graph-based outliers, the neighbourhood is defined through graph connectivity.

Methods for detecting outliers in a multidimensional Euclidean space have several limitations,

because, as we have mentioned before, they assume an isometric space. Shekhar et al. (2003)

propose the notion of neighbourhood outlier in a graph structured data set which has shown to

be an efficient outlier detection technique for spatial outliers, namely in comparison to clustering

techniques.

In several geographical applications we have to consider temporal correlations on top of spatial

relationships. Therefore, there exists a spatial-temporal relationship that should not be neglected,

when detecting outliers in these applications. Cheng and Li (2006) defined spatial-temporal

outliers, as follows,

Definition 2.37 (Spatial-Temporal based Outlier). A spatial-temporal outlier is a point

whose non-spatial attribute values are significantly different from those of other spatially and

temporally referenced points in its spatial or/and temporal neighbourhoods.

2.3.3.6 Sequential and Data Streams Methods

In many applications, data is a set of symbolic sequences. This is the case of the composition

of the DNA that is a sequence of symbols belonging to the set {A,G,C,T}, surveillance systems,
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network intrusion and so on. In these settings, the outliers may point out some surprising and/or

suspicious activities in a monitoring process.

For distance-based or density-based techniques, it is very difficult to define the notion of similarity

between the sequences. One of the alternatives is to use tree-based approaches. Sun et al. (2006)

present the Probabilistic Suffix Tree (PST) data structure that employs the theory of Markov

Chain. This structure enables the efficient calculation of similarity between a sequence and a set

S. Outliers, in the context of this type of data, can be defined as follows,

Definition 2.38 (Sequence-based Outlier). Given a sequence p and a set S, it is said that p

is an outlier with respect to S if their value of similarity is lower than a user-defined threshold.

In some contexts, large volumes of data are continuously arriving in an ordered sequence, in what

is usually known as a data stream. Data streams are infinite processes consisting of data that

continuously evolves with time. As the memory is not infinite, the data must be stored in a more

compact way and if necessary be expunged. In this scenario, a model built in a particular instant

may not be valid in the near future.

In many data stream applications, only the most recent elements are important for data mining,

while the old ones have a small or null importance. For example, in a stream of stock market

data, traders are more concerned about the recent movements of the stock price. This may lead

to focusing the analysis on the most recent N values of the stream.

Muthukrishnan et al. (2004) proposed the following definition of outlier based on the data

summarization by histograms.

Definition 2.39 (Data-Stream Outlier). If the removal of a point from the time sequence

results in a sequence that can be represented more briefly than the original one, then the point is

a data-stream outlier.

Outlier detection over data streams is mainly based on statistical techniques or density estimates.

In spite of being a recent area, several algorithms have been proposed. Algorithms for detecting

top-k monitoring outliers (Li and Han, 2007), for on-line detection of outliers over sensor streams

data (Sheng et al., 2007; Subramaniam et al., 2006), are examples of this type of work.

This area has been receiving a lot of attention as the notion of outlier in data streams is associated

with change-point detection in time and thus, related to fraud detection, rare event discovery,

trend change detection and more.
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2.4 Discussion

Most existing work on Utility-based Data Mining (UBDM) is related to supervised learning, namely

classification tasks. Utility is associated to costs/benefits in a cost-sensitive learning setting.

Utility as a concept metric is application dependent. In some domains utility is associated to the

rarity of a phenomenon. The detection or prediction of rare cases, also called outliers, are of high

interest in situations such as ecological catastrophes, frauds, financial markets and so on. However,

as we have seen, handling rare cases in data mining implies different methodologies than the ones

traditionally used, which are biased to the detection / prediction of common cases.

Regarding supervised outlier detection, namely classification, we have seen that more appropriate

evaluation measures are required so that a more reliable evaluation of the models is performed.

Moreover, different learning techniques are also necessary in order to build classification models

that are effective in the prediction of such rare classes.

With respect to unsupervised outlier detection, and given the wide range of real-life applications,

extensive research has been performed. There are currently several approaches suitable according

to application requirements.

While a lot of research has been carried out in utility-based classification and in outlier detection,

regression is being almost neglected in this setting. One of the main contributions of this thesis is

to extend utility-based learning to regression, namely in the prediction of rare and extreme values.
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Utility-based Regression

"Nothing can have value without being an object of utility."

Karl Marx (1818 - 1883)

Utility-based learning is a key technique for addressing many real world data mining applications.

Most of the existing research has been focused on classification problems. In this chapter, we

present a methodology for handling regression problems in the context of applications with non-

uniform costs and benefits across the domain of the continuous target variable. We propose utility-

based metrics that calculate the cost/benefit of a prediction made by some regression model. These

evaluation metrics provide a more informed assessment of the utility of any regression model given

the application-specific preference biases. Within this setting, it is more reliable to compare and

select alternative regression models according to the user/application requirements. Throughout

this chapter, we will use a real-life application to better illustrate the objective of our proposed

utility-based evaluation methodology. The referred application is the prediction of outdoor air

pollution by measurements of NO2 concentration values. This is one of the typical prediction tasks

where non-uniform costs are required. The experiments on this data set show the advantages of

our utility-based evaluation in the context of this class of regression problems. In order to better

evaluate our claims, we also describe a set of diverse artificial regression problems with non-uniform

benefits and costs to prove that the effectiveness of the results obtained by our utility-based metrics

are not application dependent.

3.1 Introduction

The genesis of utility theory (Neumann and Morgenstern, 1944) emerged in an economic context as

a way to express people’s preferences in a numerically useful way. An utility function u : X → R is

used to represent the preference relation ≼ on X, such that for every x, y ∈ X, u(x) ≤ u(y) implies

x ≼ y. Originally, these preferences were associated to the game theory in an economic context. In

such context, the goal for an investor is to maximize the utility based on the risk associated with
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a set of alternative decisions/actions for a certain scenario. Given the estimated wealth and the

probability associated to each alternative action, the investor uses an utility function to map the

wealth into a utility score. Based on this function, the investor selects the action that yields the

highest utility score. Currently, there are several utility functions that map a wealth value into a

utility score proposed in the literature (e.g. Friedman and Sandow, 2010).

In this chapter we propose a methodology for utility-based regression tasks. In regression problems

we have a potentially infinite set of possible decisions (the predictions). Any regression model

estimates, for each test case, the value with highest probability and uses this value as the prediction

(i.e. decision). What we claim is that for certain applications, this decision should take into account

the wealth of each possible prediction. With this goal we propose methods for estimating the wealth

of any possible prediction of a regression model. This means that, within our target applications,

we will assume that the utility of each prediction is actually equal to its wealth. Hence, we will

use the identity utility function (u(w) = w) in all illustrations of our methodology in this thesis.

In this context, and to simplify the used terminology we will call our proposal an estimate of the

utility of a prediction. We propose to estimate the utility (wealth) of a prediction (i.e. a possible

action) by calculating its costs and benefits.

In many real world applications the costs/benefits associated to predictions are not uniform.

Typically, these applications are related to cost-sensitive decision problems, where different

predictions can lead to different decisions involving costs/benefits (e.g. credit approval, insurance

contracts, targeted marketing). These applications have motivated the work on cost-sensitive

learning (e.g. Domingos, 1999; Elkan, 2001) and, more recently, on utility-based mining (e.g. Weiss

et al., 2005, 2008; Zadrozny et al., 2006). However, most of these studies focus on classification

tasks (e.g. Drummond and Holte, 2000; Fan et al., 1999; Provost et al., 1998), even though similar

problems arise within regression tasks.

In effect, there are several real world applications where the continuous target variable shows

non-uniform costs across its domain. The anticipation of a critical phenomenon in domains such

as finance, meteorology, ecology and fraud detection, are among this kind of applications. In

these domains, the critical phenomena are usually described by a particular subset of values of a

continuous variable, which usually triggers some sort of alarm or action. Thus, predictions made

for this subset of values should have a differentiated cost/benefit to be in accordance with the

application goals.

As mentioned by Crone et al. (2005), the majority of the work in regression assumes uniform

costs. The estimated performance of a regression model is given by an average statistic over the

magnitude of all the prediction errors. To overcome the limitations of this assumption several

authors (Christoffersen and Diebold, 1996; Crone et al., 2005) have proposed new loss functions
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for regression. Nevertheless, the proposed functions are only capable of distinguishing under-

predictions from over-predictions, i.e. situations where the predicted values are below or above the

true values, respectively. As we will illustrate later on this chapter, these loss functions, as well as

other alternative evaluation measures, do not fully address the requirements of many important

real world applications with non-uniform costs/benefits.

How can we evaluate, compare or select regression models in the context of applications with

non-uniform costs/benefits? Moreover, how can we make possible to express the preference bias

of the users of these applications? In this chapter, our objective is to answer these questions.

We propose a methodology for evaluating regression models in the context of arbitrarily shaped

cost/benefit functions across the domain of the numeric target variable of regression tasks. This

methodology enables the creation of new evaluation metrics that incorporate the notion of utility

and thus are able to provide better feedback on the merits of the regression models in the context

of specific biases of any numeric prediction task. We will illustrate the use of our proposed metrics

and perform some experimental validation of those metrics on real and artificial data.

3.2 Problem Formulation

In a predictive learning problem the goal is to learn the model that better fits a target concept

based on a training set. The training set is defined by DS where xi is a feature vector from the

feature space X composed by the predictor (independent) variables and yi is an instance of the

target (dependent) variable Y with domain Y. Depending on the domain of the target variable,

we say that we have a classification problem (if Y is discrete); or a regression problem (if Y is

continuous). The objective is to learn the best approximation of an unknown function f : X → Y.

The obtained approximation, f̂Ω is a model with a set of parameters, Ω, which are obtained by

optimizing a preference criterion. In classification, the preference criterion commonly used to

obtain f̂Ω is the minimization of the expected error rate (cf. Equation 2.1 - page 9). In regression,

the standard preference criteria employed are also based on error estimates, such as the absolute

error or the squared error.

The expected absolute error loss of a regression model f̂Ω with respect to a set of instances ⟨x, y⟩ ∈

X × Y drawn from a distribution D is defined as

EAE(f̂Ω, D) := E⟨x,y⟩∼D [ |f̂Ω(x)− y| ] (3.1)
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Similarly, the expected squared error loss of a regression model f̂Ω with respect to a set of instances

⟨x, y⟩ ∈ X × Y drawn from a distribution D is defined as

ESE(f̂Ω, D) := E⟨x,y⟩∼D [(f̂Ω(x)− y)2] (3.2)

For all the error estimates, the objective is to find the model that minimizes the expected loss.

In this context, and assuming that the squared error loss is the criterion, the optimal prediction

ŷ ∈ Y for a given example x ∈ X is determined by,

ŷ = argmin
y ∈ Y

ESE(f̂Ω, ⟨x, y⟩) (3.3)

In standard regression setups like the ones presented above, the usefulness of a prediction is

inversely proportional to its loss value, and thus to the difference between true and predicted

values. In this context, one can define the following principle.

Definition 3.1 (Principle of Utility in Standard Regression). In standard regression

scenarios, utility is a function of the error of the prediction (i.e. L(ŷ, y)).

Definition 3.2 (Properties of Utility in Standard Regression). In general, and assuming

that L is a regression loss function (e.g. absolute error) and U is an utility function, we have that

the utility function is inversely proportional to the loss function, i.e. U ∝ L−1. Given any two

pairs of predictions ⟨ŷ1, y1⟩, ⟨ŷ2, y2⟩ ∈ Y × Y the following properties hold in these setups.

i) Equal accuracy predictions have the same usefulness.

L(ŷ1, y1) = L(ŷ2, y2) =⇒ U(ŷ1, y1) = U(ŷ2, y2)

ii) More accurate predictions are always preferable.

L(ŷ1, y1) < L(ŷ2, y2) =⇒ U(ŷ1, y1) > U(ŷ2, y2)

For the applications we target with our proposal, these otherwise reasonable properties, can be

counter-intuitive. As a consequence, and similarly to the conclusions drawn in classification (e.g.

Elkan, 2001; Fan et al., 1999), the standard error measures demonstrate to be non effective for

applications with non-uniform costs/benefits.
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3.2.1 An Application: Prediction of Outdoor Air Pollution

Nowadays, road traffic, industries and forest fires are among the main factors that affect the quality

of the air that we breed, specially in big cities. The exposure to such air pollution leads to adverse

health effects. Therefore, the increasing percentage of unhealthy substances has determined the

establishment of concentration limits for some toxic composts.

The World Health Organization (WHO) has established the so-called AQGs ("Air Quality

Guidelines") with the purpose of controlling the air quality based on the potential risk to human

health. The AQGs include the air quality standards, i.e. permissible levels for the six most

commonly found air pollutants. The referred pollutants are particle pollution (PM), ground-level

ozone (O3), carbon monoxide (CO), sulfur dioxides (SO2), nitrogen oxides (NOx), and lead (Pb) ⋆1 .

Keeping track of the concentration values of these pollutants is highly important, namely because

the exposure to them is associated with numerous effects on human health, including increased

respiratory symptoms, hospitalization for heart or lung diseases and even lung cancer which may

lead to premature death.

Nowadays, there is a broader consciousness about keeping the concentration of the pollutants at

levels that protect public health and the environment. As such, the air quality standards have

been changing over the recent years making the annual average concentrations stricter, in order to

reduce the emission of the pollutants.

The concentration of the pollutants varies both on systematic factors (e.g. car traffic volume) and

on meteorological factors (e.g. wind speed and direction, precipitation, air humidity, temperature).

In areas of high motor vehicle traffic, such as large cities, the amount of nitrogen oxides (NOx)

emitted into the atmosphere can be quite significant. In the presence of excessive oxygen (O2),

NOx will be transformed into the more harmful nitrogen dioxide (NO2), which is a major air

pollutant that is toxic when inhaled.

Nitrogen dioxide is an important atmospheric gas, not only because of its bad health effects but

also because it absorbs visible solar radiation and contributes to the constitution of smog. In this

context, it can also have a potential role in global climate change if its concentration becomes too

high. Therefore, the control of concentration values of NO2 is a very important task.

As described in the WHO (2006) report and re-established in the last directive -

Directive 2008/50/EC - of the European Parliament and of the Council of May, 21st of 2008

on ambient air quality and cleaner air for Europe ⋆2 - limits shown in Table 3.1 are the current

thresholds imposed for NO2 concentration.
⋆1Detailed information on how these pollutants can affect the air quality can be found in WHO (2006).
⋆2All the EU Legislation, and in particular the Directive 2008/50/EC, can be accessed through EUR-Lex

(http://eur-lex.europa.eu/)
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Table 3.1: NO2 hourly concentration thresholds for the protection of human health.

NO2 Hourly Thresholds defined according to the Directive 2008/50/EC

Limit Value: 200µg/m3;†

Margin of Tolerance: 50%;
Deadline by which limit value is to be achieved: 01.Jan.2010;

Upper assessment threshold: < 70% of limit value;†

Lower assessment threshold: > 50% of limit value;†

Alert threshold: 400µg/m3;
† Not to be exceeded more than 18 times a calendar year.

According to this directive, a combination of monitoring measurements and modelling techniques

may be used to assess ambient air quality if the level of the pollutant in question is between the

lower and upper assessment thresholds.

For illustration purposes on predicting the outdoor air pollution, we have used real data from a

study (Aldrin and Haff, 2005) that relates the air pollution in a road with the traffic volume and

meteorology. The data ⋆3 consists of a subsample of 500 observations from a data set, collected by

the Norwegian Public Roads Administration.

The target variable (LNO2) are the log-transformed concentration values of NO2 measured in µg/m3

on each hour, at Alnabru in Oslo, Norway, between October 2001 and August 2003. The predictor

variables are factors that influence the concentration: the logarithm of the number of cars per hour;

the temperature registered 2 meters above ground; the wind speed, the temperature difference

between 25 and 2 meters above the ground; the wind direction in degrees; the hour of day; and

day number from October 1, 2001. A more detailed description of the data can also be found in

Aldrin and Haff (2005).

According to the directive, and even though this is known to be a complex system where factors such

as the meteorology interfere, one of the objectives is that by 2010 the hourly average concentration

of NO2 did not exceed 150µg/m3 for more than 18 times per year.

In Figure 3.1, we have the probability density function (pdf) of the LNO2 variable. As we can

observe, almost all registered values are below the limit value of 200µg/m3 (ln(200µg/m3) ≈ 5.3).

We should pay special attention to all the values that are above the limit value. These are the

values that should be avoided, or that should occur no more than 18 times a year. In 2010, the

objective was to use ln(150µg/m3) ≈ 5.0 as the limit value.

In this context, it is perceptible that the relevance of the values of the target variable LNO2 is

not uniform. Higher concentration values, near ln(150µg/m3) or above, are more important than
⋆3Available on the StatLib Datasets Archive: http://lib.stat.cmu.edu/datasets/
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Figure 3.1: The pdf of the log-transformed NO2 hourly concentration values (LNO2).

lower concentration values. Based on this information, predictions of these values should have

associated costs/benefits assigned accordingly. In the following sections, we will explain why this

makes standard evaluation approaches unsuitable for this kind of applications.

3.2.2 The Inadequacy of Standard Error Measures

The preference criteria most commonly used in regression are the Mean Squared Error (MSE) and

the Mean Absolute Deviation (MAD), defined as follows,

MSE =
1

n

n∑
i=1

(yi − ŷi)
2
, (3.4)

MAD =
1

n

n∑
i=1

|yi − ŷi| (3.5)

Standard error measures, such as these ones, are not suitable in the context of a regression problem

with non-uniform costs. Their weakness lies in taking all the prediction errors equally across the

domain of the target variable. They assume that the magnitude of the committed error is the

decisive factor for the cost assigned to a prediction.

In order to confirm our claim, we created two artificial set of predictions for the prediction task

of outdoor air pollution (Aldrin and Haff, 2005) of Example 3.1. Our objective with this example
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is to illustrate that, whenever costs/benefits are involved, standard error measures are no longer

effective, namely for the comparison/selection of regression models.

Example 3.1. Performance estimates with standard error metrics: prediction of NO2 emissions.

The outdoor air pollution prediction task is one example of an application where the importance

of the target variable values, i.e. LNO2 hourly concentration values, varies throughout its domain.

For 10 observations of LNO2, we have two artificial sets of predictions made by two hypothetic

models: M1 and M2 (cf. Table 3.2).

Table 3.2: A new set of predictions can be produced from an original set of predictions by re-
allocating its errors to different values. The overall error magnitude of the new set is the same of
the original one.

Predictions of Two Artificial Models

True 2.71 3.35 3.36 3.63 4.08 4.16 4.31 5.55 5.78 6.40

M1 2.68 3.3 3.43 3.72 3.96 4.29 4.55 5.91 7.03 4.72

M1 Loss 0.03 0.05 0.07 0.09 0.12 0.13 0.24 0.37 1.25 1.67

M2 1.04 4.61 3.73 3.87 4.21 4.04 4.41 5.62 5.73 6.37

M2 Loss 1.67 1.25 0.37 0.24 0.13 0.12 0.09 0.07 0.05 0.03

The scatter plot in Figure 3.2 shows these predictions and the true values.

Figure 3.2: Two artificial sets of predictions for NO2 emissions.
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While M1 produces more accurate predictions at the lower LNO2 concentration values, M2 achieves

more accurate predictions at the higher LNO2 concentration values. Therefore, according to the

application preference bias, one would say that M2 is more useful than M1.

In order to get a more precise estimate of the performance of the two models, we evaluated both

of them by MAD and MSE. From the analysis of the obtained performance estimates, shown in

Table 3.3, we notice that even though the predictions made by the two models are quite different,

they are not distinguishable by any of the two standard error metrics. The reason is that both

models sum up to the same total error value and thus both have the same average cost according

to the standard metrics.

Table 3.3: Two different prediction sets with the same standard error estimate.

Estimated Performance

MAD MSE

M1 0.402 0.460

M2 0.402 0.460

In effect, M1 and M2 are two hypothetical models with artificially generated predictions sets

designed to illustrate the drawbacks of standard metrics on regression tasks for cost-sensitive

applications. M2 is obtained from M1 in such a way that the smaller errors (in amplitude) are

allocated to the cases which have high values on the target variable. This means that both models

have exactly the same error amplitudes but these occur in different ranges of the target variable,

M2 having the smaller errors on the most important cases.

The problem is that the properties that we have presented before concerning the notion of usefulness

in standard regression metrics, no longer apply. For instance, with model M1 we get L(2.68, 2.71) =

0.03 and with model M2 we get L(6.37, 6.40) = 0.03. Still, from the perspective of this application,

the usefulness of the first prediction should be much lower (i.e. U(2.68, 2.71) ≪ U(6.37, 6.40)). In

effect, the second situation forecasts a high NO2 concentration value that will probably trigger some

alarm. On the contrary, the first prediction forecasts an average NO2 concentration value and, in

this sense, we can say that it is much less useful. This small example contradicts the property

of equal accuracy predictions being equivalent as established in standard regression (page 66).

Another example can be found for model M1 where L(2.68, 2.71) < L(4.72, 6.40) but, from the

application perspective, we should have U(2.69, 2.71) < U(4.72, 6.40). This case contradicts the

property of higher accuracy predictions being always better as established in standard regression

(page 66). In spite of being equally or even more accurate, the usefulness of the prediction depends
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on the range of values involved as higher LNO2 concentration values are the most important to

predict accurately.

For this type of applications, it cannot be assumed that the error amplitudes cost the same across

all the domain of the target variable. All standard error metrics make that assumption and, as such

are not very helpful. They may even lead to counter-intuitive model evaluation/comparison that

can have serious impacts on the use of predictive models on this type of real world applications.

Therefore, it is necessary to have an error metric that is sensitive to the location of the errors

within the range of the target variable, i.e. that is able to cope with differentiated costs/benefits

across the domain of this variable.

Similarly to what happens with accuracy in classification, and as referred in several studies (e.g.

Domingos, 1999; Elkan, 2001), these standard error measures are not reliable for addressing

applications with differentiated costs/benefits.

3.2.3 Alternative Approaches and their Limitations

To overcome some of the drawbacks we have mentioned, several alternatives have been considered.

We present some of them here and briefly explain their limitations.

3.2.3.1 A Classification Approach

Classification is currently the most commonly used approach to address a cost-sensitive problem.

The interest for real-world data mining tasks made the area of learning with costs widely studied

and, therefore, many learning techniques have been developed within this research field. In this

context, we could adopt one of the cost-sensitive learning techniques (e.g. Elkan, 2001; Weiss and

Provost, 2001) or one of the more recent utility-based learning techniques (e.g. Weiss et al., 2008) to

address our target problems. This would be a straightforward solution. In this thesis we question

this simple approach. Regardless of the obtained results, which will be discussed in Chapter 6,

the application of these classification techniques requires a change in the problem definition (e.g.

Torgo and Gama, 1997). Namely, the continuous target variable needs to be discretized into a set

of bins and adequate misclassification costs need to be found to reflect the implicit ordering among

these bins. This implies the definition of the number of bins and the respective cut points which is

dependent on domain knowledge. We argue that in regression problems such as the ones we have
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been describing, this process results in creating crisp and artificial divisions between the values of

the target variable. The first consequences of such process are illustrated in the Example 3.2.

Example 3.2. Performance estimates with misclassification costs: prediction of NO2 emissions

Suppose that we decide to divide the LNO2 concentration values in two classes, Clean Air

(clean) and Polluted Air (polluted) according to the 2010 objective established in the Directive

2008/50/EC (cf. Equation 3.6) and define the respective cost matrix afterwards (cf. Table 3.4).

class(LNO2) =

clean, if LNO2 ≤ ln(150µ/m3);

polluted, if LNO2 > ln(150µ/m3).
(3.6)

Table 3.4: A cost matrix for the prediction of NO2 emissions.

Cost Matrix

True
clean polluted

Predicted clean cc,c cc,p

polluted cp,c cp,p

According to some researchers (e.g. Provost et al., 1998), the task of assigning costs is not trivial.

Nevertheless, given the objectives of this concrete application, the costs associated to errors

committed with the class polluted should be more important than the rest of the errors. This

means that cp,p, cp,c and cc,p should be carefully chosen.

A prediction of ln(149µ/m3) for a true concentration value of ln(150µ/m3) would incur on a cost

of cc,p. Meanwhile, a prediction of ln(200µ/m3) would be considered as accurate, achieving the

same benefit of a perfect prediction of ln(150µ/m3): cp,p. These two examples are clearly counter-

intuitive. The problem is that, according to the cost matrix, all the dangerous high concentrations

of LNO2 are treated equally.

In order to make the evaluation more sensitive to variations within high concentrations of LNO2, we

could divide the range of values of the target variable further. We could create one or more extra

classes within the high and dangerous concentrations values of LNO2, thus creating a kind of degree

of pollution. Nevertheless, we still have to choose cut points to define the bins. Those threshold

values will always be critical as they create crisp and artificial divisions between the values of a

continuous variable.
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Moreover, in most of these applications, the most interesting class, where prediction errors are

more costly, is also the less frequent one. This is also the case of the LNO2 concentration values

prediction. Fortunately, the number of times in which the concentration of NO2 goes beyond the

imposed thresholds is low. This means that the class polluted is not frequent and thus splitting

it in more bins would create a set of classes that are even less frequent. As mentioned by several

authors (e.g. Weiss, 2004) these type of class unbalance is very hard to address.

From our perspective, this classification approach is counter-intuitive for addressing regression

tasks. A 0/1 loss function is not suitable for problems that are essentially metric, such as the ones

we want to address. We claim that this is a rough approximation of a problem that is inherently

continuous. Still, since there are much more studies concerning the use of the notion of utility in

classification (e.g. Weiss et al., 2005, 2008; Zadrozny et al., 2006), we will include this approach in

our experimental comparisons, presented in Chapter 6.

3.2.3.2 High Powers on Error Differences

The error estimates provided by the Mean Squared Error (MSE) statistic (cf. Equation 3.4 -

page 69) are not robust. This means that the performance estimates given by this metric are

influenced by the presence of extreme high or low values in the data. As it is based on the squared

error, larger errors, usually committed at extreme values, have more weight on the error estimates.

In comparison, the Mean Absolute Deviation (MAD) (cf. Equation 3.5 - page 69) is less influenced

by the presence of such extreme values as it is based on the absolute error. Therefore, the MAD

estimates are more stable with respect to small changes in the data.

In this context, if we want our model to be sensitive to extreme values, then MSE would be a

better choice than MAD for evaluation criterion. Moreover, if we use higher powers on the error

magnitudes, as shown in Equation 3.7, that would make the performance on the extremes even

more important in the overall performance of the model. This means that the smaller the error

estimate obtained by this error statistic is, the more accurate the model at the extreme values

probably is.

Errk =
1

n

n∑
i=1

|yi − ŷi|k (3.7)

where k ∈ N.
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Nevertheless, this approach suffers from the same weakness as MAD and MSE: it has no sensitivity

to where the error occurs in the range of the target variable Y and no extra weight is given to the

performance on extreme values. Thus, the same problems can arise, no matter which value of k ⋆4

is chosen.

3.2.3.3 Case Weights

In the context of regression approaches we can use case weights as shown in Equation 3.8, to

address our target applications.

Errw =

∑n
i=1 wi · L(yi, ŷi)∑n

i=1 wi
(3.8)

where L(yi, ŷi) is a loss function and wi is the weight associated to the case i.

The objective is that higher weights are given to the more important cases so that the model

parameters can be obtained by minimizing a criterion that takes into account these weights.

In the Example 3.3, we have applied this approach to the prediction of outdoor pollution.

Example 3.3. Performance estimates with a weighted error metric: prediction of NO2 emissions.

Let us consider the NO2 concentration data set once more. The predictions set of M1 and M2,

shown in Figure 3.3, were obtained by the same process explained in Example 3.1 (page 70). Here

we are only considering their predictions on two test cases. M2 is artificially obtained from M1 by

just exchanging the errors of the two predictions. M2 gets the smaller error at the higher LNO2

concentration value.

If we attach appropriate case weights to the errors, Errw should be able to select M2 as the best

model. Nevertheless, and even though M2 does the most accurate prediction at the most important

case, this would only partially meet our application objectives.

By assigning higher weights to the higher LNO2 concentration values, the prediction of a low LNO2

concentration value for a true high LNO2 concentration value is penalized, and, thus the cost of

predictions such as p1 (see Figure 3.3) is increased. Within the context of this application, the
⋆4When k = 2, Errk is equivalent to the Mean Squared Error (MSE).
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prediction p1 can be regarded as a missed event with a certain opportunity cost, as there was an

occurrence of a high concentration of LNO2 which was missed, i.e. not predicted by model M1.

While missed events are correctly considered by this approach, the same does not occur with the

following situation. Suppose we have the prediction of a high LNO2 concentration value for a true

low LNO2 concentration value. This is the case of p2 (see Figure 3.3), which is assigned a low weight

as these are solely based on the true value. Predictions such as p2 are known as false alarms.

Figure 3.3: Two different models with a possible misleading Errw estimate.

Even though we can assume that proper case weights could be easily obtained according to the

target application, it is important to notice that when asserting the cost of a prediction, it is

necessary to take into account both the true and the predicted values. Predicting an insignificant

value for a test case that has a critical value is not the only cost we can incur. In effect, it may

be equally serious to predict a critical value for a test case that has an insignificant value on the

target, as we would be issuing a kind of false alarm that could also lead to serious costs.

3.2.3.4 Asymmetric Loss Functions

Christoffersen and Diebold (1996) and Crone et al. (2005) have addressed the issue of differentiated

prediction costs in the context of financial applications, proposing asymmetric loss functions. Their

main goal was to be able to distinguish between two types of errors and assign costs accordingly,

namely, the costs of under-predictions (ŷ < y) and over-predictions (ŷ > y). In this context, they

proposed the LINLIN cost function, a new error metric defined as follows,
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LINLIN =


co|y − ŷ|, if ŷ > y;

0, if ŷ = y;

cu|y − ŷ|, if ŷ < y.

(3.9)

where co and cu are constants to penalize over and under predictions.

The LINLIN metric allows to differentiate the cost of the errors depending on where they occur,

namely an error with certain amplitude may be more penalized than another error with the same

amplitude if both occur on different “sides” of the true value, provided the constants co and cu are

different.

Example 3.4 shows how an asymmetric evaluation metric such as LINLIN , would apply to our

target applications.

Example 3.4. Performance estimates with an asymmetric loss metric: prediction of NO2

emissions.

Using the NO2 concentration data set, we have created other two artificial models, M1 and M2.

Each of the models made two predictions: one is an over-prediction and the other is an under-

prediction, as shown in Figure 3.4.

Figure 3.4: Two different models with the same LINLIN cost.

The magnitude of the errors associated to the two under-predictions is equal, as well as the

magnitude of the errors associated with the two over-predictions. This implies that, according
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to the LINLIN error metric, and whatever are the co and cu defined, the two models are ranked

ex-aequo.

However, though u1 and u2 are both under-predictions, they occur at different ranges of the target

variable. Thus, consistently with the application preference bias, u1 should be associated to a

higher cost then u2. Similarly, o2 should be more penalized then o1. This is not possible in this

framework and thus the evaluation provided by LINLIN fails regarding the objectives of our

target applications.

Although this is a step in the direction of cost-sensitive regression, this error metric is only meant

to distinguish two types of errors, depending on their signals. Moreover, it considers all under-

(over-) predictions as equally serious, taking only into consideration the error magnitude as in the

standard error metrics. As such, this approach is far from satisfying our goal of having a general

methodology for handling cost-sensitive regression tasks.

The confinement of this cost error function can be specially penalizing in domains such as stock

market forecasting. Regarding this setting, predicting a future price change of -1% for a true value

of 1%, has the same error amplitude as predicting 6% for a true value of 8%. The two cases are

under-predictions, and thus would have the same cost using the LINLIN metric. However, these

two situations are completely different from an investor’s perspective. While the first prediction

could lead to a wrong sell action that would in effect result in a loss of money, the latter would

lead to a correct and profitable action. These problems arise because all these measures look at

the error amplitudes independently of where they occur in the range of the target variable. As

mentioned in Torgo (2005), it is important to study the performance of the models as a function

of the target variable range for this type of applications.

Therefore, in any regression problem where the application preference bias is not uniform across

the domain of the continuous target variable, a careful inspection of the evaluation metrics used

in the selection/comparison of models should be made. We must check if their evaluation really

reflects the appropriate preference bias for the application. With a set of small examples we

have illustrated the inadequacy of the existing error metrics. Because they are insensitive to the

concrete values involved in the predictions and, mostly, focus on the error amplitudes, they give

some counter-intuitive indications concerning the comparison of models.
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3.3 Utility in Regression

As mentioned in Elkan (2001) and Zadrozny (2005), research on cost-sensitive learning has

traditionally been formalized in terms of costs as opposed to benefits or rewards. However,

evaluating a model in terms of benefits is generally preferable because there is a natural baseline

from which to measure all benefits whether positive (as real benefits of predictions) or negative (as

costs of the predictions). Some studies (e.g. Daskalaki et al., 2006; Weiss et al., 2008) also refer

that performance measures should adopt the ’business’ objectives, which are usually proposed

by the user. According to these studies, driving the data-mining process by these objectives is

determinant to achieve potentially useful results. However, there is a lack of publicly available

data where costs or utility objectives are precisely indicated.

Our proposal consists on the evaluation of regression models through an utility surface. This

surface can be interpreted as a continuous version of the benefit matrix proposed by Elkan (2001).

In order to obtain such surface, we need to calculate the utility of each prediction and a key notion

is introduced: the relevance of a value in the context of the target application. The relevance is

the crucial property that distinguishes non-uniform benefit/cost regression problems from standard

regression problems. The fact is that, for our target applications, not all values of the target variable

are equally relevant for the user. There may exist a range of so-called relevant values where it is

particularly useful to be accurate. In this context, the driving intuition behind our proposal is the

following.

Definition 3.3 (Principle of Utility in Non-Uniform Regression). Utility is a function of

both the error of the prediction (i.e. L(ŷ, y)) and the relevance (importance) of both ŷ and y.

Together, the relevance and loss information on the predictions gives us an utility surface, which

is then used to obtain an evaluation score that provides a more reliable estimate of a regression

model effectiveness regarding the goals of these applications.

3.3.1 The Relevance of the Target Variable Values

We propose to model the relevance given by the user to the different values of the target variable by

means of a relevance function. This function is domain-dependent and maps each value of the target

variable into a scale of relevance. For some type of cost-sensitive classification problems, specifying

the relevance of the target variable is essentially choosing the positive class. In regression, given

the infinite nature of the domain of the target variable, a continuous real valued function makes

more sense.
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Definition 3.4 (Relevance Function). The relevance function ϕ(Y ) : Y → [0, 1] is a continuous

function that expresses the application-specific bias concerning the target variable domain Y by

mapping it into a [0, 1] scale of relevance, where 0 represents the minimum and 1 represents the

maximum.

Additionally, based on the relevance function ϕ, we define another function that, for any prediction,

gives us the joint relevance value associated to it, as follows.

Definition 3.5 (Joint Relevance Function). Let ϕ denote the relevance function ϕ : Y → [0, 1]

and p ∈ [0, 1] a weight parameter. We define the joint relevance of a given prediction by the function

ϕp : Y × Y → [0, 1] defined as the weighted mean of their relevance values, as follows

ϕp(ŷ, y) := (1− p)ϕ(ŷ) + p ϕ(y) (3.10)

where y and ŷ are the true and predicted values.

As the objective of the relevance function is to represent domain knowledge, we do not impose

any particular shape to the ϕ function. We assume that the specification is provided by the

end-user. Still, specifying such function in an analytical way may not always be easy. It is also

virtually impossible to describe reasonable default relevance functions for all non-uniform utility

applications. As we will see later on, the relevance function can be defined through existing

functions and techniques, which, for these type of applications, provide reasonable approximations

to the applications objectives. Nevertheless, what is important to remark at this point is that,

unlike standard regression, the values of the target variable are not equally relevant in non-uniform

utility. There are regions of the target variable more relevant than others and this leads to the

notion of bumps of relevance.

3.3.1.1 Bumps of Relevance

While in standard regression problems all values in the domain of the target variable are equally

important and thus have constant relevance, in non-uniform utility regression we have bumps of

relevance. Using bumps, the end-user emphasizes the relevance of some specific ranges of the target

variable. At these ranges, the relevance function exhibits the shape of a bump. Bumps correspond,

in fact, to intervals of the target variable where the relevance function is quasiconcave.

Quasiconcave functions are widely used in many research fields (e.g. microeconomics) due to some

of their interesting properties. Quasiconcave functions are characterized as single-peaked functions

like the probability density function of distributions such as uniform, normal, exponential, logistic,
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Weibull, Gamma, among other distributions. In microeconomics (Friedman and Sandow, 2010;

Guerraggio and Molho, 2004; Hendrix and Toth, 2010), for instance, these type of functions are

called utility functions and measure an investor’s relative preference for different levels of total

wealth. As the objective is to maximize the utility based on the wealth, knowing in advance the

shape of the function constitutes an advantage. Nevertheless, we should stress that our goal is

to address applications where the relevance of the target variable may not be uniform, and, in

particular, may not be single-peaked. Still, in many applications, relevance is often associated with

specific ranges or with extremeness and rarity (e.g. highly profitable customers; high variations

on stock prices; extreme weather conditions). Our proposal is to locally address these ranges as a

way to achieve the global applications’ objectives. Our ultimate goal is to maximize utility, and

that can only be achieved by, simultaneously, maximizing the relevance and minimizing the error.

Some of the properties of quasiconcave functions are at the partial fulfillment of this goal and, as

such, we present them next.

Having defined the relevance function ϕ : Y → [0, 1], a bump is an interval of the domain, B ⊆ Y,

where the function ϕ is quasiconcave. In this context, we can equivalently say that:

(i) ∀y1, y2 ∈ B ∀λ ∈ [0, 1] : ϕ(λ y1 + (1− λ) y2) ≥ min {ϕ(y1), ϕ(y2)}

(ii) the upper contour set UCϕ(B, α) := {y ∈ B : ϕ(y) ≥ α, α ∈ R} is convex, i.e.

∀y1, y2 ∈ UCϕ(B, α) ∀λ ∈ [0, 1] : λ y1 + (1− λ) y2 ∈ UCϕ(B, α).

Figure 3.5 presents an arbitrary relevance function defined in the context of non-uniform utility

regression. Given our bump concept, this relevance function has four quite different bumps. Each

one respects an interval where the function ϕ fulfills the conditions of quasiconcavity mentioned

above.

Roughly speaking, quasiconcave functions are generalized concave functions, which are either

monotonic, or first non-decreasing and then non-increasing. In effect, in spite of their restrictions,

quasiconcave functions can assume several forms and, thus, easily adapt to the application goals.

Besides their flexibility, quasiconcave functions have some interesting properties, which have made

them useful in many contexts (Hendrix and Toth, 2010), such as microeconomics, as we have

referred. Namely, the Local-Global Property of the Maximum, enunciated by Theorem 3.7, which

in conjunction with Theorem 3.6, ensures the existence of an unique maximum.

Theorem 3.6. Let f : X ⊂ R → R be a concave function, then it is also quasiconcave.
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Figure 3.5: At the bumps, the relevance function ϕ is quasiconcave. This means that, at each
bump, the upper contour set UCϕ is convex.

.

Proof. The concavity of f implies that, for all x1, x2 ∈ X and for all 0 ≤ λ ≤ 1,

f(λx1 + (1− λ)x2) ≥ λ f(x1) + (1− λ) f(x2)

≥ λ min {f(x1), f(x2)}+ (1− λ) min {f(x1), f(x2)}

≥ min {f(x1), f(x2)}

So f is quasiconcave.

Theorem 3.7 (Local-Global Property of the Maximum). Let f : X ⊂ R → R be a concave

function. Then

(a) every local maximum of f is a global maximum,

(b) the set of maximizers of f on X, argmaxx∈X f(x), is either empty or convex.

Proof. (a) Let x0 be any local maximum of f , but not a global maximum on X. Since x0 is not

a global maximum, then there is a subset X0 ⊂ X, such that f(x) ≤ f(x0), x ∈ X0 ∩X. As x0 is

not a global maximum, a point x1 ∈ X exist such that f(x1) > f(x0). We know that any point

in X can be written as a linear combination of these two values. Hence, for any x ∈ X, there is
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λ ∈ [0, 1], such that x = (1− λ)x0 + λx1. The concavity of f implies

f(x) = f((1− λ)x0 + λx1)

≥ (1− λ) f(x0) + λ f(x1)

> (1− λ) f(x0) + λ f(x0)

= f(x0)

So the concavity of f and the assumption f(x1) > f(x0) implies that all points between x1 and x0

have an objective value higher than f(x0).

But, if we chose λ small, the point x is situated in X0 and by hypothesis, x0 was a local maximum in

this interval, which is a contradiction. So the assumption that a point x1 exists with f(x1) < f(x0)

cannot be true.

(b) Suppose that x1, x2 are both maximizers of f on X, i.e. for any x ∈ X, f(x) ≤ f(x1) and

f(x1) = f(x2). For any x ∈ X, there is λ ∈ [0, 1], such that x = (1− λ)x1 + λx2. The concavity

of f , implies that

f(x) = f((1− λ)x1 + λx2)

≥ (1− λ) f(x1) + λ f(x2)

= (1− λ) f(x1) + λ f(x1)

= f(x1).

The above must hold with equality or x1 and x2 would not be maximizers. Thus the set of

maximizers is convex.

Theorem 3.8. A concave function f : X ⊂ R → R that attains a minimum over X, attains the

minimum at some extreme point of X.

Proof. Let x0 be a minimizer of f in X, but not an extreme point of X. This means that there

are two extreme points x1, x2 in X, such that f(x0) < f(x1) and f(x0) < f(x2). Additionally,

x0 can be written as a linear combination of x1, x2. Hence, there is λ ∈ [0, 1], such that

x0 = λx1 + (1− λ)x2. By the concavity of f , we have

f(x0) = f(λx1 + (1− λ)x2)

≥ λ f(x1) + (1− λ) f(x2)

> λf(x0) + (1− λ) f(x0)

= f(x0)

which is a contradiction.
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Based on the above theorems, the following corollary is drawn.

Corollary 3.9. Let f : X ⊂ R → R be a quasiconcave function and x∗ the global maximum of f

in X. Then inf(X) is a global minimum of f for {x ∈ X : x ≤ x∗};

Provided that some properties are proven for any quasiconcave function, we can apply them to

bump regions defined by the relevance function. In this sense, the above results allow us to give a

more rigorous definition of bump of relevance.

Definition 3.10 (Bump). Let Y ⊆ R be the domain of a continuous target variable and ϕ be the

continuous relevance function associated to Y . A bump B is an interval of Y defined by the pair

B := ⟨b−, b∗⟩ with b−, b∗ ∈ Y and b− ≤ b∗, where

(i) b∗ = BM , where BM =
{
y ∈ B | argmaxy ϕ(y)

}
(ii) b− = Bm, where Bm =

{
y ∈ B | argminy≤b∗ ϕ(y)

}
(iii) ϕ is quasiconcave, hence we have ϕ(b−) ≤ ϕ(x) ≤ ϕ(b∗), where x = λ b− + (1− λ) b∗,

0 < λ < 1;

More informally, each bump is defined by: (i) the average value b− where the target variable attains

the minimum relevance, before it grows to its maximum; (ii) the average value b∗ where the target

variable reaches the maximum relevance of the bump.

Definition 3.11 (Bumps Partition). The set of all bumps

Pϕ(Y) :=
{
⟨b−0 , b∗0⟩, ⟨b

−
1 , b

∗
1⟩, . . . , ⟨b−r , b∗r⟩, ⟨b−r+1, b

∗
r+1⟩

}
is called a bumps partition of Y with respect to the relevance function ϕ. In these conditions,

(i) −∞ = b−0 < b−1 < · · · < b−r < b−r+1 = +∞ define the partition points;

(ii) each partition interval defines a bump, i.e. for each 0 ≤ i ≤ r, the function

ϕ : [b−i , b
−
i+1[→ [0, 1] is quasiconcave.

Figure 3.6 shows the bump partition obtained for the relevance function in Figure 3.5.

Additionally, we define another bump related notion, which will be used further on, regarding the

utility function.
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Figure 3.6: Bumps partition of Y with respect to relevance function ϕ. Each bump i is characterized
by its partition node b−i and by one global maximum b∗i .

Definition 3.12 (Maximum Admissible Loss). The maximum admissible loss in a bump Bi

is the double of the smallest amplitude in the bump, which is given by the difference between each

one of its bounds, b−i and b−i+1, and its maximum value b∗i , i.e.

b∆i := 2 ·min{|b−i − b∗i |, |b∗i − b−i+1|} (3.11)

The reasoning behind this definition is that this maximum admissible loss is a function of the

minimum difference in terms of the target variable, as we move from the value with highest relevance

in a bump (b∗i ) to a different bump. This means that for "narrow" bumps we are more sensitive

to prediction errors, while for wider bumps we accept larger differences between the true and

predicted values as reasonable.

The maximum admissible loss b∆i is a finite value. Hence, if one of the two extreme bumps does

not have a finite maximum admissible loss (e.g. B0 = ⟨−∞,−∞⟩), then it assumes the maximum

admissible loss of its adjacent bump.

Taking the above definition, we indicate in Figure 3.7 the loss tolerance range defined for each

bump of the relevance function shown in Figure 3.6.

3.3.2 From Prediction Errors to Utility Values

Our main motivation in the formulation of utility-based regression is to address applications where

the target prediction variable has non-uniform relevance for the user. This non-uniform relevance
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Figure 3.7: Maximum admissible loss in bumps: each bump has a maximum error tolerance defined
by the double of the smallest amplitude in the bump between each of one of its bounds and its
maximum value.

usually results from the fact that predictions may be actionable. In such domains, taking the

right action results in positive benefits, while taking a wrong action results in costs (i.e. negative

benefits) ⋆5 . As the set of possible actions is limited, this could lead to a typical classification

setup. However, the other key distinction of our target applications is that we are interested in

degrees of action and that is the key that takes us apart from classification approaches.

Two predicted values may eventually lead to the same action, but still one being preferred over

the other. For instance, an investor in the stock market may be interested in selling but he may

sell different quantities depending on the situation. A prediction of both 9% or 10% return for a

true value of 11% may lead to the same action (which in this case would be a buy action as we are

anticipating a high rise in prices). However, the 10% prediction should be considered more useful

as it is clearly a more accurate anticipation of our profits. Moreover, a prediction of 10% may even

lead to a larger investment than a prediction of 9%, which, given that the true raise end up being

11%, is even better.

In the context of utility-based regression, there are two aspects to consider for calculating the

utility value of a prediction: (i) whether the predicted value leads to the correct action; and (ii)

what is the precision of the predicted value. As we will see in the following sections, each prediction

may entail some benefits and eventually also some costs. It is the balance between these two values

that will result in the utility score of the prediction. The following sections provide the details on

how we assess the benefits and the costs of a prediction.
⋆5From here forth, we will refer to positive benefits as benefits and negative benefits as costs.
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3.3.2.1 Assessing Benefits

In the context of utility-based regression where predictions are actionable, making a perfect

prediction means that we will be able to carry out the correct action. The concrete value of

the benefit of this action should be proportional to the importance the user gives to the situation

under consideration, i.e. the relevance of the true value ϕ(y). This means that a perfect prediction

should achieve a benefit of ϕ(y), or at least something that is proportional to this quantity. This

benefit should decrease as our predictions depart from the true value y. As our predictions deviate

from the true value, there are two important criteria that determine if they can still be considered

beneficial: (1) the predicted value still leads to the correct action, which within our framework

means that the predicted value belongs to the same bump as the true value; and (2) the predicted

value is "reasonably" accurate, which is related to the maximum admissible loss of the bump that

we have defined before. If any of these conditions is not met, the prediction should have zero

benefit, and, in effect should have a cost, as we will see later on.

Figure 3.8 provides an illustrative example of these two important criteria. Given a true value y

and its bump index γ(y) ⋆6 , we show two possible predictions for this value, ŷ1 and ŷ2. We will

use these two predictions as a means to introduce the notions that are necessary to calculate the

benefits of a prediction using the two criteria outlined above.

Figure 3.8: Illustration of the calculation of benefits for two different situations.

As we have mentioned the benefit of a prediction should be proportional to the importance the

user gives to the true value. In this context, we propose the following definition of the benefit of a

prediction:
⋆6 γ(y) :=

{
i | y ∈ Bi ∧ Bi ⊆ Pϕ(Y)

}
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Definition 3.13 (Benefit Function). The benefit of a prediction ŷ ∈ Y for a true value y ∈ Y

is given by the following function:

Bϕ(ŷ, y) := ϕ(y) (1− ΓB(ŷ, y)) (3.12)

where ϕ is the relevance function and ΓB is a bounded loss function.

The bounded loss ΓB is a [0, 1] function designed to assert the proportion of the maximum benefit

a prediction should get. It should be 0 if we have a perfect prediction thus leading to the maximum

benefits in the current situation, i.e. ϕ(y). The function should increase up to 1 as we move away

from a perfect prediction or if we cross the boundaries of the bump to which y belongs. Formally,

we propose:

Definition 3.14 (Bounded Loss). The bounded loss of a prediction ŷ ∈ Y for a true value y ∈ Y

is given by the following function:

ΓB(ŷ, y) :=

L(ŷ, y)/L̇B(ŷ, y), if L(ŷ, y) < L̇B(ŷ, y)

1, if L(ŷ, y) ≥ L̇B(ŷ, y).
(3.13)

where L is a “standard” loss function (e.g. absolute deviation) and L̇B is a benefit threshold

function.

We should remark that this bounded loss function will also be used in the definition of the costs of

predictions to be presented in the next section, although in that context a cost threshold function

L̇C(ŷ, y) will be used instead of the benefit threshold function L̇B(ŷ, y).

The benefit threshold function determines when the predicted value stops leading to a benefit. As

we have mentioned before this may occur due to two conditions: (i) overcoming the maximum

admissible loss of the bump; or (ii) being on a different bump. The following function implements

these criteria.

Definition 3.15 (Benefit Threshold). The benefit threshold of a prediction ŷ ∈ Y for a true

value y ∈ Y is given by the following function:

L̇B(ŷ, y) := min{b∆γ(y), L̈B(ŷ, y)} (3.14)

where b∆γ(y) is the maximum admissible loss established for the bump of y, i.e. the bump index

γ(y) (cf. Definition 3.12), and L̈B is defined as follows,

L̈B(ŷ, y) :=

|y − b−γ(y)|, if ŷ < y

|y − b−γ(y)+1|, if ŷ ≥ y.
(3.15)
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This definition accomplishes the two above mentioned necessary conditions for a prediction to be

considered a benefit. The first term in the min function is the maximum admissible error amplitude

within the bump of the true value, which ensures that the predicted value is "reasonably" accurate.

The second term in the min function checks if the predicted value yields to the correct action, by

establishing the distance to the edges of the bump to which the true value belongs as limits.

In the particular example of Figure 3.8, predicted values smaller than y have a lower tolerance for

error as they quickly reach one of the edges of the bump to which y belongs. Predictions below

this edge (b−γ(y)) provide indications for a different action, according to this application relevance

function. As the maximum admissible loss for the bump of y (b∆γ(y)) is larger than this value, this

means that the benefit threshold for predictions smaller than y is b−γ(y). In this sense, the maximum

allowable error to get benefits for predictions below y is L̇B(ŷ1, y) = |y − b−γ(y)|. As such, ŷ1 (as

well as any prediction below b−γ(y)) will get no benefit at all.

For the values above y the scenario is different. All predictions above y are included in the same

bump of y because b−γ(y)+1 → +∞. Thus, the tolerance to get a benefit is guided by the estimated

maximum allowable error of the bump, L̇B(ŷ2, y) = b∆γ(y). Even though ŷ2 is in the same bump of

y its benefit ends up close to zero, because ŷ2 is already rather near to the limit for getting benefits

y + b∆γ(y). Moreover, any value above y + b∆γ(y), although in the same bump as y, will have null

benefits as it is considered too distant from the true value.

Regards the behaviour of the proposed definition of benefits (Definition 3.13) we have that when

L(ŷ, y) = 0, Bϕ(ŷ, y) = ϕ(y). This property follows from the definition of the bounded loss used

in the definition of benefits. Moreover, when the loss value increases, our benefits will reach zero

as shown below.

Lemma 3.16. For sufficient large values of L(ŷ, y), we have Bϕ(ŷ, y) = 0.

Proof. We want to prove that there exists an tL ∈ [0, 1], such that for all L(ŷ, y) ≥ tL we have

Bϕ(ŷ, y) = 0. If we assign tL = L̇B(ŷ, y), then by the boundary loss function definition, we have

ΓB(ŷ, y) = 1 and hence 1− ΓB(ŷ, y) = 0. Therefore, Bϕ(ŷ, y) = 0.

In summary, the proposed benefit function ensures that the benefit is maximum for a perfect

prediction and that it smoothly reaches zero as the prediction either is too inaccurate or it reaches

the boundaries of the bump to which y belongs (i.e. leads to an incorrect action).
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3.3.2.2 Assessing Costs

Having defined the notion of the benefits of a prediction we now turn our attention to the costs.

With the exception of cases where the predicted value equals the true value, all predictions will

have some cost. The costs result either because (i) they entail the wrong action, or (ii) they are

inaccurate. Within our proposed framework the cost of a prediction is proportional to the impact

of the wrong action it entails (if that is the case), and also to the distance between the predicted

and true values (i.e. the loss).

In this context of actionable predictions there are three different types of incorrect actions: (i) false

alarms where the prediction leads the user to a relevant event/action when the true value is rather

irrelevant (i.e. we act when we should not) ; (ii) missed opportunities where the model predicts an

irrelevant value but the true value is highly relevant (i.e. we did not do anything when we should

have acted); or (iii) confusing events where the prediction leads to a wrong action (i.e. we ought

to act but we carry out the wrong action). The third scenario is the most serious type of mistake.

While the benefits of a prediction depend on the usefulness of its associated action (i.e. ϕ(y)),

costs depend not only on the action associated with the true value but also on the action of the

predicted value. This difference also results from the fact that when we are talking about benefits

we are assuming that the right action was forecasted, while with costs that is not necessarily the

case. This means that costs should be proportional to the relevance of both the true and predicted

values. The joint relevance function (cf. Definition 3.5) captures this notion by calculating a

weighted average of these two factors.

The cost of a prediction should thus be a quantity (a negative utility score) that is proportional

to this joint relevance score. In this context, we propose the following definition of the cost of a

prediction.

Definition 3.17 (Cost Function). The cost of a prediction ŷ ∈ Y for a true value y ∈ Y is given

by:

Cp
ϕ(ŷ, y) := −ϕp(ŷ, y) ΓC(ŷ, y) (3.16)

where ϕp is the joint relevance function and ΓC is the bounded loss (c.f. Definition 3.14) calculated

using the cost threshold function given below.

The cost threshold function determines when the costs reach the maximum value. As with the

benefit threshold function this may occur due to two conditions: (i) overcoming the maximum

admissible loss of the bump; or (ii) predicting a value that has the maximum relevance of a

different bump (i.e. a different action). The next function implements these conditions.
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Definition 3.18 (Cost Threshold). The cost threshold of a prediction ŷ ∈ Y for a true value

y ∈ Y, is given by the following function:

L̇C(ŷ, y) := min{b∆γ(y), L̈C(ŷ, y)} (3.17)

where b∆γ(y) is the maximum admissible loss established for the bump of y (cf. Definition 3.12) and

L̈C is given by,

L̈C(ŷ, y) :=

|y − b∗γ(y)−1|, if ŷ < y

|y − b∗γ(y)+1|, if ŷ ≥ y.
(3.18)

The first term in the min function is the maximum admissible error amplitude of the bump of the

true value. The second term in the min function checks if the predicted value has reached the

maximum relevance value of a neighbouring bump.

In Figure 3.9 we re-analyze the example presented in Figure 3.8, this turn in terms of the costs of

the predictions. Contrary to the benefits, the costs increase in proportion with the loss function.

The true value y and the prediction ŷ1 are located at different bumps of the relevance function,

which makes ŷ1 an example of a wrong action. For predicted values below y (as ŷ1) the cost

increases till the maximum cost that is first reached at the point with highest relevance on the left

adjacent bump L̈C(ŷ1, y) = |y − b∗γ(y)−1|. Any prediction equal or below b∗γ(y)−1 gets this same

maximum cost.

Figure 3.9: Illustration of the calculation of the costs for two different situations.

For predictions above y there is no adjacent bump to the right of the bump of y. This means that,

as b∗γ(y)+1 → +∞, any prediction above y will lead to the same action as y. Still, after a certain
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inaccuracy of the prediction the maximum cost is also reached. This means that predictions above

y will reach this maximum if they are above y + b∆γ(y). The cost of prediction ŷ2 is near this

maximum cost as it can be seen in Figure 3.9.

In terms of properties of the proposed definition of the cost of a prediction, we know that when

L(ŷ, y) = 0, Cp
ϕ(ŷ, y) = 0 because ULC(ŷ, y) = 0, but when the loss value increases our costs

should be proportional to the relevance of the true and predicted value.

Lemma 3.19. For sufficient large values of L(ŷ, y), we have Cp
ϕ(ŷ, y) = −ϕp(ŷ, y).

Proof. We want to prove that there exists an tL ∈ [0, 1], such that for all L(ŷ, y) ≥ tL we have

Cp
ϕ(ŷ, y) = −ϕp(ŷ, y). If we assign tL = L̇B(ŷ, y), then by the boundary loss function definition,

we have ΓC(ŷ, y) = 1. Therefore, Cp
ϕ(ŷ, y) = −ϕp(ŷ, y)

3.3.2.3 Final Utility Values

Having defined how to obtain the benefits and costs associated with any prediction we can now

propose a method to calculate the utility of a prediction. Our proposal implements the following

general principle:

The utility of a prediction is the net balance between its benefits and costs.

Definition 3.20 (Utility Function). The utility of a prediction ŷ ∈ Y for a true value y ∈ Y is

given by:

Up
ϕ(ŷ, y) := ϕ(y) (1− ΓB(ŷ, y)) − ϕp(ŷ, y) ΓC(ŷ, y) (3.19)

where ϕp is the joint relevance function with respect to the relevance function ϕ and the penalization

factor p, ΓB is the bounded loss function with respect to benefits threshold function L̇B , and ΓC

is the bounded loss function with respect to costs threshold function L̇C .

Theorem 3.21 (Limits of the Utility of a Prediction). Let Up
ϕ : Y × Y → [−1, 1] be an utility

function defined for a continuous target variable with domain Y and with a relevance function

ϕ : Y → [0, 1]. Then whatever is the predicted value ŷ ∈ Y for a true value y ∈ Y, we have

(a) the maximum of Up
ϕ(ŷ, y) is ϕ(y);

(b) the minimum of Up
ϕ(ŷ, y) is p (1− ϕ(y))− 1.
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Proof. (a) According to our utility function formulation, for the maximum value of utility to be

achieved it is necessary that the prediction matches the true value, i.e. ŷ = y. This means

that the loss value is zero, i.e. L(ŷ, y) = 0. From the definition of bounded loss function (cf.

Definition 3.14) with respect to benefits threshold function L̇B , we have that if L(ŷ, y) = 0 then

ΓB(ŷ, y) = 0. Similarly, regarding bounded loss function with respect to cost threshold function

L̇C , we have that if L(ŷ, y) = 0 then ΓC(ŷ, y) = 0. Thus, in these conditions and considering that

the relevance function ϕ only takes values in [0, 1], it can be shown that,

Up
ϕ(ŷ, y) ≤ Up

ϕ(y, y)

= ϕ(y) (1− ΓB(y, y)) − ϕp(y, y) ΓC(y, y)

= ϕ(y)

(b) From the zero loss prediction, the utility value decreases according to benefits and cost criteria

that rely on the action that is implied by the prediction and on the loss value. In this sense, the

worst scenario is achieved when the benefit is zero and the cost is maximum. Lemma 3.16 and

Lemma 3.19 have established this scenario. When loss tends to infinity, i.e. L(ŷ, y) → +∞, we

have Bϕ(ŷ, y) = 0 and Cp
ϕ(ŷ, y) = −ϕp(ŷ, y). In these conditions and considering that both the

relevance function ϕ and the penalizing cost factor p only take values in [0, 1], it can be shown

that,

Up
ϕ(ŷ, y) = Bϕ(ŷ, y) + Cp

ϕ(ŷ, y)

= ϕ(y) (1− ΓB(ŷ, y)) − ϕp(ŷ, y) ΓC(ŷ, y)

≥ −ϕp(ŷ, y)

≥ p (1− ϕ(y))− 1

3.3.3 Relationship with Standard Regression

In this section we explain how a standard regression problem can be recast as an utility-based

regression problem.

Regarding our utility-based regression setup, the maximization of the utility implies the fulfillment

of two criteria: the prediction of the correct action and the minimization of the prediction error.

In a standard regression scenario, no actions are attached to the different values of target variable,

i.e. all the values are considered equally relevant to the domain user. Thus, the minimization of
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the prediction error is the only goal for standard regression. Still, we can describe such a scenario

as an instance of our utility-based regression setup.

In effect, we can see standard regression as a problem where all values have equal and maximal

relevance, i.e. ϕ(y) = 1, ∀y ∈ R. In this context, we have a single and infinite region of

interest Y = (−∞,+∞), which corresponds to two theoretical bumps in the bumps partition,

Pϕ(Y) = {⟨−∞,−∞⟩, ⟨+∞,+∞⟩}.

Provided that the relevance function is constant, we have no indications on the benefits or loss

threshold to define the utility loss functions ΓB and ΓC . In such conditions, we can assign the

maximum admissible loss of the only existing bump with a standard error estimate ε of the target

variable, such as the one proposed by Cherkassky and Ma (2004), based on the Gaussian level of

noise and on the number of observations. This means that only the predictions with a loss below

this estimated standard error ε are within the tube of benefit and cost analysis. Moreover, as we

have mentioned, there are no actions attached to the target variable domain. Thus, the maximum

admissible loss is the only criterion for a prediction to be considered as a benefit or a cost, and it

is the same for both of them. In this context, based on this single error estimate, we can define a

new utility loss threshold function as follows,

Γε(ŷ, y) =

L(ŷ, y)/ε, if L(ŷ, y) < ε

1, if L(ŷ, y) ≥ ε.
(3.20)

where L is a loss function and ε the maximum admissible loss.

Considering the above setup, we have that if for y ∈ Y, ϕ(y) = 1 then, according to the definition 3.5

(page 80), it also true that for ŷ, y ∈ Y , ϕp(ŷ, y) = 1. Moreover, the existence of single error

estimate ε, for both benefits and costs, makes the definitions of bounded loss functions ΓB and ΓC

equivalent. In these conditions, and based on Equation 3.20, our utility function is reformulated

as follows,

Up
ϕ(ŷ, y) = ϕ(y) (1− ΓB(ŷ, y)) − ϕp(ŷ, y) ΓC(ŷ, y)

= 1− ΓB(ŷ, y) − ΓC(ŷ, y)

= 1− Γε(ŷ, y) − Γε(ŷ, y)

= 1− 2Γε(ŷ, y)

With this utility function, a standard loss function L is scaled into a [−1, 1] interval of utility

values. The maximization of U is equivalent to the minimization of the bounded loss function Γε,

and thus the minimization of L, the goal of a standard regression task. Through this approach,

any standard regression problem can be addressed in our utility-based regression framework.
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3.3.4 Utility-based Performance Metrics

The function Up
ϕ gives us a base to evaluate models for regression tasks with non-uniform

benefits/costs across the target variable. Through it, we can estimate the expected utility of a

model.

Definition 3.22 (Expected Utility). The expected utility of a regression model f̂Ω with

respect to a set of instances ⟨x, y⟩ ∈ X × Y drawn from a distribution D is defined as

EU (f̂Ω, D) := E⟨x,y⟩∼D [ Up
ϕ(f̂Ω(x), y) ] (3.21)

Based on the expected utility of a regression model, several performance measures can be derived,

such as the Mean Utility (MU), shown in Equation 3.22.

MU =
1

n

n∑
i=1

Up
ϕ(ŷi, yi) (3.22)

where ϕ is the relevance function and p is the penalizing costs factor.

Using such metric we are able to estimate the performance of different models according to the

preference biases of the applications (provided by relevance function ϕ and penalization factor p).

An equivalent metric is obtained if we map the values of MU to the interval [0, 1], thus leading the

Normalized Mean Utility NMU as follows,

NMU =

∑n
i=1 U

p
ϕ(ŷi, yi) + n

2n
(3.23)

where ϕ is the relevance function and p is the penalizing costs factor.

3.4 Practical Implementation Issues of the Utility Function

Having defined the main principles of utility-based evaluation on a regression context, we now

address some practical issues regarding the implementation of the utility function. We begin by

illustrating how a relevance function can be drawn from a given set of known relevance points.

We then explain how the bumps partition can be defined so that the utility function respects

the application requirements. Additionally, we present a sigmoidal transformation of the utility

function that can be applied if it fits the target problem better. Throughout this section, we revisit

the Outdoor Air Pollution prediction task first presented in Section 3.2.1 (page 67).
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3.4.1 Piecewise Cubic Hermite Interpolation of Relevance

As we have mentioned earlier in Section 3.3.1 (page 79), the information on the relevance of the

target variable is application-specific and thus should be provided by the end-user. Still, specifying

relevance through a continuous real-valued function, in order to map the domain of the target

variable into a [0, 1] interval scale as required, may not be straightforward for all applications.

Our proposal is to use piecewise cubic Hermite interpolation (Dougherty et al., 1989) to define the

relevance function by interpolating a set of relevance values at the so-called control points specified

by the end-user. Through interpolation it is possible to generate a function that goes through the

set of n user-provided points. Splines are piecewise cubic interpolants that guarantee smoothness

on the interpolation. Although splines are smooth, the lack of flexibility in their shape is limiting.

For this reason, we chose the Hermite cubic polynomials as they allow more user control on the

shape of the generated function, by requiring the derivative at the control points.

According to Dougherty et al. (1989), the piecewise cubic Hermite interpolating polynomials are

simple and effective interpolants of discrete data. Moreover, by restricting the first derivative values

at the control points they can preserve local positivity, monotonicity and convexity of the data.

These are convenient properties in the context of our target applications as we want to induce a

continuous function that reproduces, as closely as possible, the relevance points provided by the

user.

Algorithm 3.1 shows how the piecewise cubic Hermite interpolation is performed over a set of given

points S. One of the key points of this algorithm is to find the right slopes at the given points so

that the interpolant is piecewise monotone, i.e. its derivative does not change sign in any interval

defined by the control points. This task is ensured by check_slopes which implements a method

proposed by Fritsch and Carlson (1980). This method estimates reasonable derivatives at each

control point and ensures a zero derivative if the control point is a local maximum or minimum,

so that the interpolation is locally monotone. Once the first derivative values are known, the four

coefficients of the interpolant for each interval are then calculated.

To define the relevance function ϕ : Y → [0, 1], we should provide a set of control points

S = {⟨yk, ϕ(yk), ϕ′(yk)⟩}sk=1 as input to the pchip algorithm. This set must contain information on

the target value, its respective relevance value and on the derivative of the relevance function at

that point. By default, we assume that the control points refer to local extrema of relevance and

thus all have derivative ϕ′(yk) equal to zero. Still, any other value can be provided. If necessary,

check_slopes adjusts them so that the monotonicity is preserved. However, we do impose the

derivatives to be zero at the two extreme control points, which necessarily makes them local
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Algorithm 3.1 pchip(S): piecewise cubic Hermite interpolating polinomial.
Input: set of control points S = {⟨yk, φ(yk), φ′(yk)⟩}sk=1 with

y1 < y2 < · · · < ys, relevance values φ(yk) and preliminary slopes φ′(yk).
Output: ϕ(y): a piecewise cubic Hermite interpolating polynomial.
1: for k ← 1 to s− 1 do
2: hk ← yk+1 − yk

3: δk ← (φ(yk+1)− φ(yk))/hk

4: ak ← φ(yk)

5: end for
6: {bk}s−1

k=1 ← check_slopes({φ′(yk)}s−1
k=1 , {δk}

s−1
k=1) // Fritsch and Carlson (1980) method

7: for k ← 1 to s− 1 do
8: ck ← (3δk − 2bk + bk+1)/hk

9: dk ← (bk − 2δk + bk+1)/h
2
k

10: end for
11: return ϕ(y) = ak + bk (y − yk) + ck (y − yk)

2 + dk (y − yk)
3, y ∈ [yk, yk+1]

maxima or minima. As we proceed to a linear extrapolation, the relevance function is guaranteed

to be constant outside the specified range of control points and thus, attached to the information

provided by the end-user. At the end of the interpolation process, evaluating the relevance of a

value y ∈ Y, i.e. ϕ(y), corresponds to evaluate the interpolant polynomial ϕ(y) such that k is the

interval of interpolation to which y belongs.

Example 3.5. Definition of relevance function by piecewise cubic Hermite interpolation:

prediction of NO2 emissions.

With respect to the NO2 Emissions prediction problem, we do not have an analytical definition

of the relevance function ϕ from the domain. Still, based on the information provided by

Directive 2008/50/EC and summarized in Table 3.1 (page 68), it is possible to gather the relevance

at some key points. The aim of this application is to predict high concentration values of

NO2 Emissions. In particular, we know that the goal established for 2010 was to maintain the

LNO2 hourly concentration values below a limit equal to ln(150µg/m3). This means that any

concentration value that goes above this threshold is of major importance to the domain experts.

In this context, we set the limit ln(150µg/m3) with maximum relevance. Using the same reasoning,

we also set the alert value ln(400µg/m3), reported as a harmful limit, with maximum relevance.

According to the Directive 2008/50/EC, the annual mean guideline for air quality is ln(40µg/m3).

Based on this information, we decided to attach to this point an average relevance, such as 0.5.

Finally, to complete our comprehension of the domain, we included the information that the

lowest concentration value of LNO2 is irrelevant. Thus, we set the minimum LNO2 value that we

have found on data, i.e. ln(3µg/m3), with minimum relevance. Table 3.5 gathers this information

on the chosen control points.
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Table 3.5: Control relevance points on NO2 hourly concentration thresholds for the protection of
human health.

Control Points for a Relevance Function ϕ

yk: LNO2 concentration values ϕ(yk) ϕ′(yk)

low concentration: ln(3µg/m3) 0.0 0.0

annual mean guideline: ln(40µg/m3) 0.5 0.0

limit threshold: ln(150µg/m3) 1.0 0.0

alert limit threshold: ln(400µg/m3) 1.0 0.0

As we have previously mentioned, if not specified otherwise, the derivatives of the control points

are assumed by our algorithm to be zero. This makes each control point, a critical point, i.e.

a local maximum or minimum. However, different derivatives can be associated to each control

point, specially if we intent to specify a particular increase or decrease. This is the case of the

annual mean threshold, whose role is only indicative of an increase. Thus, we decided to give this

point a positive derivative. This will be reflected in smoother relevance growth from the lower

LNO2 concentration values to the higher LNO2 concentration values.

Once defined the set of control points (cf. Table 3.5), we now proceed to their interpolation,

in order to obtain a relevance function on NO2 emissions predictions. Figure 3.10 presents two

resulting relevance functions ϕ: one by our pchip interpolation algorithm and other by splinefun,

a standard cubic interpolation algorithm available on R software (R Development Core Team,

2010).

Figure 3.10: A relevance function for the prediction of NO2 emissions obtained by interpolation:
pchip vs. cubic.

As it is possible to observe, the pchip interpolation produced the relevance function that better

suits the application goals. It is our objective to reproduce the user input data with as much
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accuracy as we can. Cubic spline interpolation does not allow us such control over the function.

Moreover, for this particular case, the cubic spline interpolation did not confine the function to

the stipulated relevance [0, 1] interval scale. This drawback is addressed in our approach by using

appropriate derivates at the control points.

3.4.2 Identification of Bumps of Relevance

Once we have a relevance function ϕ completely defined, we need to proceed to the bumps

identification. Finding the appropriate points to split in the target domain Y, so that we obtain a

partition of quasiconcave function, might be a hard and non-trivial task (Hendrix and Toth, 2010).

We should stress that there is not a straightforward correspondance between the interpolation

points and our bump partition points. Nevertheless, pchip is a monotone piecewise interpolation

algorithm and this gives us a head start regarding the bumps identification. In Algorithm 3.2 we

show how this process is done based on a relevance function ϕ previously built by pchip.

The bumps algorithm starts by initializing the bumps partition with a first bump B0 = ⟨−∞,−∞⟩.

Afterwards it narrows the set of control points to critical points, i.e. those that have a zero

derivative. Recall that the definition of each bump requires two values: the left bound b−, which is

a global minimum regarding the non-decreasing range of the bump; and a global maximum b∗. As

such, only critical points are worth to analyse. Stepping through each point, the algorithm updates

the bumps partition whenever there is a change of relevance value. If there is an increase and was

ready to close a bump, then closes it and opens a new one with a new left bound. On the contrary,

if there is a decrease and it was on an open bump, then updates the current bump maximum.

Whatever is the case, left bounds or maximum values with constant relevance are averaged. The

existence of the last bump Br+1 = ⟨+∞,+∞⟩ is required in theory, but it does not have to be

explicitly created.

Example 3.6. Identification of bumps: prediction of NO2 emissions.

Regarding the relevance function obtained for NO2 emissions prediction problem, presented in the

previous Example 3.5, three bumps are identified in the bumps partition of the target variable

domain. One for each bound of the domain of the target variable and one representing the action
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Algorithm 3.2 bumps(ϕ, S): bumps of relevance defined by the function ϕ.
Input: a relevance function ϕ : Y → [0, 1],

set of control points S = {⟨yk, ϕ(yk)⟩}sk=1 with y1 < y2 < · · · < ys.
Output: Pϕ(Y): a partition of Y into bumps of relevance.
1: b−0 ← b∗0 ← −∞ // initialize bumps partition
2: S′ ← {⟨yk, ϕ(yk)⟩ ∈ S : ϕ′(yk) = 0} // select the critical points
3: r ← 1; l← 1; s′ ← |S′|; inBump ← true
4: for i← 1 to s′ − 1 do
5: if ϕ(yi) < ϕ(yi+1) and !inBump then
6: r ← r + 1 // start a new bump
7: b−r ←

∑i
j=l yj/(i− l+ 1)

8: inBump ← true
9: else if ϕ(yi) > ϕ(yi+1) and inBump then

10: b∗r ←
∑i

j=l yj/(i− l+ 1) // close current bump
11: inBump ← false
12: end if
13: if ϕ(yi) ̸= ϕ(yi+1) then
14: l← i+ 1

15: end if
16: end for

// if there was any change, close the last bump
17: if r > 0 then
18: if inBump then
19: b∗r ←

∑s′

j=l yj/(s
′ − l+ 1)

20: else
21: r ← r + 1

22: b−r ←
∑s′

j=l yj/(s
′ − l + 1)

23: b∗r ← +∞
24: end if
25: end if
26: return Pϕ(Y) =

{
⟨b−i , b∗i ⟩

}r

i=0

bump, where the change relevant/irrelevant values occurs. Figure 3.11 illustrates the identification

of these bumps over the relevance function of LNO2.

The bumps partition defined for LNO2 concentration values is

Pϕ(Y) = {⟨−∞,−∞⟩, ⟨1.1, 5.5⟩, ⟨+∞,+∞⟩}.

The maximum value of action bump b∗1 = 5.5 is the result of the average of the two alert values

indicated has having maximum relevance. Moreover, according to this bumps partition, the

maximum admissible loss established for the action bump is b∆1 ≈ 8.8. As this is the only action

bump existing in the domain, the same value is extrapolated outside the range, i.e. b∆0 = b∆2 = b∆1 .
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Figure 3.11: The set of bumps identified by bumps algorithm for the prediction of NO2 emissions.
This identification is based on the set of control points given to pchip algorithm.

There are many interpolation techniques, different from piecewise cubic Hermite interpolation,

that could have been used with the same goal. Nevertheless, the most effective ones are based on

piecewise cubic polynomials.

3.5 Illustrative Utility Surfaces

In this section, we present a series of utility surfaces obtained for prediction problems with different

relevance functions of the target variable. Our goal is to explain how our proposed utility function

represents the domain preference bias in terms of benefits and costs. Through these illustrative

surfaces, the two criteria that guide the assessment of benefits and costs should become more

perceptible. In particular, we are referring to the accuracy of the predicted value and the correctness

of the predicted action. For this illustration we will use the NO2 emissions prediction problem and

a set of artificially generated artificial problems.

3.5.1 Outdoor Air Pollution Prediction Problem

The NO2 Emissions prediction problem has been partially addressed in Section 3.4. Namely, we

have defined a relevance function ϕ in Example 3.5 and derived the bumps partition Pϕ(Y) in

Example 3.6. Hence, we are now able to proceed to the analysis of the resulting utility surface.
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In Figure 3.12, we present the first utility surface obtained for the NO2 Emissions prediction

problem, with the penalization costs factor p = 0.5.

(a) utility isometrics (b) utility surface in benefits perspective

Figure 3.12: An utility surface for the the prediction of NO2 emissions obtained with the relevance
function ϕ of Figure 3.10, with p = 0.5 .

The surface shown in Figure 3.12b describes how the utility values evolve as a function of the true

and predicted values. With a closer inspection of the utility isometrics of the surface, i.e. the

lines that share the same value of utility, shown in Figure 3.12a, we obtain a better understanding

regarding the costs and benefits associated to this application. Near the diagonal where true and

predicted values are equal, we have a positive utility that grows fast as we reach higher values of

both the predicted and true values (top right corner). These are the values with higher relevance.

At the top left and bottom right corners we get costs, i.e. negative utility values. These areas

correspond to inaccurate predictions leading to incorrect actions or predictions where the loss value

goes beyond the maximum admissible loss of 8.8 (cf. Example 3.6). As the domain is characterized

by having one action (bump) only, that is alarm high LNO2 concentration values, and the admissible

loss is large, costs never get too high for the range of values considered in the graphs. This explains

why the utility surface is mainly positive.

We generated a second utility surface for the same setup, but with p = 0.90. The resulting surface,

shown in Figure 3.13, is very similar to the previous one (cf. Figure 3.12), but with the costs more

pronounced. The reasoning is that by setting p = 0.90, opportunity costs are considered more

serious than false alarms. This means that missing the prediction of a harmful NO2 emission is

considered to cause more damages than making a false prediction of one. As more weight is given

to the true value relevance component in the costs, false alarms get even less punished and are

assigned smaller costs. This results in an utility surface that is almost constant at the bottom



ILLUSTRATIVE UTILITY SURFACES 103

right area but sharper at the top left area, which corresponds to the opportunity costs area. Thus,

in comparison with U0.5
ϕ , the surface U0.90

ϕ exhibits higher costs associated to large errors over true

relevant values and much smaller costs associated with false alarms.

(a) utility isometrics (b) utility surface in benefits perspective

Figure 3.13: An utility surface for the the prediction of NO2 emissions obtained with the relevance
function ϕ shown in Figure 3.10, with p = 0.90.

Previously, on Section 3.2.2, we have argued about the inadequacy of the standard errors metrics

for addressing regression problems with non-uniform benefits/costs. We have been using the NO2

emissions prediction problem throughout this chapter as an example of such problems. In the

Example 3.1 (page 70), we have shown that standard error metrics are inadequate for model

selection, in the context of this application. In the following example, we complete the referred

example showing that our proposed utility-based performance metrics provide a more effective

comparison of regression models than the standard error metrics.

Example 3.7. Performance estimates with standard error metrics and utility-based metrics:

prediction of NO2 emissions.

We have estimated the performance of the two hypothetical models M1 and M2, first presented in

the Example 3.1 (page 70), with the measures MU0.5
ϕ and MU0.90

ϕ . According to the application

goals, we now obtain a correct ranking of the models as shown in Table 3.6.

Contrary to the standard error metrics, we get different performance estimates for the two models

using our utility-based metrics. Even though both models obtain an average positive utility value,
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which means that their predictions, on average, yield to a benefit, we get an accurate feedback

on their relative performance and ranking. Model M1 achieved a smaller utility score than model

M2, in accordance to the application bias. With MU0.90
ϕ , false alarms get less penalized than

opportunity costs. In this context, the difference between the performance estimates obtained by

the two models increases.

Table 3.6: Standard error vs utility-based performance estimates of two artificial sets of predictions
for NO2 emissions.

Estimated Performance

MAD MSE MU0.5
ϕ MU0.9

ϕ

M1 0.402 0.460 0.558 0.558

M2 0.402 0.460 0.610 0.613

3.5.2 Artificial Prediction Problems

With the goal of illustrating different surfaces, we generated a set of artificial problems described

by a random continuous variable combined with pre-specified relevance functions ϕ associated to

it. As continuous target variable Y we used a random sample with 1000 observations obtained

from a normal probability density distribution Y ∼ N (0, 5) (cf. Figure 3.14).

Figure 3.14: The probability density distribution function of a random continuous variable Y ∼
N (0, 5).

With respect to the relevance functions ϕ, we defined them such that the bump regions appear

at different ranges of the target Y and with different sizes. Our objective is to create target
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prediction problems with a diverse set of relevance functions. As penalization costs factor we have

used p = 0.75 to increase the difference between the different types of costs.

Using these settings, we defined 4 problems: AllValues, CommonValues, RareValues and

SpecificValues. In the next sections we describe each of these problems and present their

respective utility surfaces.

3.5.2.1 AllValues Problem

In the AllValues problem, all the values in the domain of the continuous target variable Y are

assigned the maximum relevance, i.e. ϕ(Y ) = 1. As we have mentioned earlier, this is the case

of standard regression where the relevance of the values of the target variable is uniform across

its domain. The relevance function ϕ is constant and Y has a single bump. The bump partition

defined for this problem is Pϕ(Y) = {⟨−∞,−∞⟩, ⟨+∞,+∞⟩}.

With a constant relevance function, in this case ϕ(Y ) = 1, our utility function is reduced (cf.

Section 3.3.3) to

U1(ŷ, y) = 1− 2Γε(ŷ, y) (3.24)

where Γε is a bounded loss function based on the maximum loss tolerance ε. In cases like this,

we suggest ε to be estimated as the standard error of Y . However, for illustration purposes, we

will use ε = 10. The function U1 is a linear transformation of the prediction error provided by

some loss function L into a [−1, 1] range of utility values. This transformation is such that loss

values of zero are mapped to the maximum utility value and, all the loss values above or equal to

the selected value of ε are mapped to minimum utility value. As the loss increases towards ε, so

it decreases the utility. Because the relevance of the values is constant, they have no influence on

this process, neither it has the p parameter. The resulting utility surface is shown in Figures 3.15a

and 3.15b.

This utility surface is similar in behaviour to what we get in a standard regression setting. The

shape is a consequence of the loss function used in the bounded loss function Γε, which was

the absolute deviation. Moreover, in the isometrics presented in Figure 3.15a, we can see the

impact of the maximum loss tolerance ε = 10. This threshold defines the size of the band where

"potentially useful" predictions fit. Positive utility values are obtained near the main diagonal, i.e.

for predictions leading to an absolute loss below ε. The utility of each prediction is then evaluated

by Equation 3.24, which scales each loss with respect to the maximum loss ε. All the other

predictions, where the loss value is above ε, are considered to be errors, and thus are associated

with the maximum cost value, that is -1. For this particular problem, the error loss is the only

criterion having an impact on the resulting utility. If we want to use our proposed framework on

a standard regression problem, this is the kind of utility surface we will get.
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(a) utility isometrics (b) utility surface in benefits perspective

Figure 3.15: An utility surface for AllValues.

3.5.2.2 CommonValues Problem

The relevance function for the CommonValues problem is presented in Figure 3.16. This function

defines the relevant values as the most common values of the target variable according to the pdf

shown in Figure 3.14. From the relevance function ϕ, the following bump partition is obtained:

Pϕ(Y) = {⟨−∞,−∞⟩, ⟨−20, 0⟩, ⟨20,+∞⟩}.

Figure 3.16: The relevance function of artificial problem CommonValues.

Unlike in AllValues problem, the relevance function is not uniform. In this context, the utility

scores take into account two aspects: the loss value of the predicted values and the correctness
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of the action associated with these values. Related to the former of these aspects we have the

maximum loss tolerance of the sole "action bump" B1 that is equal to 40. With respect to the

second aspect, according to the selected relevance function, only the predictions involving true or

predicted values within bump B1 achieve more significant values of utility, as shown in Figure 3.17a.

(a) utility isometrics (b) utility surface in a benefits perspective

Figure 3.17: An utility surface for CommonValues.

Looking at the utility isometrics shown in Figure 3.17a, we can observe the clear relationship

between the highest relevance region of the true values and the highest values of both benefits and

costs. From the perspective of true values, we have two patterns of utility: one located at the

central values where the most relevant values are; and the other located at the extremes where

the less relevant values appear. For the highly relevant values at the center of the Y variable

distribution we observe a much wider variability in utility scores. The reason is that high relevance

of true values may yield to both higher benefits but also higher costs. Still, because this problem

contains a single event bump, predictions can not incur on confusing events and thus the highest

costs are only attainable with very inaccurate predictions due to the large value of the maximum

admissible loss.

3.5.2.3 RareValues Problem

The relevance function ϕ defined for the RareValues problem and presented in Figure 3.18,

establishes that, contrary to the previous problem, rare values of the target variable Y are the

most relevant.

From the relevance function ϕ, we obtain the following bumps partition:

Pϕ(Y) = {⟨−∞,−20⟩, ⟨0, 20⟩}.
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Figure 3.18: The relevance function for artificial problem RareValues.

Once again, the utility isometrics, shown on Figure 3.19a, confirm the association of higher benefits

and costs to regions of higher relevance of the true and/or predicted values. The maximum

admissible loss is equal for both bumps, and it is b∆0 = b∆1 = 40.

(a) utility isometrics (b) utility surface in costs perspective

Figure 3.19: An utility surface for RareValues.

The utility surface obtained for this problem exhibits some similarities with the previous problem

CommonValues. Their similarity arises from the complementarity of the relevance definition for

the two problems. Here again, and from the true values perspective, the utility surface assumes

two main patterns: one at the extremes, where the target variable assumes the most relevant

values, and other at center, where the target variable is less relevant. Values near the center of
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distribution of Y have zero relevance and thus any prediction for these values will not achieve

a significant benefit. Nevertheless, as the predicted values become more extreme, so it increases

their associated cost values. In effect, for this problem, depending on the relevance of the true and

the predicted value, it is possible to incur in false alarms, opportunity costs or confusing events.

Because p = 0.75, the predictions of large positive or large negative values for true values that

are irrelevant (false alarms), is less penalized than opportunity costs. The worst cost scenario is

achieved when a large positive value is confused with a large negative value or vice-versa. As a

consequence, the isometrics for extreme values (positive or negative) show the largest variation in

terms of benefits and costs.

3.5.2.4 SpecificValues Problem

The SpecificValues problem defines that relevant values belong to specific ranges of the target

variable Y . The used relevance function ϕ is shown in Figure 3.20.

Figure 3.20: The relevance function for artificial problem SpecificValues.

From the relevance function ϕ, we obtain the following bumps partition:

Pϕ(Y) = {⟨−∞,−40⟩, ⟨−20, 0⟩, ⟨20, 40⟩}. The maximum admissible loss obtained for all the

three bumps is equal, i.e. b∆0 = b∆1 = b∆2 = 40.

From the observation of the utility isometrics presented in Figure 3.21a, it is possible to identify

in the Y direction, i.e. horizontally, two different types of patterns of utility. The first type of

pattern appears at both extremes and at the center of Y and it is related with the three bumps:

B0, B1 and B2. At these three regions, we observe high benefits or high costs that result from

the high relevance of the true value and the proximity of other bumps with high relevance. This
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(a) utility isometrics (b) utility surface in costs perspective

Figure 3.21: An utility surface for SpecificValues.

latter fact increases the chances of confusing events, the worst type of error for these scenarios.

The second pattern refers to the regions between bumps. These are regions characterized by low

relevance of values for which any accurate prediction leads to insignificant benefits. Still, even

within these areas if a highly relevant value is predicted we can incur in significant costs, as these

situations correspond to false alarms. The overall impact of these costs on the surface depends on

the penalization parameter p. In this problem, we have used p = 0.75 and thus opportunity costs

are considered more serious than false alarms as it can be confirmed by the utility isometrics.

Comparing the figures of this problem with the corresponding graphs for the problem AllValues,

where the relevance was uniform across the domain of the target variable, we can see how different

are the preference biases of this type of applications when compared to the more standard regression

tasks illustrated by problem AllValues. The proposed utility-based evaluation framework is much

more consistent with the application goals for non-uniform regression problems.

3.6 Experimental Analysis

We have presented an utility-based evaluation methodology that is able to handle applications

with non-uniform costs across the domain of a continuous target variable. In this section, we

test the sensitiveness of such methodology in the task of identifying the best models for this kind

of applications, when compared with another evaluation methodology based on a standard error

metric.
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We claim that without our proposed utility-based metrics, we can only obtain suboptimal results in

terms of comparing models in the context of our target applications. Through a set of experiments

we will show that standard evaluation metrics are not always able to choose the best models. We

demonstrate this by building a sort of improved versions of the models used in the experiments.

These are obtained by modifying the set of originally made predictions such that their performance

is made more adequate to the applications preference biases. As so, one expects that they are

ranked first. However, as we will show that is not the case if we use standard error metrics.

In this context, we claim that the use of standard error metrics on applications with non-uniform

costs may lead to sub-optimal, or even wrong decisions when selecting/comparing alternative

regression models, which can be critical for some domains. Moreover, we will show that our

proposal can overcome these limitations.

3.6.1 Prediction Problems

In order to accomplish our objective, two kinds of experiments were performed. The first

experiment was conducted on real data, namely on the NO2 concentration data set described

in Section 3.2.1 (page 67). For the experiments we used all the domain knowledge that we had.

The used relevance function ϕ was the same shown in Figure 3.10 (page 98). Concerning the utility

surface, we established p = 0.75 to make opportunity costs more serious than false alarms like in

the utility surface of Figure 3.13 (page 103).

With respect to the second experiment, our goal was to test the sensitivity of the results to the

choice of relevance function. We have generated an artificial data set with a continuous target

variable, and we have specified several diversified relevance functions for this same data. This was

the same process used in Section 3.5. In particular, we are referring to the problems: AllValues,

RareValues, CommonValues and SpecificValues. The generated artificial data set has 1000

examples and is described by four attributes - one nominal and three continuous, and a target

continuous variable.

Our goal in this second set of experiments is to confirm that our utility measure will be able to

choose the best model for a diverse set of relevance function (i.e. non-uniform regression settings).

In terms of the balance between the different types of errors we have set p = 0.5, thus making false

alarms equally important as opportunity costs.
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3.6.1.1 Methodology

With the goal of avoiding any bias on our conclusions concerning the used modelling techniques,

we have selected four quite different approaches. For all of these techniques we have used the

implementations available on the R software environment (R Development Core Team, 2010). The

selected methods were:

• regression trees (cart) - we used the implementation available through package DMwR (Torgo,

2010), with default setting se=1.

• support vector machines (svm) - we used the implementation available in the package

e1071 (Dimitriadou et al., 2010), width default setting cost=1 and radial-basis kernel.

• multivariate adaptive regression splines (mars) - we used the implementation available in the

package earth (Milborrow et al., 2010), with default setting degree=1 and thresh=0.001.

• random forests (randomF) - we used the implementation available in randomForest pack-

age (Liaw and Wiener, 2002), with default setting ntree=500 and nodesize=5.

No extensive parameter tuning was carried out, as top performance is not the goal here - our goal

is to compare the model rankings produced by different evaluation metrics under different setups.

None of the alternative models we are considering in our experiments optimizes any of our utility-

based metrics. In this context, we incur the danger of concluding that all models perform equally

bad in terms of the applications goals, which would not allow us to conclude anything concerning

the eventual advantages of our metrics. In order to avoid this problem we wanted to ensure that

among the candidate models there were alternatives that were clearly better in terms of being able

to optimize utility. These models should come up as the best models if the used metrics have any

value. To obtain these "optimal models" we generated artificial sets of predictions based on the

predictions of the "standard" models. Namely, we created these artificial predictions by tweaking

the prediction errors of our original four modelling techniques in such a way that the errors are

artificially re-allocated to the test cases that improve the overall utility score. By proceeding

this way, we reach to a set of artificial set of predictions that have exactly the same set of error

amplitudes as the base models, but with a higher utility value because the smallest errors were

re-allocated to more relevant true values. ⋆7 . In our experiments we named these artificial sets of

predictions improv. <base_technique> (e.g. improv.cart). From the perspective of the goals of our

target applications, these improved models should appear ahead of the base models (or at most

at the same position in the unlikely event that the base model already achieves this "improved"
⋆7This strategy is similar to the one followed on the illustrative Example 3.1 given on Section 3.2 (page 65).
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performance). A failure to rank these improved models on top would mean the failure of our

proposal.

All the alternative models were evaluated using three different evaluation statistics: MU, NMU

and NMAD. The values of these statistics have different meanings. Concerning the MU evaluation

metric, positive values indicate that the model is useful on average, while negative values indicate

that the model usually issues predictions that represent costs (i.e. negative benefits). The

NMU reflects the same results but in the interval [0, 1] as it is the normalized version of MU.

For comparison purposes, we have also evaluated the performance of the models by the NMAD

evaluation metric, selected as a "representative" of a standard evaluation metric that consists of

a normalized version of MAD to the interval [0, 1], as shown in Equation 3.25. All the evaluation

metrics use, as loss function, the absolute deviation.

NMAD =

∑n
i=1 |ŷi − yi|∑n
i=1 |Ỹ − yi|

(3.25)

where Ỹ is the median of the target variable Y .

The performance of each modelling technique for all the statistics mentioned above was estimated

using a stratified 10x10-fold cross validation process. The statistical significance of the difference

between the score of each modelling technique and the one ranked as the best, was measured using

the Student paired t-test. For each statistic we provide the mean (µ) and the standard deviation

(σ) obtained over the 100 repetitions of the 10x10-fold cross validation process.

3.6.2 Experimental Results

The model rankings obtained for the Outdoor Air Pollution application are presented in Table 3.7.

For this particular data set, considering its small number of cases, we chose to run a stratified

1x10-fold cross validation process to obtain the performance estimates.

From a first analysis of the results, it is possible to notice that our utility-based metrics (MU and

NMU) and NMAD do not agree on the top ranked modelling technique. Moreover, as expected ⋆8 ,

the NMAD statistic is not able to distinguish between the improved versions of the models and

the original ones. According to NMAD randomF is the best model for this problem. However,

randomF is not a well positioned modelling technique according to both our utility metrics, with

a performance that is significantly worse than the top model according to these two metrics.

Still, according to MU, the performance of randomF is positive, which means that on average its
⋆8This is the same case of models M1 and M2 shown in Example 3.1 (page 70).
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Table 3.7: Performance ranking obtained by utility-based metrics and a standard error metric for
different algorithms in the prediction of NO2 emissions.

Performance Estimates Ranking

Data Set MU : µ± σ NMU : µ± σ NMAD : µ± σ

NO2 Emission

improv.randomF improv.randomF randomF
0.51417 ± 0.03604 0.75709 ± 0.01802 0.61803 ± 0.07345
improv.svm improv.svm improv.randomF
0.51264 ± 0.03573 0.75632 ± 0.01787 0.61803 ± 0.07345
improv.mars improv.mars mars •
0.51222 ± 0.03617 0.75611 ± 0.01809 0.65046 ± 0.10225
improv.cart •• improv.cart •• improv.mars •
0.50609 ± 0.0358 0.75305 ± 0.0179 0.65046 ± 0.10225
svm •• svm •• svm •
0.48409 ± 0.03248 0.74205 ± 0.01624 0.66435 ± 0.05996
randomF •• randomF •• improv.svm •
0.48344 ± 0.03268 0.74172 ± 0.01634 0.66435 ± 0.05996
mars •• mars •• cart ••
0.48009 ± 0.03302 0.74005 ± 0.01651 0.75887 ± 0.05341
cart •• cart •• improv.cart ••
0.46883 ± 0.03303 0.73441 ± 0.01651 0.75887 ± 0.05341

Through 1x10 cross-validation, the paired t-test asserts that the difference to the best ranked modelling technique is:
• significant at 95% confidence level;
•• significant at 99.9% confidence level.

predictions lead to a benefit. In effect, in this application all modelling techniques achieved a

globally good utility score. This is explained by the overall positive utility surface of this problem

as presented in Section 3.5.1 (see page 101). Independently of these observations, our experiments

show that our metrics are able to identify the best models (which were artificially made the best)

from the perspective of the user preference biases for this application. Moreover, according to our

metrics, the best model is improv.randomF. Still, more important than this observation is the fact

that our metrics were able to rank at the top all improved variants of the base models, which

provides strong evidence concerning their ability to identify models that perform better in terms

of the goals of this application.

We now move into the second group of experiments where we try to test the sensitivity of our

metrics to the type of relevance function. The results on the artificially generated problems are

shown in Tables 3.8, 3.9, 3.10 and 3.11.

The first thing we should note on these tables of results is that the NMAD and the utility-based

metrics never agree on the overall ranking of the models for all of the problems. Even more

importantly, we note that once more, and for all different types of relevance functions⋆9 , our

metrics are able to rank the improved versions above the base models. This means that under all

these experimental settings the behaviour of our metrics was in accordance to our hypothesis.

The results obtained for problem AllValues are shown in Table 3.8. This problem is a simulation

of a standard regression scenario with its uniform relevance. In this context, it is not surprising
⋆9With the exception of problem AllValues for obvious reasons that shall be explained below.
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Table 3.8: Performance ranking obtained by utility-based metrics and a standard error metric for
different algorithms in the AllValues problem.

Performance Estimates Ranking

Data Set MU : µ± σ NMU : µ± σ NMAD : µ± σ

AllValues

mars mars randomF
-0.87263 ± 0.0363 0.06369 ± 0.01815 0.99584 ± 0.00745
improv.mars improv.mars improv.randomF
-0.87263 ± 0.0363 0.06369 ± 0.01815 0.99584 ± 0.00745
cart cart svm •
-0.87427 ± 0.03777 0.06286 ± 0.01889 0.99722 ± 0.00533
improv.cart improv.cart improv.svm •
-0.87427 ± 0.03777 0.06286 ± 0.01889 0.99722 ± 0.00533
randomF • randomF • mars •
-0.88117 ± 0.02974 0.05941 ± 0.01487 0.99768 ± 0.00392
improv.randomF • improv.randomF • improv.mars •
-0.88117 ± 0.02974 0.05941 ± 0.01487 0.99768 ± 0.00392
svm •• svm •• cart ••
-0.88798 ± 0.03199 0.05601 ± 0.016 0.99994 ± 0.00015
improv.svm •• improv.svm •• improv.cart ••
-0.88798 ± 0.03199 0.05601 ± 0.016 0.99994 ± 0.00015

Through 10x10 cross-validation, the paired t-test asserts that the difference to the best ranked modelling technique is:
• significant at 95% confidence level;
•• significant at 99.9% confidence level.

Table 3.9: Performance ranking obtained by utility-based metrics and a standard error metric for
different algorithms in the CommonValues problem.

Performance Estimates Ranking

Data Set MU : µ± σ NMU : µ± σ NMAD : µ± σ

CommonValues

improv.cart improv.cart randomF
0.65077 ± 0.02346 0.82539 ± 0.01173 0.99584 ± 0.00745
cart •• cart •• improv.randomF
0.65047 ± 0.02351 0.82523 ± 0.01175 0.99584 ± 0.00745
improv.mars improv.mars svm •
0.65029 ± 0.02355 0.82514 ± 0.01178 0.99722 ± 0.00533
improv.randomF • improv.randomF • improv.svm •
0.64977 ± 0.02363 0.82489 ± 0.01182 0.99722 ± 0.00533
mars •• mars •• mars •
0.64969 ± 0.02361 0.82484 ± 0.01181 0.99768 ± 0.00392
randomF •• randomF •• improv.mars •
0.64886 ± 0.02367 0.82443 ± 0.01184 0.99768 ± 0.00392
improv.svm •• improv.svm •• cart ••
0.64831 ± 0.02355 0.82416 ± 0.01177 0.99994 ± 0.00015
svm •• svm •• improv.cart ••
0.64725 ± 0.02361 0.82362 ± 0.0118 0.99994 ± 0.00015

Through 10x10 cross-validation, the paired t-test asserts that the difference to the best ranked modelling technique is:
• significant at 95% confidence level;
•• significant at 99.9% confidence level.

that the improved versions of the models are not distinguishable even for the utility metrics. The

relevance along the domain of the target variable is constant, and thus the errors have the same

value independently of the location within the target variable domain. Still, different rankings

are obtained by the utility metrics and the standard regression metric. This happens due to the

normalization of the error. Instead of the distance to the median value of Y used by NMAD, the

utility metrics use the maximum admissible loss.
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Table 3.10: Performance ranking obtained by utility-based metrics and a standard error metric for
different algorithms in the RareValues problem.

Performance Estimates Ranking

Data Set MU : µ± σ NMU : µ± σ NMAD : µ± σ

RareValues

improv.randomF improv.randomF randomF
0.06402 ± 0.0095 0.53201 ± 0.00475 0.99584 ± 0.00745
improv.svm improv.svm improv.randomF
0.06388 ± 0.00941 0.53194 ± 0.00471 0.99584 ± 0.00745
improv.mars improv.mars svm •
0.06388 ± 0.00946 0.53194 ± 0.00473 0.99722 ± 0.00533
improv.cart • improv.cart • improv.svm •
0.06371 ± 0.00942 0.53185 ± 0.00471 0.99722 ± 0.00533
svm •• svm •• mars •
-0.01544 ± 0.00327 0.49228 ± 0.00163 0.99768 ± 0.00392
randomF •• randomF •• improv.mars •
-0.01595 ± 0.00332 0.49203 ± 0.00166 0.99768 ± 0.00392
mars •• mars •• cart ••
-0.01685 ± 0.00353 0.49158 ± 0.00177 0.99994 ± 0.00015
cart •• cart •• improv.cart ••
-0.01851 ± 0.00356 0.49074 ± 0.00178 0.99994 ± 0.00015

Through 10x10 cross-validation, the paired t-test asserts that the difference to the best ranked modelling technique is:
• significant at 95% confidence level;
•• significant at 99.9% confidence level.

Table 3.11: Performance ranking obtained by utility-based metrics and a standard error metric for
different algorithms in the SpecificValues problem.

Performance Estimates Ranking

Data Set MU : µ± σ NMU : µ± σ NMAD : µ± σ

SpecificValues

improv.cart improv.cart randomF
0.68684 ± 0.02175 0.84342 ± 0.01088 0.99584 ± 0.00745
cart •• cart •• improv.randomF
0.68684 ± 0.02175 0.84342 ± 0.01088 0.99584 ± 0.00745
improv.mars • improv.mars • svm •
0.68626 ± 0.02191 0.84313 ± 0.01095 0.99722 ± 0.00533
mars • mars • improv.svm •
0.686 ± 0.02191 0.843 ± 0.01095 0.99722 ± 0.00533
improv.randomF • improv.randomF • mars •
0.68573 ± 0.02197 0.84287 ± 0.01099 0.99768 ± 0.00392
randomF •• randomF •• improv.mars •
0.68521 ± 0.02197 0.84261 ± 0.01098 0.99768 ± 0.00392
improv.svm •• improv.svm •• cart ••
0.68425 ± 0.0219 0.84212 ± 0.01095 0.99994 ± 0.00015
svm •• svm •• improv.cart ••
0.6836 ± 0.02193 0.8418 ± 0.01096 0.99994 ± 0.00015

Through 10x10 cross-validation, the paired t-test asserts that the difference to the best ranked modelling technique is:
• significant at 95% confidence level;
•• significant at 99.9% confidence level.

An interesting aspect of the results achieved for the problems CommonValues and SpecificValues

is that the top ranked model according to MU is also the last model according to NMAD, that

is improv.cart. These problems define that the values at the center of the distribution of Y are

relevant. The standard regression models are biased to minimize errors metrics such as MSE or

MAD (cf. Equation 3.4 and Equation 3.5 - page 69). These predictive error estimators will tend to

favour models that have good performance on the most frequent cases, because they are estimators
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of the true mean error. On the particular case of problems CommonValues and SpecificValues

more than minimizing the loss, it is important that the prediction stays confined to the interval

defined by a bump. In these conditions, cart is probably the model whose predictions are more

constant around the mean value.

In RareValues the high relevance area is on the tails of the distribution of Y . Those values

are extreme and rare. As the regression models are optimizing standard error metrics, the

performance of the models turns out to be worst for this regression task. The difficulty in predicting

accurately the rare extreme values, causes the highest error estimates for the models. The utility

estimates obtained for each model decrease in comparison to the previous problem CommonValues

(cf. Table 3.9). Moreover, all the original (not improved) versions of the model obtain negative

average utility estimates. This means that a prediction made by one of these models yields, on

average, to a cost.

SpecificValues problem defines an area with oscillating relevance that goes across the distribution

of the target variable Y . According to its relevance function ϕ, a value can be relevant if it is either

an extreme value or a central one. This means that there are predictions that will be penalized,

but not as much as in problem CommonValues and not as low as in problem RareValues. This

yields to intermediate utility performance estimates of the models for this problem. Moreover,

these intervals of values with changing relevance, had a great impact in the overall ranking of the

models.

Overall, these experiments illustrate very clearly the danger of using a standard error metric, like

NMAD, for comparing models in this type of applications with non-uniform costs. The conclusions

that one may draw from using these standard error metrics may be completely misleading in terms

of the application goals. Moreover, these experiments confirmed our hypothesis that our proposed

metrics are able to provide a model ranking that is in accordance with the goals of this class of

applications with non-uniform costs across the domain of the target variable.

3.7 Conclusions

In this chapter we have presented a new utility-based evaluation methodology. This framework

allows a reliable evaluation of regression models in application with non-uniform costs and benefits

across the domain of the target variable. The proposed methodology can be used to compare

and/or select models in this type of domains.

Our proposal consists of an utility surface defined with the help of the end-user that provides

the domain knowledge concerning the application preference biases. This is also the case of
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any approach to utility-based learning. The domain-knowledge is incorporated by means of the

definition of a relevance function ϕ. The function ϕ is a continuous function that maps the domain

of the target variable into a [0, 1] scale of relevance. We define the utility of a prediction as the net

balance between the benefits and costs associated with the predicted value and the respective true

value. To calculate this utility we take into account the relevance of the true and predicted values

and consider two different aspects: (i) the accuracy of the action associated with the predicted

value; and (ii) the numeric accuracy of the predicted value.

Our experiments have confirmed the risks of using standard evaluation metrics when comparing

models in applications with non-uniform costs. Namely, there are problems where standard metrics

are unable to identify the best models, which can be critical for some real-world applications.

Moreover, we have shown that these risks can be overcome by the use of our metric, which is able

to provide a model ranking that is in accordance to the preference biases of the applications.

As we will see in the next chapters, based on this methodology of utility-based evaluation, we

will propose other metrics commonly used in decision-making processes and ranking analysis, thus

allowing better model comparisons under different setups. Moreover, by plugging one of these

utility-based metrics into our regression system ubaRules, we will be able to obtain models that

are optimized according to the preference biases of these applications.
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Prediction of Rare Values in Regression

"Familiarity breeds contempt, while rarity wins admiration."

Apuleius (A.D. 123/125 - 170)

Many event-based applications like prediction of ecological or meteorological catastrophes, fraud

detection, network intrusions and financial forecasting are particular cases of regression problems

with non-uniform costs on the target continuous variable that associate higher costs or benefits with

rarity. Rare values are often regarded as outliers and removed from posterior analysis. However,

for this type of applications, they are related to the anticipation of a critical phenomenon, and

thus should be accurately predicted.

We propose a decision making process for regression that is sensitive to the utility (benefits /

costs) of the predictions. Our goal is to be able to use evaluation metrics like precision and recall,

which focus the evaluation of predictive models on the cases that really matter, by adapting them

for these applications. This adaptation involves taking into account the numeric error of the

predictions using the notion of utility we have proposed in the previous chapter.

In non-uniform domains such as the ones we are tackling, using a fixed decision threshold might not

be a reliable option. As alternative, we also propose the incorporation of utility-based regression

into ranking analysis. The objective is to obtain an accurate ranking of the models towards the

prediction of the target event, i.e. the rare values, as a more trustful and interpretable information

to the end-user. In particular, we present the visualization of models through Precision-Recall

(PR) curves that incorporate instance varying utility. Based on utility, we also derive common

ranking metrics, such as AUC− PR, MAP11, BFM.

Along the chapter, a real-world problem concerning the prediction of large forest fires is used

to better illustrate our proposals. At the end, we conduct an experimental study on two other

real-word problems: forecasting of stock market returns and prediction of harmful algae blooms.

Experiments on both problems show the advantages of using our proposed utility-based metrics

when comparing predictive models in the context of this type of applications.
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4.1 Introduction

Several important predictive data mining applications involve handling non-uniform costs and

benefits of predictions. This is almost always the case in event-based applications in many domains

(e.g. ecology, meteorology, finance, fraud). Many of these tasks are particular cases of regression

problems where the continuous target variable values have differentiated importance. These

prediction tasks are often related to the anticipation of a critical phenomenon that is inherently

continuous and for which an alarm may be triggered by a specific range of values of a continuous

target variable. This type of applications require techniques that are able to cope with predictions

that have differentiated costs and benefits. In Chapter 3 we have presented and utility-based

evaluation framework that can be used to help in addressing these applications.

In this chapter our goal is to address a particular and highly relevant sub-class of non-uniform

costs/benefits prediction tasks, which associates higher cost or benefit with rarity. For these

applications the most (and often solely) important cases are the ones associated with unusual

values of the target variable. That is the case of the task of predicting unusual returns in stock

markets (e.g. Torgo and Ribeiro, 2009). For this application a model that is excellent at predicting

the most common values of the target variable (the returns of a financial asset), is basically useless.

In effect, the most common returns are around zero (or small variations), and these values are not

profitable due to the unavoidable transaction costs. This is not a particularity of financial markets.

In ecological modelling, for instance, the prediction of harmful algae blooms (e.g. Ribeiro and Torgo,

2008a) is a very relevant task. These algae blooms are associated with rare and unusually high

values of abundance for certain algae species. Once again, it is the predictive performance on these

rare extreme values that really matters for the end user, as it allows for proper preventive actions

to be taken. The common characteristic of these applications is that their main goal is accuracy

at predicting values that most statistical analysis would tag as outliers. We are thus facing a task

of predicting outlier values of a continuous target variable. Evaluating the ranking performance

of regression models on such type of domains is also considered to be a very useful tool (Rosset

et al., 2007). Complementarily to an error-based evaluation, a ranking-based evaluation for the

comparison of models might be essential to identify the models, which act better as decision

makers. These are the models that better discern high relevance values from low relevance values

and, thus, that would bring more benefits than costs. In finance domains, for instance, where there

is a large number and variety of models it is important to be able to compare their performance

in an objective and meaningful way. Hence, as in this case, ranking-based metrics can be more

valuable for the end-user.

Most of the cost-sensitive techniques that have been proposed in the literature (e.g. Domingos,

1999; Elkan, 2001; Zadrozny, 2005) address predictive classification tasks. So far, we have shown
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that utility-based concepts can also be applied to regression tasks with non-uniform costs. These

concepts enabled the proposal of new utility-based metrics, which allow a more effective evaluation

of models in the context of the target applications. For rare and extreme values prediction, extreme

values have higher relevance comparatively with the rest of the target variable domain. As such,

all the predictions made on extreme values are of major importance for the model performance.

In this chapter, we propose new evaluation metrics, specially created for the prediction of rare

extreme values of a continuous variable. In order to do so, some of notions given in Chapter 2, in

the context of rare values prediction, will be revisited.

Section 4.2 starts by the formulating our target prediction problems and introducing the notation

conventions adopted. The proposal for decision-making in regression is made on Section 4.3. In

this section, we explain how the notions of precision and recall can incorporate utility. Ranking

analysis in regression is presented in Section 4.4. The comparison of models through Precision-

Recall (PR) curves sensitive to utility and some utility-based ranking measures are explained in

this section. Section 4.5 presents an experimental study conducted over two concrete applications

where the target objective is the prediction of rare extreme values: the forecast of future returns

of a set of stocks and the prediction of harmful algae blooms. The collected experimental evidence

indicates the advantages and usefulness of the proposed evaluation framework. Section 4.6 finishes

with conclusions and further work.

4.2 Rare Events in Regression

Our target applications are supervised prediction regression tasks guided by rare events - the

occurrence of rare extreme values in a continuous target variable. These prediction tasks are often

related to the anticipation of a critical phenomenon that is inherently continuous and for which an

alarm may be triggered by a specific range of values of a continuous target variable. Thus, even

though they refer to a more specific set of values, they constitute a particular case of regression

problems where the utility of the predictions across the range of continuous target variable is not

uniform. For this reason, utility-based regression is the proper evaluation framework for such

applications.

In classification, event-driven prediction tasks are usually evaluated using the notions of precision

and recall, which are preferred over other alternatives when in presence of large skew in the class

distribution (Davis and Goadrich, 2006; Weiss, 2004). The main advantage of these statistics

consists on their focus on the performance of the models on the events, completely ignoring their

accurate predictions for the non-event class.
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4.2.1 Relevance as a Continuous Notion of Event

The standard setup for event-driven classification is to have a so-called positive class that represents

the target events while the negative class represents all the non-events. Proceeding in the same

way in regression is difficult, given the infinite nature of the domain of a continuous target

variable. On the other hand, the notion of relevance we have introduced and defined back in

Chapter 3, Section 3.2.3 (see page 72), seems a natural way of expressing the preference biases of

the user concerning a subset of values in a certain application. Moreover, this function allows the

specification of different degrees of relevance with the already mentioned advantages in terms of

our target applications that are eminently continuous.

As mentioned above, in classification the relevant events are the ones associated with a target

class. This would correspond to establishing the cases belonging to this class as the only ones with

any relevance. We can use our relevance function framework to express this domain-knowledge for

classification tasks,

ϕ(y) = I(y = CE) (4.1)

where I is the indicator function giving 1 if its argument is true and 0 otherwise, and CE is the

class describing the events (i.e. the positive class).

The information on the relevance function is domain-dependent. We have seen in Section 3.3.1

(see page 79) that defining this continuous function for regression domains might be difficult for

the user. In Section 3.4.1 (page 96) we have described a method for specifying a continuous

relevance function based on piecewise cubit Hermite interpolation. This method is based on the

user-specification of a set of key points of the target relevance function. In the next section, we

describe a heuristic method for automatically choosing these points in order to obtain a relevance

function that gives higher relevance to rare extreme values of a continuous variable.

4.2.2 A Heuristic Relevance Definition for Rare Extreme Values

Our goal is to address applications where the rare events are described by the occurrence of not

only rare but particularly extreme values on the continuous target variable, i.e. extreme low and/or

high values. Moreover, in comparison to these values, the performance on the other more frequent

values is basically irrelevant for the end user of these applications.

Regarding numeric variables, the rarity concept must be defined with respect to some distribution.

It can be defined with respect to the sampling distribution, although ideally it should be defined

with respect to the underlying (but typically unknown) distribution. Back in Chapter 2, and in
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particular in Section 2.3.3 (page 47), we have mentioned some of the existing statistical methods

for the identification of the so-called extreme values in the statistics field. Namely, we have referred

to the Extreme Value Theory (Coles, 2001; Embrechts et al., 1997, 1998) employed for effective

risk management on areas such as financial markets, but that has also shown to be useful in other

fields like hydrology and climatology. Nevertheless, statistical methods such as this become very

slow in the presence of big amounts of data. Alternatively, approximation techniques based on

data samples like kernel density estimators (e.g. Hardle, 1990) can also be used. Nevertheless, and

though some efforts have been made to improve the computational complexity of such density-based

approximations (e.g. Yang et al., 2003), they are still computationally intensive and scalability

remains difficult for practical applications.

As we have mentioned we are associating relevance with the rarity and extremeness of the values of

the target variable. This means that if we assume a near normal distribution of the target variable,

the relevance function is reasonably well approximated by the complement of the probability

distribution function (pdf) of the target variable. In effect, our goal is to predict accurately

the values on the tails of the distribution. In these conditions, our proposal is to use the box

plot (Cleveland, 1993) (cf. Chapter 2, Section 2.3.3 - page 48), as a gross approximation of the

distribution that nevertheless provides information on key points that can be used for our purposes.

Box plots provide a set of crucial statistics of the probability density function (pdf), and that are

particularly interesting regarding extreme values. Namely, all values of the continuous variable

above the high adjacent value given by adjH = Q3 + 1.5 IQR, where Q3 is the third quartile and

IQR = Q3 −Q1 or below the low adjacent value, adjL = Q1 − 1.5 IQR, are tagged as outliers and

incorporate mild and extreme outliers. These two values define two sets of extreme outliers: the

rare low extreme outliers (OL) and the rare high extreme outliers (OH).

Our objective is to obtain a continuous relevance function that maps the domain of the target

variable Y to the interval [0, 1], so that the extreme values of Y are assigned maximum relevance.

In order to do so, we incorporate the adjacent values (adjL and adjH) as threshold values for

the extremes and the median value (Ỹ ) as a centrality value for irrelevance. We then use this

set of control points, presented in Table 4.1, with the piecewise cubic Hermite interpolation

method described in Section 3.4.1 (page 96) to obtain an extremes-based relevance function ϕ

(cf. Figure 4.1).

The above derived relevance function ϕ fulfills the requirements of relevance for rare extreme values

in general. Notice that we might have only one type of extremes, i.e. extreme high or extreme low

outliers.

Having defined a heuristic method to obtain the relevance function we should remark that our

methodology in no way depends on this method to define the function. This definition is useful
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Table 4.1: Control relevance points for rare extreme values prediction.

Control points for ϕ

yk: box-plot statistic ϕ(yk)

adjL = Q1 − 1.5 IQR 1.0

Ỹ = median of Y 0.0

adjH = Q3 + 1.5 IQR 1.0

Figure 4.1: Our proposed extremes-based relevance function is generated from the box plot
statistics for extreme values.

in cases where the user is unable to provide a formal definition of the notion of relevance for his

application. There are many situations where the user simply has the notion that relevance is

associated with extreme and rare values. In these cases, this heuristic method may help in defining

a relevance function that is required for the application of our utility-based evaluation framework.

Having mentioned that events are a function of the user-assigned relevance, we now establish that

relevant events are those for which ϕ(y) ≥ tE , where tE is a domain-dependent threshold on

relevance.

Definition 4.1 (Target Event). Let ϕ denote the relevance function of the target variable Y .

We define the target event variable z by,

z := I(ϕ(y) ≥ tE) (4.2)

where I is the indicator function giving 1 if its argument is true and 0 otherwise, and tE ∈ [0, 1] is

the pre-specified event threshold.
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In classification, as relevance is usually a 0/1 function (c.f. Equation 4.1), this threshold is 1. For

regression, in our default utility-based setting it would be 0, i.e. every value in the target variable

is an event to some extent. In the context of the rare extreme values setting it is usually a good

idea to focus the analysis of the performance of the models on a smaller subset of the values. This

leads to setting the threshold to values near 1, depending what the user wants to consider as the

target for the prediction task.

Example 4.1. Forest fires prediction

In Portugal, forests represent about 38% of its total land surface and their products are important

contributors to the economic growth and prosperity. Wildfires are one of their main threats. These

fires are very common, causing devastation and ruining vast areas of land, thus being a recurring

problem in their preservation.

Forest fires may have various causes, such as human negligence and lightnings. Weather conditions

are known to have an important part in the fire occurrence. Every year, the Portuguese government

invests a large amount of money in fire prevention and fire fast detection.

Some solutions in fire detection (e.g. satellites, infrared scanners and other sensors designed to

detect fire occurrences) are very expensive in terms of acquisition and maintenance. On the other

hand, land organization and characteristics, air conditions, namely temperature and humidity, are

known to affect fire occurrences and its evolution.

Bearing in mind that a better knowledge of these factors can lead to a better fire management, it

would be interesting to have a model capable of supporting decisions, particularly in what concerns

resources planning and firefighting. We have data of 2831 registered fires described by 86 attributes

regarding land morphology (e.g. slope, elevation), land characteristics (e.g. coverage area of a tree

type, road area), social-demographic values (e.g. active, retired, resident population) and weather

variables.

The accurate prediction of large-scale forest fires would bring high benefits and avoid costs. Hence,

from the available variables we selected the percentage of burnt area as the target variable. For

the target event definition, we have used a value of the event threshold of one, i.e. tE = 1 (cf.

Definition 4.1). Applying this definition to the available data using the box-plot as the driver

for obtaining the relevance function (shown in Figure 4.2), we may observe that the rare extreme

values that form the target event are the fires where more than approximately 46% of area is burnt.

This means that all the fires whose percentage of burnt area is above this value are considered to

be rare and extreme values and target events for our prediction. It is at the prediction of these

fires that we want the models to be particularly accurate.
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Figure 4.2: The target event for the Forest Fires problem is to anticipate the more extreme fires,
i.e. the ones where more than 46% of the forest area is burnt.

4.3 Decision Process in Regression

In the context of event-driven classification problems, it is common to use confusion matrices for

the characterization of the performance of a model. The numbers in this matrix (cf. Table 4.2)

can be used to calculate several statistics used in classification with the objective of evaluating the

model performance regarding the prediction of a target positive class. The positive class represents

the rare events, while the negative class represents all non-events.

Table 4.2: The 2x2 confusion matrix.

Confusion Matrix

True
Predicted non-event rare event Total

no alarm TN FN PNEG
alarm FP TP PPOS

Total NEG POS

Precision and recall are two metrics that can be obtained from a confusion matrix, which assesses

the performance of the model based on its predictions over the event cases. Informally, precision

measures the proportion of events signalled by the model that are real events, i.e. the ratio
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TP/PPOS. recall measures the proportion of events occurring in the domain that are captured by

the model, i.e. the ratio TP/POS.

Our goal is to be able to use these intuitive notions in the context of our applications, where the

target variable is numeric. In order to be able to obtain such type of performance estimates, we

need to find out when a regression model predicts an event. In the previous section, based on a

relevance function ϕ and a threshold tE , we have presented how any value of the continuous target

variable Y is mapped to one of the two event/non-event classes. However, the same mapping

function can not be applied to a prediction as a way to determine its class. In spite of ϕ(y) ≥ tE

being the event condition for the true value y, ϕ(ŷ) ≥ tE is not the condition that determines the

class of the prediction. The reason follows from the definition of the relevance and utility functions

that we proposed in Chapter 3. For instance, in the example shown in Figure 4.1 (page 124), if we

consider tE = 1, any value y above adjH is assigned the event class. If a prediction ŷ for y is below

adjL, given the respective value of ϕ(ŷ) it would also be considered an event and, thus a correct

prediction of y. However, although both y and ŷ refer to rare values, they are different events: one

an unusually low value while the other is an extreme high value. Moreover, any other prediction

close to y but with ϕ(ŷ) < 1, would be tagged as non-event.

As an alternative, we propose the use of the utility of each prediction. The reasoning is based on

the relationship between the utility function and an event. The target event z is defined based on

the relevance function ϕ and on a threshold value tE (cf. Definition 4.1). According to the limits

of utility of a prediction, proven by Theorem 3.21 on Chapter 3 (page 92), we know that: (i) the

maximum of Up
ϕ(ŷ, y) is ϕ(y); (ii) the minimum of Up

ϕ(ŷ, y) is −ϕp(ŷ, y). In this sense, the higher

the precision of the predictions the closer is Up
ϕ to ϕ(y). This means that utility can be regarded

as a function that is closely related to the probability estimate of the prediction ŷ being in the

same class of y.

Any increasing or decreasing function of class membership probability is sufficient to induce a

correct ranking of examples (Zadrozny and Elkan, 2002). In this context, we have decided to use

the ranking information given by the utility function as scores. In other words, we take the utility

calculated for a given prediction as the ranking position of the instance i for the target event

membership. To achieve that, we rescale our utility values from the [−1, 1] interval into a [0, 1]

interval of event membership. However, such scaling is not enough. As referred by Zadrozny and

Elkan, in cost-sensitive domains it is important to have an accurate estimate of the probability

that each test example is a member of the event class. The reason is that each prediction, and thus

each decision, carries an additional cost/benefit. In order to obtain accurate probability estimates,

we need to calibrate the utility ranking scores. Through calibration, we get scores that can be

directly interpreted as the chances of membership to the target class.
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As calibration method (e.g. Zadrozny and Elkan, 2001, 2002), we have chosen the Pool Adjacent

Violators (PAV) method (Fawcett and Niculescu-Mizil, 2007). The PAV algorithm, as we have

previously mentioned on Chapter 2, Section 2.3.2 (page 30), is a calibration technique that finds an

isotonic (increasing monotonic) transformation of the scores that minimizes the Brier Score (BS).

The Brier Score, or in other words, the mean squared error for probabilistic classifiers, is defined

as,

BS =
1

n

n∑
i=1

(si − zi)
2 (4.3)

where si is the calibrated score and zi is the non-event/event class.

Algorithm 4.1 ubaScores(u, z): Generation of utility-based calibrated scores based on Fawcett
and Niculescu-Mizil (2007).
Input: set of raw utility scores u = {ui}ni=1 ∈ [−1, 1];

for set of true event values z = {zi}ni=1 ∈ {0, 1}.
Output: s: calibrated utility-based scores.
1: o← order(u, decreasing = false)

2: s← sort(z, order = o) // update true events by the scores order
3: repeat
4: i← n− 1

5: pooled← false

6: while i > 0 do
7: (k, i)← maxNonIncrPath(s)
8: if i ̸= k then
9: sk:i ←

∑i
l=k sl/(k − i+ 1)

10: pooled← true

11: end if
12: i← k − 1

13: end while
14: until !pooled
15: return s

After calibrating the ranking utility scores by the pool adjacent violators algorithm, we get a new

set of scores that besides providing an accurate ranking, are also a more reliable set of probability

estimates. These new scores give us utility-based probability estimates of extreme values for the

predictions of regression models. Next, we exemplify on the forest fires domain how we obtain

probability estimates from the raw utility scores of a set of predictions.

Example 4.2. From raw utility scores to probability estimates: forest fires example.

Suppose that we have in the forest fires domain a test set with 15 instances. Table 4.4 shows the

predicted values (ŷi) of some model, lets say M1, for the true values (yi), the respective utility raw
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scores (ui) and the associated true class (zi) regards extremeness. Given this input, how does the

above algorithm ubaScores proceeds to obtain a set probability estimates for the membership to

the positive class? The set of calibrated scores is initialized with the true classes zi, which assigns

a probability of 1 to the positive examples and 0 to the negative examples. These scores are first

sorted by the raw utility, such that u0 ≥ u1 ≥ · · · ≥ u14. The algorithm will then look iteratively

for the maximum length path of adjacent violators, i.e. the maximum number of non increasing

scores. When it finds any set of instances on these conditions, it replaces their scores by the overall

average.

In this particular case, the first set of instances with non-increasing scores is 12-10. It then replaces

the scores of these 3 instances by 1/3 and proceeds to instance number 9, until it reaches instance

0. It goes back to the beginning and the process is repeated until no more adjacent violators are

found across the scores.

Table 4.3: Raw utility scores vs utility-based probability estimates.

Calibration of raw utility scores

Probabilities Estimation
# ŷi yi ui zi si

0 74.2 72.6 0.96404 1 1 1 1 1 1
1 49.5 43.6 0.85436 0 0 0 1/7 2/9 1/4
2 60.7 44.1 0.61908 0 0 0 1/7 2/9 1/4
3 52.4 32.3 0.37382 0 0 0 1/7 2/9 1/4
4 52.4 30.5 0.30166 0 0 0 1/7 2/9 1/4
5 59.6 29.7 0.15079 0 0 0 1/7 2/9 1/4
6 2.5 0.1 0.00000 0 0 0 1/7 2/9 1/4
7 7.3 50.6 −0.14404 1 1 1 1/7 2/9 1/4
8 51.4 14.3 −0.15856 0 0 1/2 1/2 2/9 1/4
9 2.9 47.1 −0.23515 1 1 1/2 1/2 2/9 1/4
10 60.2 6.8 −0.30155 0 1/3 1/3 1/3 1/3 1/4
11 74.5 18.6 −0.30278 0 1/3 1/3 1/3 1/3 1/4
12 2.1 58.2 −0.31814 1 1/3 1/3 1/3 1/3 1/4
13 49.5 0.0 −0.50000 0 0 0 0 0 0
14 75.2 0.0 −0.50000 0 0 0 0 0 0

The above derived sequence of calibrated scores si is used as probability estimates of membership

to the positive class.

Even though Algorithm 4.1 enables us to convert utility values into probability estimates of the

positive class, one must stress that in this process some information is necessarily lost. Namely,

the typical sensitivity of regression domains is absent as the next example illustrates.
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Example 4.3. Two different models with the same calibration: forest fires example.

Based on model M1, we can derive a second model M2 that makes different predictions for all the

values and still achieves the same calibrated scores as M1. Table 4.4b shows such model and the

respective scores involved on this small illustrative domain.

Table 4.4: Two different models with equal utility-based probability estimates.

(a) Model M1

Calibration of raw utility scores

# ŷi yi ui zi si

0 74.2 72.6 0.96404 1 1.00

1 49.5 43.6 0.85436 0 0.25

2 60.7 44.1 0.61908 0 0.25

3 52.4 32.3 0.37382 0 0.25

4 52.4 30.5 0.30166 0 0.25

5 59.6 29.7 0.15079 0 0.25

6 2.5 0.1 0.00000 0 0.25

7 7.3 50.6 −0.14404 1 0.25

8 51.4 14.3 −0.15856 0 0.25

9 2.9 47.1 −0.23515 1 0.25

10 60.2 6.8 −0.30155 0 0.25

11 74.5 18.6 −0.30278 0 0.25

12 2.1 58.2 −0.31814 1 0.25

13 49.5 0.0 −0.50000 0 0.00

14 75.2 0.0 −0.50000 0 0.00

(b) Model M2

Calibration of raw utility scores

# ŷi yi ui zi si

0 72.8 72.6 0.99640 1 1.00

1 46.6 44.1 0.93728 0 0.25

2 46.4 43.6 0.92434 0 0.25

3 46.5 32.3 0.48019 0 0.25

4 47.0 30.5 0.39371 0 0.25

5 26.1 47.1 0.35101 1 0.25

6 48.1 29.7 0.34380 0 0.25

7 0.3 0.1 0.00000 0 0.25

8 11.8 50.6 −0.04043 1 0.25

9 50.4 18.6 −0.05694 0 0.25

10 47.5 14.3 −0.12766 0 0.25

11 47.2 6.8 −0.22561 0 0.25

12 2.7 58.2 −0.30719 1 0.25

13 46.7 0.0 −0.50000 0 0.00

14 49.8 0.0 −0.50000 0 0.00

In order to distinguish between these two models we will need to take full advantage of the utility

information.

Given a ranked list of scored examples, it is necessary to define a cut-off threshold t so that all

examples that are ranked higher than t are classified as positive and the remaining as negative.

Informally, the choice of the cutoff t should be done in such a way that the chance of all the

instances belonging to the positive class is higher than the chance of belonging to the negative

class, considering both the costs of false positives and of false negatives.

For probabilistic classifiers in uniform cost domains (i.e. where false positives and false negatives

have the same cost), the best cutoff t is the point where the probability of being positive is higher

than the probability of being negative, that is t > 0.5. This means that if the probability estimate
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si = P̂ (1|xi) ≥ 0.5 then instance xi is assigned the positive class (ẑi = 1) otherwise it is assigned

the negative class (ẑi = 0).

This framework assumes that the domain is static, i.e. the distribution of the training data is

precise and not expectable to change. This is a very strong assumption and not applicable to real-

world domains, which are characterized by being imprecise regards the class distribution and/or

error costs. Moreover, in our target applications the cost of an error or the benefit of a hit is

not constant throughout the domain. In a non-uniform utility scenario such as ours, where the

costs/benefits are example-dependent, the optimal decision threshold varies with the examples.

As mentioned by Elkan (2001) defining a benefit matrix is, most of the times, more intuitive

than using cost matrices. From this point of view, the predictions of a model are evaluated from

the perspective of their benefits, with incorrect predictions being assigned negative benefits while

correct predictions get positive scores. In Chapter 3 we defined the utility function following this

same idea. In this context, to use a benefit matrix, and we must ensure that utility values (i.e.

costs or benefits) are assigned to all entries of the matrix.

Our proposal is to define a benefit matrix B(ẑ, z, u) where each entry is described by a predicted

class ẑ ⋆1 , a true class z and a raw utility score u of the prediction. The assignment of costs and

benefits in a benefit matrix obeys two rules: (i) if the prediction represents a true prediction of

the negative class (B(0, 0, u) or TN) or a true prediction of the positive class (B(1, 1, u) or TP)

then the benefits should be non-negative; (ii) if the prediction represents a false prediction of the

negative class (B(1, 0, u) or FN) or a false prediction of the positive class (B(0, 1, u) or FP) then

the benefits should be negative, i.e. costs.

In the case of TP we want the benefit to be proportional to the utility of the prediction. We

normalize the utility values to the interval [0, 1] using the increasing function (1+u)/2. In the case

of FP we want the cost to be inversely proportional to the utility. In this context, we normalize

the utility values to the interval [−1, 0] with the increasing function −(1− u)/2.

Table 4.5 presents our proposal concerning the benefit matrix B(ẑ, z, u) representing the benefit

of predicting class ẑ for class z given the raw utility score u = Up
ϕ(ŷ, y).

In the context of event-based prediction problems most of the performance metrics, such as

precision and recall, are relative to the set of positive predictions made by the models. In this

sense, we need to transform the above benefit matrix into a cost-benefit matrix where the costs

or benefits are relative only to positive predictions. For this transformation we used the technique

mentioned in Fawcett (2006b). We eliminate the negative predictions and incorporate their costs
⋆1We denote the class non-event by 0 and the class event by 1.
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Table 4.5: The benefit matrix B(ẑ, z, u) for the prediction of rare extreme values events based on
utility.

Benefit Matrix B(ẑ, z, u)

True (z)
Predicted (ẑ) non-event rare event

no alarm (1− u)/2 −(1 + u)/2

alarm −(1− u)/2 (1 + u)/2

or benefits into the positive predictions row by (i) subtracting the first row from both rows of the

benefit matrix; and then (ii) change the sign of the cell corresponding to FP, so it becomes a cost.

Following this procedure, and considering the benefit matrix B(ẑ, z, u) presented in Table 4.5, we

obtain the so-called cost-benefit matrix B1(ẑ, z, u) shown in Table 4.6.

Table 4.6: The transformed cost-benefit matrix B1(ẑ, z, u) for the prediction of rare extreme values
events.

Cost-Benefit Matrix B1(ẑ, z, u)

True (z)
Predicted (ẑ) non-event rare event

no alarm 0 0
alarm 1− u 1 + u

In the above setting, similarly to what was enunciated by Elkan, the optimal predicted class for

an example yi is determined by the maximization of the utility score, which is given by

ẑi = argmax
ẑi∈{0,1}

∑
zj∈{0,1}

P̂ (zj |x)B1(ẑi, zj , ui) (4.4)

where B1(ẑi, zj , ui) is the benefit of predicting class ẑi for a true class zj , with the associated raw

utility score ui.

From Equation 4.4 we obtain,

ẑi = argmax
ẑi∈{0,1}

{(1− si) (1− ui), si (1 + ui)} (4.5)

where si is the calibrated score that provides a reliable probability estimate for the membership

of ŷi to the positive class P̂ (1|x).

Using this technique we are now able, for each example yi, to determine the optimal decision

threshold to assign the prediction ŷi to the positive class. The predicted class for a given instance

i is determined by the following function,

ẑi = I(si (1 + ui) > (1− si) (1− ui)) (4.6)
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which is equivalent to

ẑi = I

(
si >

1− ui

2

)
(4.7)

where si is the calibrated utility score, ui is the raw utility score and I is the indicator function

giving 1 if its argument is true and 0 otherwise.

4.3.1 Precision and Recall with Instance Varying Utility

Precision and recall are two of the most commonly used metrics to estimate the performance of

models in event-driven and highly skewed domains (Davis and Goadrich, 2006), such as our target

domains. The main advantage of these statistics is that they are focused on the performance on the

events, disregarding predictions made for the non-event class. There is a known trade-off between

these two statistics (always outputting an event signal yields to 100% recall but with a very poor

precision as most signals will be wrong), and often the two are put together in a single weighted

score like for instance the F-measure (Rijsbergen, 1979).

One of our proposals in this chapter is to provide the equivalents of these two statistics for regression

problems in order to properly evaluate the performance of the models on the values that really

matter. As we are dealing with applications with non-uniform costs / benefits of the target variable,

the proportions provided by precision and recall are now expressed in terms of the utility obtained

by the model instead of a hit/miss ratio as in classification. In practice, each instance after being

mapped in the confusion matrix is replicated according to its benefit or cost given by the benefit

matrix of Table 4.6.

Before we present the formal definitions of recall and precision for numeric prediction problems, we

need to define two auxiliary concepts: the total benefits obtained by classifying as positive all the

event examples (Pbenef), and the total costs obtained by classifying as positive all the non-event

examples (Ncost).

From the Theorem 3.21 in Chapter 3, we know that the maximum utility of an event is achieved

when the prediction equals the true value and it is equal to ϕ(yi). Hence, and according to the

cost-benefit matrix presented in Table 4.6, Pbenef is given by

Pbenef =
∑

i:zi=1

1 + ϕ(yi) (4.8)

Similarly, by Theorem 3.21 in Chapter 3, we also know that the minimum utility, i.e. maximum

cost, of a non-event is achieved when the prediction belongs to a relevance bump different from the
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true value and its relevance is maximum, i.e. ϕ(ŷi) = 1. Hence, and according to the cost-benefit

matrix presented in Table 4.6, Ncost is given by

Ncost =
∑

i:zi=0

2− p (1− ϕ(yi)) (4.9)

In this context, we propose the following definitions for precision and recall.

Definition 4.2 (Recall). Recall is the proportion of utility obtained by the positive predictions

for the events over the total utility of these events.

recall =

∑
i:ẑi=1,zi=1

(1 + ui)∑
i:zi=1

(1 + ϕ(yi))
(4.10)

where zi is the true class, ẑi is the predicted class, ui is the raw utility score and ϕ(yi) is the

relevance of true value yi.

Definition 4.3 (Precision). Precision is the proportion of utility obtained by the positive

predictions for the events over the total utility of cases predicted as positive.

precision =

∑
i:ẑi=1,zi=1

(1 + ui)∑
i:ẑi=1,zi=1

(1 + ϕ(yi)) +
∑

i:ẑi=1,zi=0

(2 − p (1− ϕ(yi)))
(4.11)

where zi is the true class, ẑi is the predicted class, ui is the raw utility score, ϕ(yi) is the relevance

of true value yi, and p is the cost penalization factor.

The example below illustrates how these two new definitions of precision and recall meet the

requirements of our target applications.

Example 4.4. Precision and recall in regression: forest fires example.

Let us consider the models M1 and M2 presented in Example 4.3. We have 15 test instances from

which only 4 are positive according to the rare extreme values event definition given in Example 4.1.

To estimate the precision and recall of both models, we need to obtain the predicted class by

each model for the test cases. Using the benefit maximization criterion presented in Equation 4.4,
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Table 4.7: Establishing decision thresholds based on utility.

(a) Model M1

Decision Thresholds based on Utility

# ŷi yi si ui ẑi zi

0 74.2 72.6 1.00 0.96404 1 1

1 49.5 43.6 0.25 0.85436 1 0

2 60.7 44.1 0.25 0.61908 1 0

3 52.4 32.3 0.25 0.37382 0 0

4 52.4 30.5 0.25 0.30166 0 0

5 59.6 29.7 0.25 0.15079 0 0

6 2.5 0.1 0.25 0.00000 0 0

7 7.3 50.6 0.25 −0.14404 0 1

8 51.4 14.3 0.25 −0.15856 0 0

9 2.9 47.1 0.25 −0.23515 0 1

10 60.2 6.8 0.25 −0.30155 0 0

11 74.5 18.6 0.25 −0.30278 0 0

12 2.1 58.2 0.25 −0.31814 0 1

13 49.5 0.0 0.00 −0.50000 0 0

14 75.2 0.0 0.00 −0.50000 0 0

(b) Model M2

Decision Thresholds based on Utility

# ŷi yi si ui ẑi zi

0 72.8 72.6 1.00 0.99640 1 1

1 46.6 44.1 0.25 0.93728 1 0

2 46.4 43.6 0.25 0.92434 1 0

3 46.5 32.3 0.25 0.48019 0 0

4 47.0 30.5 0.25 0.39371 0 0

5 26.1 47.1 0.25 0.35101 0 1

6 48.1 29.7 0.25 0.34380 0 0

7 0.3 0.1 0.25 0.00000 0 0

8 11.8 50.6 0.25 −0.04043 0 1

9 50.4 18.6 0.25 −0.05694 0 0

10 47.5 14.3 0.25 −0.12766 0 0

11 47.2 6.8 0.25 −0.22561 0 0

12 2.7 58.2 0.25 −0.30719 0 1

13 46.7 0.0 0.00 −0.50000 0 0

14 49.8 0.0 0.00 −0.50000 0 0

we can find for each instance the best decision threshold and assign the appropriate class. The

predicted classes are shown in Tables 4.7a and 4.7b .

For comparison purposes we start by calculating the values of precision and recall of M1 and M2,

using the standard classification-based formulas, using the classes predicted by the models. We

present these scores together with the respective F-measure (Fm) on Table 4.8, with different values

for importance of recall relative to precision - equal importance with β = 1, twice of the importance

with β = 0.5 and half of the importance with β = 2. This table also shows the Mean Absolute

Deviation (MAD) and Mean Utility (MU) of the numeric predictions of the models.

Table 4.8: Precision and Recall without utility information.

Estimated Performance

MAD MU precision recall Fm Fmβ=0.5 Fmβ=2

M2 24.802 0.178 0.333 0.250 0.286 0.313 0.263

M1 34.205 0.054 0.333 0.250 0.286 0.313 0.263

We can confirm that using these standard definitions of precision, recall and F-measure, the two

models have the same scores. However, as we have previously mentioned and as it can be confirmed

by looking at the values of MU, model M2 is an improved version of M1, particularly on observations

with rare extreme values, and thus should get better scores.

Table 4.9 presents the same results when we use our proposed utility-based notions of precision

and recall. These new metrics clearly identify the difference between the models regarding the

numeric prediction of the target event.
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Table 4.9: Precision and Recall with utility information.

Estimated Performance

MAD MU precision recall Fm Fmβ=0.5 Fmβ=2

M2 24.802 0.178 0.333 0.248 0.285 0.312 0.262

M1 34.205 0.054 0.328 0.246 0.281 0.308 0.259

Through the use of utility in our proposed definitions of precision and recall we are able to penalize

not only false alarms (FP) and missed opportunities (FN), but also confusing events. In an

application where both type of extremes, high and low, are of interest of the end user, a confusing

event should be heavily penalized. In the stock market domain, for instance, if a model advises

the user to buy when in fact should sell, it is a serious error. By using utility, that same prediction

would be considered as a cost (i.e. negative utility value). Moreover, the amount of penalization is

more sensitive, in the sense that it takes on a continuous scale depending on the difference between

the true and predicted values because of the definition of utility.

4.4 Ranking Analysis in Regression

Performance metrics like precision and recall tell us how good is a model regards predicting a certain

target event. The predictions of these models are cast into an event / non-event class by applying

a decision threshold t over a score function. In the previous section we have proposed a solution

that assigns each prediction to the event / non-event class based on its utility. However, using a

fixed decision threshold is not always considered as the most suitable way of comparing models.

On most cost-sensitive and non-uniform domains such as our target applications, it is difficult to

known and to pre-establish a reliable threshold value for all the cases. In these domains an overall

evaluation of the models over different operating conditions (e.g. different threshold values) is

usually considered a more trustful analysis. Moreover, the event / non-event class is defined based

on the relevance of the target continuous variable. Although we are interested in event-based

predictions, relevance is a continuous concept rather than binary. The same applies to the raw and

calibrated utility scores obtained for the predictions. The use of a decision threshold creates crisp

and artificial divisions that go against these continuity properties of our target domains.

In this context, a ranking analysis of the model is more suitable. This analysis is not based on

the binary predictions made by the model, but on the ranked set of examples provided by the

scoring function, before applying a decision threshold. Receiver Operating Characteristic (ROC)
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analysis (e.g. Fawcett, 2006a), as we have mentioned in Chapter 2 (Section 2.3.2 - page 22), allows

a comparison of the models independently of the decision threshold. A ROC curve plots the true

positive rate (TPR) and the false positive rate (FPR) obtained for each possible decision threshold.

This means that the ROC curve obtained for a model is the same regardless of the operating

conditions (class skew or error costs). For these reasons, ROC analysis is one of the most used

techniques in problems with skewed distributions or cost-sensitive domains. Still, whenever the

proportion of positive instances is too small, such as the prediction of rare values, Precision-Recall

(PR) curves are preferred over ROC curves. PR curves give us a more realistic perspective of the

model performance over a skew distributed data set (Davis and Goadrich, 2006).

PR curves have been widely used (e.g. Brodersen et al., 2010; Clémençon and Vayatis, 2009; Davis

and Goadrich, 2006) as a tool to visualize and evaluate the performance of models with respect

to their discriminating abilities between two classes. By comparing models using PR analysis

we are inspecting how well the scoring function ranks the examples. If the scoring function is a

good ranker then this means that it ranks all the positive (target) examples first and the negative

examples afterwards. This also means that independently of the decision threshold the model is

able to discriminate the positive class from the negative class.

Davis and Goadrich proved that for a fixed number of positive and negative examples there is an

one-to-one correspondence between a curve in the ROC space and a curve in the PR space, such

that the curves contain exactly the same confusion matrices, if recall is different from zero. That

correspondence is established in the PN space (Flach, 2007) where the information on TP and FP

is gathered. This is an unscaled space where a point ⟨TP,FP⟩ ∈ [0,POS] × [0,NEG] represents,

for a given number of positive examples (POS) and negative examples (NEG), the set of positive

predictions (TP and FP).

Once defined, a PN graph can be transformed into a ROC or PR curve. Both ROC and PR curves

depend on the same ground information: the true positives (TP) and the false positives (FP) at

each point. From this information, what ROC and PR curves do is to illustrate different insights

about the model behavior in the space [0, 1]× [0, 1], through the calculation of different statistics.

ROC curves plot the false positive rate in X-axis and the true positive rate in Y-axis. Hence, to

convert points of PN space into ROC space points, the following mapping is applied

⟨TP,FP⟩ 7→
⟨

FP

NEG
,
TP

POS

⟩
(4.12)

where POS is the total number of positive examples and NEG is the total number of negative

examples.
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PR curves plot the true positive rate, i.e. recall, in X-axis and the precision in the Y-axis. Hence,

to convert points of PN space into PR space points, the following mapping is applied

⟨TP,FP⟩ 7→
⟨

TP

POS
,

TP

TP + FP

⟩
(4.13)

where POS is the total number of positive examples.

Still, while in the ROC space the interpolation of points is linear, in the PR space it is not. As

we have discussed in Chapter 2, Davis and Goadrich (2006) have shown the erroneous effect that

a wrong interpolation in PR space can have in the comparison of models.

In the following example, we generate a PN graph and apply these mapping functions to obtain

the correspondent ROC and PR curves.

Example 4.5. ROC and Precision-Recall curves: forest fires example.

We return to the models M1 and M2 that we have been working on. They obtain the same

calibrated scores s for the test cases (cf. Example 4.3), and thus rank them in the same way. As it

is possible to observe in the graphs on Figure 4.3 their ROC and PR curves are equivalent. Still,

as we known these are two different models. The identical curves are a result of not including the

utility information on the ranking analysis.

(a) (b)

Figure 4.3: Forest Fires: ROC and PR curves obtained by different models.
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From the above example, we see that, in the current setup, ranking analysis can yield to misleading

conclusions. Similarly to what we have done with precision and recall definitions, we need to

incorporate the utility information into the PN space. In the next section, we explain how to

generate a PN space sensitive to utility and, in that space, derive Precision-Recall curves.

4.4.1 Precision-Recall Curves with Instance Varying Utility

On certain real-world applications costs may vary with examples (e.g. credit fraud, target

marketing). Fawcett (2006b) proposed a technique to incorporate instance-varying costs into what

he called ROC instance-varying curves (ROCIV). The objective was to address applications where

the benefits across the positive examples and the costs across negative examples are not necessarily

constant. The ROCIV curves are plotted in a space where the X-axis represents the fraction of

the total FP cost, and the Y-axis represents the fraction of total TP benefits. In this scenario,

each instance is replicated in proportion to its cost or benefit. The same technique is employed

here to incorporate utility into the ROC and PR curves. Therefore, to produce such curves, we

generate through the ubaPN algorithm (cf. Algorithm 4.2) a PN graph with instance varying

utilities. The main particularity of this algorithm is that instead of incrementing TP and FP

instance counts, as in standard classification, it increments the TP utility fraction (TPbenef) and

the FP utility fraction (FPcost) according to each instance. The final PNutil points correspond to

utilities fractions in the utility space associated to positive and negative examples

Algorithm 4.2 ubaPN(s, z,u): Generation of PNutil points with instance varying utilities.
Input: set of calibrated scores s = {si}ni=1 ∈ [0, 1];

set of true event values z = {zi}ni=1 ∈ {0, 1};
set of raw utility scores u = {ui}ni=1 ∈ [−1, 1];

Output: PNutil: PNutil points with instance varying utility by increasing TPbenef.
1: PNutil← ⟨⟩ // initialization
2: sprev ← −∞
3: for i← 1 to n do
4: if si ̸= sprev then
5: PNutil← push(⟨TPbenef,FPcost⟩,PNutil)

6: sprev ← si

7: end if
8: if zi = 1 then
9: TPbenef ← TPbenef + (1 + ui) // is a positive example

10: else
11: FPcost← FPcost + (1− ui) // is a negative example
12: end if
13: end for
14: PNutil← push(⟨TPbenef,FPcost⟩,PNutil)

15: return PNutil

Based on the PNutil space, ROC and PR curves with instance varying utilities can be drawn.

Given that our target events are rare, we focus on the analysis of PR curves by their known
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effectiveness in this type of prediction tasks (Davis and Goadrich, 2006). Next, we exemplify how

the incorporation of utility affects a PR curve.

Example 4.6. A Precision-Recall curve: forest fires prediction.

Taking again the domain of Forest Fires, we have produced once more a PR curve to each one of the

models M1 and M2, but now taking utility into account. The result is on Figure 4.4a. Comparatively

to the previously obtained PR curves, which we here identify as M (cf. Figure 4.4a), the two models

achieve different curves. In particular, we have that the new curves have an endpoint different from

the previous one, where no utility values were considered. The reasoning is that the generality

measure achieved for maximum recall was POS/(POS+NEG) for M and is Pbenef/(Pbenef+Ncost)

for the new curves, which in this case do not correspond to same ratio. From an overall perspective

and comparatively to the previous curve M, we see that the curve M1 shows to be slightly worse,

while the curve of M2 indicates that this model is able to achieve a better tradeoff between precision

and recall.

In the following Figure 4.4b, it is possible to have a closer look at the way each of the models ranks

its instances and its respective utility value. Ideally, all the positive instances should be ranked

first, followed by all negative instances, and by decreasing value of utility. From this perspective,

M2 is the model that distinguishes better the positive examples (i.e. event instances) from the

negative examples (i.e. non-event instances).

(a) (b)

Figure 4.4: Forest Fires: PR curves with instance varying utility obtained by different models.
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In summary, the PR curves with instance varying utilities provide us a number of interesting

insights for model evaluation and analysis since it shows the variability of the ranking performance

for different prediction regions.

4.4.2 Utility Ranking Metrics

Even though PRIV curves can be very informative, we need summary measures of these curves, so

that a more formal statistical analysis can be performed. Our goal is to obtain an approximation of

the Area Under Curve for our proposed PRIV curves (AUC− PRIV). In Chapter 2, Section 2.3.2.4,

we have presented some performance metrics that are based on standard PR curves. Namely,

AUC− PR (Davis and Goadrich, 2006), which is the empirical approximation of to Area Under

Curve for PR Curve, MAP11 (Manning et al., 2008), which is the Mean Average Precision obtained

for a set of 11 pre-specified levels of recall, BFM (Altidor et al., 2009), which is the Best F-measure

obtained within all the PR curve points. All these metrics were originally proposed in the context

of classification. Their calculation involve concepts of standard PR curves. Our objective is to use

PR curves with instance varying utilities (PRIV) in their evaluation.

Fawcett (2006b) proved that Area Under Curve for the ROCIV curves (AUCIV) is equivalent to

the probability that a classifier will rank a random positive instance higher than a random negative

instance, given that the examples are chosen in proportion to their cost. With this proof, Fawcett

established the equivalence between the area under ROC curves (AUC) and the area under ROCIV

curves (AUCIV) with the stipulation that the instances are selected according to their costs.

We have used this equivalence to approximate the Area Under Curve for our PRIV curves

(AUC− PRIV). Assuming that instances are chosen in proportion to their utility, we compute

the achievable PRIV curve and then by the composite trapezoidal rule obtain an approximation

of the Area Under Curve for PRIV curves (AUC-PRIV). This is the same methodology previously

described in Chapter 2, Section 2.3.2.3 (see page 38). The difference is that here we use an

instance varying utility space. To calculate the AUC-PRIV, it is important as mentioned by Davis

and Goadrich (2006) for the standard PR curves, to first standardize our PRIV curves to always

cover the full range of recall values [0,1] and then interpolate between points. As with ROCIV

curves, the optimal AUC− PRIV is 1, however the AUC− PRIV for a random classifier is equal

to Pbenef/(Pbenef + Ncost), as this is the expected precision for classifying a random sample of

examples as positive.

In the following example, we have performed macro-averaging of our results to calculate the

AUC− PRIV, where the AUC− PRIV is first calculated for each fold and then averaged to produce

one value. MAP11 can be seen as a less accurate estimate of AUC-PRIV (Goadrich et al., 2006).
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Still, it is more efficient as it requires the calculation and interpolation of points on the curve for a

limited number of recall levels. As we will see, BFm can give an optimistic estimate of the model’s

performance. Hence, it will not act as good estimator for all levels of recall.

Example 4.7. Utility ranking performance: forest fires prediction.

With the objective of making a utility-based ranking analysis, we have run 3 different models, A, B

and C, on the forest fires domain through 1x10 stratified cross-validation. The set of PRIV curves

produced by the three models is presented in Figure 4.5.

Figure 4.5: Forest Fires: PR curves obtained by different models.

From a first visual inspection, we can say that model C is the best ranker. Still, we may be

interested in knowing which is the best ranker, considering that we accept no less than a certain

level of recall (10% or 50%). We might as well be interested to know if the conclusions achieved by

AUC− PRIV are different from the ones achieved by two other estimators, namely Mean Average

Precision - MAP11 and Best F-measure - BFM. Table 4.10 presents the obtained results.

Table 4.10: Forest Fires: AUC− PRIV estimates

Forest Fires Performance Estimates Ranking (µ± σ)

AUC− PRIV AUC− PRIVrec≥0.1 AUC− PRIVrec≥0.5 MAP11 BFM

C C B C C

0.47409 ± 0.08823 0.38142 ± 0.07782 0.11347 ± 0.02556 0.43098 ± 0.08431 0.49977 ± 0.07749

B B C B B

0.4267 ± 0.07693 0.34287 ± 0.07603 0.10812 ± 0.03813 0.38585 ± 0.0793 0.49833 ± 0.06807

A •• A •• A •• A •• A ••
0.36702 ± 0.10149 0.28198 ± 0.0799 0.07284 ± 0.0276 0.3267 ± 0.09042 0.42166 ± 0.07156

Through 1x10 cross-validation, the paired t-test asserts that the difference to the best ranked modelling technique is:
• significant at 95% confidence level;
•• significant at 99.9% confidence level.
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Model C is the best ranker according to all the estimators. The exception is when the minimum

recall established is 50%. In that case, model B becomes better. Still, the differences between B

and C are not judged as significant in none of the estimators. Model A is significantly the worst

model.

Regarding Table 4.10 there is another aspect worth to notice. The results show how MAP11 and

BFM approximate the performance of the model’s PRIV curve provided by AUC− PRIV. MAP11

by averaging the precision at 11 pre-specified levels of recall, underestimates the performance of all

the three models. On the contrary, BFM does an optimistic estimate of the models AUC− PRIV

performance. Moreover, according to this metric, C and B have similar performance estimates.

The reasoning is that the best F-measure is found at low levels of recall where these two models

have identical PRIV curves. Thus, if we were interested in the model’s performance on the PRIV

curve, MAP11 is preferable to BFM.

4.5 Experimental Study

In this section, we present an experimental study conducted for testing the new proposed

utility-based metrics on the prediction of rare extreme values. The experiments are divided by

decision-making process and ranking analysis. In the first group of experiments, and as we have

previously presented in Torgo and Ribeiro (2009), we use the stock market domain to illustrate

the effectiveness of the proposed precision and recall statistics in the context of the prediction

of rare extreme returns of a set of stocks. In the second group experiments, we present the

PRIV curves obtained by different modelling techniques in the context of predicting harmful algae

blooms (Ribeiro and Torgo, 2008a) and evaluate its respective AUC− PRIV. The purpose of this

study is to illustrate both the visualization advantages brought by our curves as well as the danger

of using standard regression evaluation statistics in this type of problems.

4.5.1 Stock Market Forecasting

Forecasting in the context of financial markets is a rather challenging task, which was already

addressed by many studies. The goal of forecasting the correct trading action at a specific moment,

e.g. at the end of each day, is directly related to the expected variation of prices in the following

days. If prices are expected to raise the decision to buy or uphold is likely to be the correct
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call whereas if prices are expected to decrease, the decision to sell is a more sensible one. The

combination of price forecasting and trading decision can be turned into a modelling problem, that

will support the decision process.

In our experiments we used the standard daily quotes of four companies: International Business

Machines (IBM), Coca-Cola (KO), Boeing (BA) and General Motors (GM). This daily data was

obtained from Yahoo finance ⋆2 and it contains the usual daily quotes (Open, High, Low, Close and

Adjusted Close) and volume information. Most studies using this type of data focus on predicting

the Adjusted ⋆3 Close prices of the stocks. Namely, the usual procedure consists of taking either

the h-days returns of these prices as the basic time series to predict or alternatively the log returns.

We used the first of these alternatives in our experiments. The h-days returns of the close prices

can be defined as,

Rh(t) =
Close(t)− Close(t− h)

Close(t− h)
(4.14)

Using this time series of returns we defined a prediction task that predicts the future value of

these returns, Rh(t + h), using a set of p previous values of the time series (usually known as an

embed of the time series). In our experiments we used an embed of 24 days back of the Rh(t)

variable. This modelling task was selected without any particular concern on whether this was

the best setup for predicting future returns. That is not our main goal here. Our objective is

to compare alternative modelling techniques on the same stock market prediction problems and

check the model rankings we obtain when using both the standard evaluation metrics and our

new proposals. Our hypothesis is that the model rankings obtained with our metrics are "better"

from the perspective of the application objectives, which are being accurate at the rare extreme

returns that are the ones where profitable trading can take place. Using this approach we obtained

datasets for the prediction of 1-, 3- and 5-days ahead returns of the four companies used in our

study, i.e. 12 regression tasks.

The used quotes data covers the period from 1970-01-02 till 2008-07-11, in a total of 9725 daily

sessions.

In order to provide an accurate estimate of the statistics that we will use to compare our alternative

models we have divided the period mentioned above in two main consecutive time windows. The

first spans from the first date till 1990-01-01. The second time window goes from this latter date

till 2008-07-11. The first time window (first 20 years) will be used for obtaining the prediction
⋆2http://finance.yahoo.com
⋆3For stock splits and dividends.
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models, while the second window (around 18 and a half years) will be used to evaluate and compare

the models.

In what concerns the prediction models, we have used 3 mainly different modeling techniques:

multivariate adaptive regression splines (mars), support vector machines (svm) and random forests

(randomF). These base techniques were tunned, thus producing several modeling variants as we

specify next.

The package earth (Milborrow et al., 2010) of R has a re-implementation of MARS Friedman

(1991) done by Trevor Hastie and Robert Tibshirani. We have used this system in our experiments.

Regarding model tuning we have considered 8 variants formed by different combinations of the

parameter setting the penalty for extra degrees of freedom (parameter degree which was used with

values 1,2), and of the parameter specifying the forward stepwise stopping threshold (parameter

thresh that was tried with values 0.01, 0.005, 0.001 and 0.0005).

Package e1071 (Dimitriadou et al., 2010) of R includes a function implementing SVMs. This

implementation provides an interface to the award-winning libsvm library by Chang and Lin. We

have considered 16 variants of SVMs during our model tuning experiments. They include different

values for the parameter cost (tried values 400, 500, 600 and 700) and gamma (tried values 0.01,

0.005, 0.001 and 0.0005). The former is a constraints violation parameter, while the latter is the

radial basis function kernel parameter.

Package randomForest (Liaw and Wiener, 2002) of R includes a function that implements random

forests Breiman (2001) based on original Fortran code by L. Breiman and A. Cutler. We have

considered 10 variants of these models by setting the parameter ntree, which controls the number

of trees in the ensembles, to values from 50 to 500 in steps of 50.

4.5.1.1 The Results

We have obtained the 34 model variants using the experimental methodology described before on

the returns data sets. The main hypothesis that we are trying to check is that the model rankings

obtained by using our proposed metrics are significantly different from the rankings obtained with

standard regression statistics. Moreover, that these rankings obtained with our metrics are clearly

advantageous in terms of the application preference bias, which in this case is related to having

good "signals" of rare and extreme movements of the markets.

In terms of our evaluation framework we have used the following settings. The target event defined

for each stock was based on the notion of rare extreme values given in Section 4.2.2. We have
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Figure 4.6: Trading thresholds for 1, 3 and 5 days ahead of IBM.
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Figure 4.7: Trading thresholds for 1, 3 and 5 days ahead of Coca-Cola (KO).

obtained different thresholds for the notion of high or low extreme returns, which will be the basis

for the trading decisions, depending on the stock and on the target variable (the h-days ahead

returns), as it is possible to confirm in the Figures 4.6- 4.9 below.

The first results we show are from an experiment designed to test the hypothesis concerning the

difference between the rankings obtained with the different metrics. We have used the MAD

statistic as a representative of the "standard" approaches, and the composite Fm (with β = 0.5

that gives twice importance to precision compared to recall, as inaccurate trading signals may

be costly) as representing our proposals. For all 12 experimental setups (4 companies and 3

forecasting scenarios), we have obtained the two model rankings according to these two statistics.
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Figure 4.8: Trading thresholds for 1, 3 and 5 days ahead of Boeing (BA).
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Figure 4.9: Trading thresholds for 1, 3 and 5 days ahead of General Motors (GM).

In Table 4.11, we present the best model according to MAD and Fm. The table includes two lines

of results for each task. The first includes the results of the model chosen by MAD, while the

second presents the results of the best model according to Fm. In the column "top" of the table

we have the ID of these best models - a number between 1 and 34 as this is the number of model

variants being compared. Columns # buy and # sell indicate how many times the models issue

predictions above (below) the threshold for extreme returns shown in the previous figures. These

would correspond to trading signals if we were to use these models for decision making. Columns

Retbuy and Retsell give the average return of "buy" and "sell" signals issue by the models. These

provide a quality indicator of the models trading signals. As it is possible to observe, the models
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chosen by MAD are conservative, as they do not issue almost no signals. MAD chooses the models

that optimize the performance on the most common values of the target variable, and these are the

small returns, thus this is not a surprising result. These are not the type of models that interest

the end user. On the contrary, the models chosen by Fm take more risks. Moreover, these later

models also fulfill the overall application requirements as they generally obtain positive returns for

buy signals and negative returns are obtained for sell signals.

Table 4.11: Best models according to MAD and Fmβ=0.5: performance estimates and trading
signals.

comp hday top MAD precision recall Fmβ=0.5 # buy Retbuy # sell Retsell

IBM 1 27 0.013 0.411 0.003 0.015 10 0.022 0

IBM 1 4 0.024 0.632 0.188 0.429 224 0.023 185 −0.023

IBM 3 27 0.023 0.000 0.000 0 0

IBM 3 1 0.034 0.553 0.160 0.371 220 0.037 174 −0.038

IBM 5 27 0.030 0.000 0.000 0 0

IBM 5 3 0.047 0.596 0.148 0.371 177 0.054 165 −0.054

KO 1 28 0.011 0.846 0.001 0.007 1 0.048 0

KO 1 4 0.016 0.545 0.166 0.374 117 0.026 103 −0.023

KO 3 28 0.019 0.801 0.003 0.013 3 0.048 0

KO 3 4 0.027 0.638 0.107 0.320 84 0.042 69 −0.039

KO 5 28 0.025 0.547 0.005 0.025 1 0.031 7 −0.051

KO 5 4 0.032 0.642 0.100 0.308 72 0.058 54 −0.055

BA 1 27 0.014 0.000 0.000 0 0

BA 1 4 0.018 0.708 0.102 0.323 58 0.032 62 −0.029

BA 3 27 0.024 0.000 0.000 0 0

BA 3 4 0.030 0.696 0.086 0.287 32 0.072 26 −0.063

BA 5 29 0.030 0.581 0.001 0.006 1 0.093 0

BA 5 2 0.036 0.412 0.067 0.203 44 0.074 37 −0.067

GM 1 27 0.016 0.501 0.003 0.013 9 0.026 0

GM 1 1 0.027 0.670 0.180 0.434 221 0.027 245 −0.025

GM 3 27 0.028 0.000 0.000 0 0

GM 3 3 0.046 0.627 0.150 0.383 216 0.047 175 −0.042

GM 5 27 0.036 0.000 0.000 0 0

GM 5 4 0.059 0.657 0.137 0.373 179 0.062 162 −0.055

Table 4.11 shows that the best models according to each metric are rather different. What about

the other positions in the rankings of the 34 model variants that were considered for each of the 12

prediction tasks? We have also carried out that analysis and present the results in a graphical form.

The complete set of graphs obtained for is available in Appendix A. Generally, there is a similar

results trend in all 12 prediction tasks. We have selected one setup that is shown in Figure 4.10.

The results of this comparison of the rankings are shown in two graphs. The graph on the left

shows the scores of the best five models according to the two statistics. We should remark that for

MAD, lower values are better, contrary to what happens with the Fm. On the X-axis we have the

identifiers (a number from 1 to 34) of the top 5 models according to each statistic (the 5 on the left

according to MAD and the other 5 according to Fm). Ideally, these two sets of numbers should be



EXPERIMENTAL STUDY 149

● ● ●
● ●

●

●

●

●

●

0.
01

4
0.

01
6

0.
01

8
0.

02
0

0.
02

2
0.

02
4

Top 5 − MAD plus Top 5 − Fm(beta=0.5)

● MAD
Fm(beta=0.5)

M
A

D

Model IDs
27 28 29 31 33 4 3 2 1 7

F
m

(b
et

a=
0.

5)
0.

0
0.

1
0.

2
0.

3
0.

4

●
●

●
●

●
●

●
●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●
●

●
●

●
●

●

●

●

●

●

●

0 5 10 15 20 25 30 35

0
5

10
15

20
25

30
35

Paired Ranking of MAD and Fm(beta=0.5)

MAD ranking

F
m

(b
et

a=
0.

5)
 r

an
ki

ng
Figure 4.10: The results for 1-days returns of International Business Machines (IBM).

different indicating that the best 5 models according to the two statistics are also different. On the

graph we plot the actual values of these 10 models for the two statistics: circles and left Y-scale

for MAD; and triangles and right Y-scale for the Fm. The values obtained by some models in

some of the metrics are missing from the graph because their scores are out of the scale used in

the graph. The second graph on the right shows a global perspective (regards all 34 models) of

the two rankings produced by the statistics. On both axis we have the possible ranking positions

(from 1 to 34). The coordinates of each of the 34 dots shown on the graphs are obtained using

the rank position assigned by MAD (X coordinate), and the corresponding rank position assigned

by Fm (Y coordinate). If for any of the 34 models both statistics give the same ranking position,

the respective dot should lie in the dashed diagonal line. The vertical and horizontal dashed lines

highlight the results for the top 10 rank positions (left of the vertical line, and below the horizontal

line) according to the two statistics.

Analysing the results in Figure 4.10, namely the left graph, we observe that the top 5 models

according to the two statistics are completely different. Moreover, we see that their concrete scores

on the statistics are also very different. For instance the best models according to MAD achieve

a much worse score in terms of Fm when compared to the best 5 models according to this later

measure. In terms of overall ranking we also observe a general tendency for all ranking positions

to be different as most points in the right graph are far from the diagonal. In particular the top

10 models according to MAD are all below the 20th position in the Fm ranking. These results

clearly indicate that the two metrics are evaluating very different aspects of the performance of

the models.
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We have also carried out a Spearman statistical test to compare in a more formal fashion the

eventual differences between the model rankings. On all 12 data sets we have observed some

evidence of disagreement between the rankings, with only 1 lacking proper statistical significance

for a 95% significance confidence level (cf. Table 4.12).

Table 4.12: Spearman correlation test results of the differences between model rankings.

comp hday ρ p-value

IBM 1 −0.654 0.0000

IBM 3 −0.532 0.0014

IBM 5 −0.629 0.0001

KO 1 −0.587 0.0003

KO 3 −0.528 0.0016

KO 5 −0.662 0.0000

BA 1 −0.425 0.0128

BA 3 −0.178 0.3134

BA 5 −0.385 0.0253

GM 1 −0.672 0.0000

GM 3 −0.530 0.0015

GM 5 −0.704 0.0000

In summary, our experiments have confirmed the hypothesis that the two considered metrics (MAD

and Fm based on our proposed recall and precision statistics) often obtain significantly different

model rankings on this type of applications. Moreover, we should remark that this experimental

setup is not particularly favorable to our proposals. In effect, we are comparing 34 models that

optimize some variant of the squared error. This means that these models are not particularly

focused on predicting rare extreme values. Even on these conditions we have observed that our

proposals are able to detect models that have some ability at predicting rare extreme values. We

can expect that the differences would be even more marked if among the 34 models we had some

that were particularly competent at predicting rare extremes (e.g. if they were optimizing our Fm

instead of squared errors).

These experiments have confirmed the advantages of our metrics. In effect, the models "selected"

by MAD almost never issue a single signal during the 18 testing years! On the contrary, the models

selected using our metrics issue several trading signals during this period. Still, the accuracy of

these signals is far from ideal as expected. This is expectable because: i) the candidate models

are optimizing squared errors; ii) the information used to obtain the models (embed of 24 days) is

clearly sub-optimal; and iii) predicting stock returns is a very difficult task!

4.5.2 Prediction of Harmful Algae Blooms

Algae blooms are ecological events associated with extremely high abundance values of certain

algae. These rare events have a strong impact in rivers ecosystems. By reducing water clarity
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and the oxygen levels they degrade water quality and thus a massive death of river fish occurs.

This phenomenon has been registered occasionally in several European rivers and, in particular in

Douro River, Portugal. For this reason, the early forecast of these blooms is particularly important,

especially when potable water is obtained from these rivers.

The data used in our experiments was collected by the public company responsible for potable

water collection in the metropolitan Porto area, the second largest city of Portugal. We have

used the data resulting from the analysis of water samples collected at Crestuma-Lever dam in

river Douro between 1998 and 2003. It includes the identification and quantification of different

groups of micro-algae, known as phytoplankton, as well as the analysis of physical-chemical and

microbiological parameters.

Identification of the different groups of phytoplankton in water samples requires intensive and

expensive manual labour, while the analysis of most physical-chemical and microbiological

parameters can be automated by water probes. Our objective is to avoid the expensive manual

identification of phytoplankton groups by using models that are able to accurately anticipate their

abundance based on the values of other parameters.

After some pre-processing steps (Ribeiro and Torgo, 2007, 2008a), the observations were aggregated

with a bi-week frequency for 6 different groups of phytoplankton that we wished to forecast.

Namely, Cyanobacteria, Cryptophyta, Chrysophyta, Dinophyta, Chlorophyta and Diatom. To

capture the temporal oscillations and the existing mutual influence among the algae abundance

values, we also included, for each observation, the values of the previous two weeks of each group

of phytoplankton their total abundance value and an ecological diversity index. Algae blooms are

characterized by an extremely high total value and a low value of diversity, meaning that a few

groups of phytoplankton dominate.

In our application, the target variable is the abundance value of a group of phytoplankton and the

predictor variables are a set of physical-chemical and microbiological parameters together with the

previous values of the abundance of the groups of phytoplankton, their total value and a ecological

diversity index. We have thus 6 different multiple regression problems: one for each group of

phytoplankton.

Regarding the experimental methodology, given the time dependency between the cases, we have

used a Monte Carlo Simulation to obtain the estimates of our evaluation statistics. For each

iteration of the Monte Carlo simulation, a point in time, t, is randomly selected within the available

period of data ensuring that there is a pre-specified past window of data to use for training, t−ttrain,

and a pre-specified future period of data to use for testing, t + ttest. Once the model is trained,

the predictions for the test period are obtained by a sliding-window technique. After each tnew
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Figure 4.11: Harmful Algae Blooms Distribution Values

predictions the training window is slided and a new model obtained. The sliding process is repeated

until all the predictions for the test period are obtained, i.e. we reach ttest. In our experiments

we have randomly selected the data points from the available 4.5 years of data, and have used two

years as training window size and 9 months for testing window. Regards the process of sliding

window a new model is re-learned every month.

Regarding prediction models, we have used 4 different approaches: regression trees (cart), random

forests (randomF), support vector machines (svm) and multivariate adaptive regression splines

(mars). For each base technique we have used several parameter variants to ensure a fair

comparison.

Once again we have used the implementations available within the R software. The packages

used for random forests, support vector machines and multivariate adaptive regression splines

were the same indicated in the previous section. For the regression tree we have used the DMwR

package (Torgo, 2010) of R, which uses an implementation of the system CART (Breiman et al.,

1984). We have considered two alternatives to select the best-sized tree using the standard error

parameter se parameter equal to 0 and to 1. For random forest, we have considered 2 variants with

respect to the number of trees in the ensemble: one with 50 trees and other with 500 trees. For

support vector machines, we have considered the values 100 and 500 for the parameter cost and

the values 0.01 and 0.0005 for the radial basis function kernel parameter gamma. Finally, for the

multivariate regression splines we have used the parameter setting the penalty for extra degrees
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of freedom dg with values 1,2, and for the parameter specifying the forward stepwise stopping

threshold thr the values 0.01, 0.0005.

Contrary to what was done at the Stock Market Forecasting example, the goal here is to get not

a fixed-point evaluation, but a ranking analysis of the performance of the models.

In Figure 4.12, we present the set of pooled PRIV curves obtained by the 8 model variants, one

for each of the 6 micro-algae.

Overall, we can conclude that the models do not perform very well for high levels of recall.

Moreover, when recall is nearly zero, the variance of the precision among the models can be

very high. But these are expectable behaviours in an imbalanced domain such as the prediction

of a rare target event. PRIV curves can actually express the dominance of a model for low levels

of recall. There are models whose precision is limited by their recall ability, while others show

an increased precision for low as well as for high values of recall. In fact, this is one of the main

features of these curves that are not possible to visualize through ROC curves. From an overall

analysis of these PRIV curves, and considering the set of selected models, we can rule out some

of them from our ranking analysis. This is the case of model cart2 for almost all the micro-algae,

randomF1 and randomF2 for Cyanobacteria, mars2 for Chlorophyta, mars4 for Chrysophyta, etc.

On the contrary, we should make sure to include models like svm1 and svm2 for Chlorophyta,

svm4 and svm s for Dinophyta, etc. For a more precise comparison of the different models we have

to calculate their AUC− PRIV and ran a significance t-test for comparison against the top ranked

model. Table 4.13, shows the top 3 models obtained for each of the micro-algae.

As it was already observable from the PRIV curves, there is no single model that can be considered

as the best. In fact, all the tried models appear at the top 3 ranked models, with the exception

of cart2, the CART regression tree with no pruning. Still, from a global perspective, we can say

that svm achieve the best results. There are a few exceptions, however. This is the case of random

forests for Chlorophyta and for Diatom above a 0.5 recall level. In effect, the performance of the

models for the Diatom alga is rather different from the others. For instance, mars, the modeling

technique with the worst PRIV curve for some micro-algae, has the best PRIV curve for this

micro-alga. Finally, looking at all the PR curves we observe a few critical recall points, which seem

to be crucial to the models performance, and thus deserve a further inspection.

4.6 Conclusions

In this chapter we have presented a study on the prediction of rare values of a continuous target

variable. In particular, we have addressed the prediction of rare and extreme values that are often
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(a) (b)

(c) (d)

(e) (f)

Figure 4.12: PRIV curves obtained for the prediction of harmful algae blooms.
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Table 4.13: Harmful Algae Blooms Prediction: AUC− PRIV estimates

Top 3 Performance Estimates Ranking (µ± σ)

AUC− PRIV AUC− PRIVrec≥0.5 MAP11 BFM

Cyanobacteria

svm1 svm1 svm1 svm4

0.11591 ± 0.1739 0.04511 ± 0.06699 0.11062 ± 0.16534 0.13898 ± 0.20084
svm2 svm2 svm2 randomF2

0.11564 ± 0.17351 0.04507 ± 0.06694 0.1104 ± 0.16501 0.13806 ± 0.19979
mars3 mars3 mars3 svm1

0.11336 ± 0.16833 0.04497 ± 0.06665 0.10911 ± 0.16154 0.13806 ± 0.19979

Chlorophyta

randomF2 randomF2 randomF2 randomF1

0.44935 ± 0.40834 0.17003 ± 0.17225 0.42703 ± 0.38931 0.44476 ± 0.40698
randomF1 randomF1 randomF1 randomF2

0.44701 ± 0.40796 0.16909 ± 0.17423 0.42427 ± 0.3877 0.44318 ± 0.40693
svm3 • svm3 • svm3 • svm3 •
0.32343 ± 0.30765 0.09923 ± 0.09267 0.3052 ± 0.29009 0.30869 ± 0.29059

Cryptophyta

svm4 svm4 svm4 svm4

0.25528 ± 0.31877 0.07152 ± 0.10411 0.23865 ± 0.29675 0.27171 ± 0.32722
mars2 mars2 mars2 mars2

0.2182 ± 0.26988 0.04358 ± 0.05024 0.20229 ± 0.24933 0.22808 ± 0.27466
mars4 mars4 mars4 mars4

0.2182 ± 0.26988 0.04358 ± 0.05024 0.20229 ± 0.24933 0.22808 ± 0.27466

Chrysophyta

svm4 svm4 svm4 svm4

0.2122 ± 0.28029 0.08689 ± 0.10861 0.2003 ± 0.26022 0.28107 ± 0.33478
cart1 cart1 cart1 cart1

0.18302 ± 0.25799 0.07268 ± 0.10405 0.1738 ± 0.24058 0.25436 ± 0.30463
svm3 svm3 svm3 svm3

0.17107 ± 0.21416 0.06042 ± 0.06623 0.16243 ± 0.19959 0.24875 ± 0.28351

Diatom

mars1 mars1 mars1 mars1

0.62063 ± 0.35065 0.24473 ± 0.15434 0.59351 ± 0.33718 0.60206 ± 0.3614
mars3 mars3 mars3 mars3

0.62063 ± 0.35065 0.24473 ± 0.15434 0.59351 ± 0.33718 0.60206 ± 0.3614
svm4 svm4 • svm4 svm4

0.5295 ± 0.29338 0.15933 ± 0.10439 0.49858 ± 0.27848 0.51108 ± 0.27857

Dinophyta

svm1 svm1 svm1 svm1

0.36992 ± 0.33703 0.13089 ± 0.11141 0.35109 ± 0.31509 0.4067 ± 0.30057
svm2 svm2 svm2 svm2

0.36992 ± 0.33703 0.13089 ± 0.11141 0.35109 ± 0.31509 0.4067 ± 0.30057
svm4 mars4 svm4 cart1

0.24663 ± 0.20542 0.08485 ± 0.06179 0.23301 ± 0.18787 0.32002 ± 0.22012

Through a Monte Carlo simulation, the paired t-test asserts that the difference to the best ranked modelling technique is:
• significant at 95% confidence level;
•• significant at 99.9% confidence level.

regarded as outliers from a statistical perspective, though they are of key importance to several real

world applications. Our study was focused on the development of proper evaluation metrics for

these tasks, which is a key step in addressing these problems that are also defined as event-based

decision problems. Our goal was to show that utility-based regression can act as good support for

the decision-making process.

The notions of precision and recall are ideal for addressing these target problems as they focus

the evaluation solely on the important events (the rare extreme values). The derivation of

Precision-Recall (PR) Curves is also an important aspect as in many applications, more that

being particularly accurate, it is important to be able to provide a good rank of the test cases with

respect to the target events.
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In this context, we have proposed the incorporation of the concept of utility into two types of

evaluation measures: i) fixed-point decision measures, where a decision on a target value being

an event or not is determined by a fixed-value (e.g. precision and recall); ii) ranking decision

measures, where the decision lies on the ranking of the target values relative to the target event

(e.g. AUC− PR, MAP11).

We have illustrated the use of these metrics in the context of stock market and harmful algae blooms

forecasting applications. Namely, we have used our metrics to compare a large set of models in

several experimental setups. Our experiments have confirmed that our evaluation metrics provide

a significantly different perspective of the performance of the models, when compared to standard

evaluation statistics. Moreover, this perspective is more adjusted to the preference biases of this

type of applications. Our experimental results have also shown the danger of using standard

evaluation metrics in this class of problems.
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ubaRules

Utility-based Regression Rule Ensembles

"All human knowledge takes the form of interpretation."

Walter Benjamin (1892 - 1940)

Cost-sensitive learning is a key technique for addressing many real world data mining applications.

We have already seen that this technique is also useful in several regression domains with non-

uniform costs and benefits across the domain of the continuous target variable. Given the nature

of this type of applications, the relevance of the values within specific ranges of the continuous

target variable often imply costly and difficult decisions. This means that, apart from obtaining

accurate predictions, it is of key importance to domain experts to have an interpretable model.

In this chapter we introduce ubaRules, a rule-based regression system biased by an utility-based

metric. We show some of the output rules of our system for applications where the goal is to get

accurate and interpretable predictions.

5.1 Main Objectives

In Chapters 3 and 4, we have defined a proper evaluation framework based on the concept of

utility. In this chapter we describe a learning system that obtains models optimizing the criteria

we have proposed in these chapters. ubaRules is an utility-based regression rules learning system

that produces models for our target applications.

Recapitulating, our main challenges for these applications are:

• to express the preference bias of the users of these applications;

• to evaluate/compare/select models in the application context;
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• to obtain models that are biased towards these objectives;

• and to explain the models’ predictions.

So far, we have presented how the application goals can be expressed through an utility-based

metric so that a proper evaluation, comparison and selection of alternative models can be

performed.

Throughout this chapter we will address the last two challenges: obtain models biased according to

the specified utility-based metric and, at the same time, obtain predictions that are interpretable to

the domain user. Interpretability is of key importance to our target applications as relevant values

are usually associated with costly/beneficial decisions. In this context, we have decided to select

a rule-based formalism to represent our models. Rules are considered to have strong explanatory

power mainly due to their modular characteristics. In this context, we describe ubaRules: a

regression rule learning system that is able to provide accurate predictions at the more relevant

values of the target variable.

Our system has its foundations on techniques of rule learning and ensemble schemes. In Section 5.2,

we briefly overview some work related to these techniques. Our proposal is described in detail in

Sections 5.3 and 5.4. As the system still has a lot of space for improvements, we propose some

upgrades in Section 5.5 as further work. Finally, in Section 5.6, we summarize our work on utility-

based regression rules.

5.2 Background and Related Work

In this section we establish the relationship between our algorithm and the existing research on

both regression rule learning and ensemble schemes. Our goal is to learn an ensemble of regression

rules for a given regression task with possibly non-uniform relevance for the target variable. The

model should be able to give both accurate and interpretable predictions for the target variable,

particularly at its highest relevance regions.

Whenever the interpretability of a model is regarded as an important aspect to consider, rules are

one of the first approaches that are considered. In effect, due to their simple if-then form, rules

are one of the most understandable way of expressing a prediction model. For this reason, rule

learning has always been a key research area within machine learning. Most of the rule learning

methods (Flach and Lavrac, 2003) follow a sequential covering strategy approach. According to

this strategy, the rules are induced directly from the examples - one rule at a time and each one of
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them covering a part of the examples. The examples are eliminated as they get covered, and the

procedure is repeated until no example in the training set is left. The result is an ordered rule set

where rules are weighted by their error estimates. Most research on rule learning systems focus

on classification tasks (e.g. CN2 (Clark and Niblett, 1989), RIPPER (Cohen, 1995)). Regarding

regression, there is still a small number of rule induction systems. Weiss and Indurkhya (1995) have

developed a regression rules system (SWAP1R) that learns rules by means of classification. The

target values are first clustered into a set of bins, which are then used as classes. With a similar

purpose Torgo and Gama (1997) proposed the RECLA system. Through this system, a regression

task is first converted into a classification problem and then addressed by some classification system.

In particular, regression rules can be learned if we use a classification rule learning system as base

learner. Nevertheless, and as we have argued before, addressing a regression problem through

a classification approach results, inevitably, in some information loss. There are other systems

that induce regression rules directly from the examples in an iterative covering approach, such

as FORS (Karalič and Bratko, 1997), R2 (Torgo, 1995), Cubist ⋆1 and M5rules (Holmes et al.,

1999). The FORS system is alike the regression version of CN2 system but using a first order logic

formalism. The R2 system has the particularity of building regression models in the consequent

part of the rules. Based on M5 system (Quinlan, 1992, 1993), which produces regression model

trees, Quinlan proposed Cubist. This system generates an unordered set of regression rules with

linear models in the consequent part. Similarly to the M5 system, Cubist can also use the k-

nearest neighbour predictions to obtain its final predictions. M5Rules (Holmes et al., 1999) builds

a decision list for regression problems also using the model trees created by M5 (Quinlan, 1992).

Still, the strategy is to build repeatedly a model tree and, in each iteration, make the "best" leaf

into a rule.

Although most popular rule learning algorithms are based on the sequential covering strategy,

another approach for rule induction appeared more recently: rule ensembles strategy. This

approach is a generalization of the sequential covering strategy, because it sequentially adds

rules to the ensemble, independently of the rules that already are in it. A typical procedure

of algorithms that follow this strategy to build the rule ensembles is to derive the rules from

an ensemble of decision trees. From the rule set, the algorithm selects a subset of rules, based

on an optimization procedure like the minimization of the loss function, and assigns each rule a

suitable weight. The predictions are given by the weighted vote of all the rules that cover each

example. Though large rule sets result from the ensemble, which makes the rule selection essential

for the interpretability of the models, the resulting models have shown good accuracy results when

compared with non-interpretable models. The goal of the rule ensembles algorithms is to achieve

a good tradeoff between interpretability and accuracy. As examples of algorithms that learn rule
⋆1Cubist is a commercial application developed by Ross Quinlan. Some information about the system and a free

test version are available at http://www.rulequest.com

http://www.rulequest.com
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ensembles, we can refer to SLIPPER (Cohen and Singer, 1999), LRI (Indurkhya and Weiss, 2001),

ENDER (Dembczynski et al., 2010), R-PREV (Ribeiro and Torgo, 2006) and RuleFit (Friedman

and Popescu, 2008), among others. In effect, the origin of this strategy is intimately related to

the appearance of successful algorithms like Random Forests (Breiman, 2001), which are based in

ensemble schemes like bagging (Breiman, 1996) and boosting (Schapire, 1999).

Ensemble learning is a powerful learning scheme (cf. Breiman (1996, 2001); Friedman and

Popescu (2008); Schapire (1999)), namely in cost sensitive domains. This technique combines

multiple learners towards a better performance than what could be obtained by any of the single

constituent learners. Breiman (1996) claimed that decision trees are good candidates for these

constituent/weak learners. If decision trees are known for its interpretability, they are also very

unstable. Small changes in the training data can cause big changes in the tree structure, specially

if it affects a decision in the top nodes. In this sense, any error committed in upper splits is

propagated down and affects all splits below them. Breiman (1996) has shown that by using

ensembles of decision trees, we can maintain their advantages and, at the same time, suppress their

instability making their accuracy increase dramatically. Based on this results, successful algorithms

like Random Forests (Breiman, 2001) were developed. Regardless of the chosen constituent learner

for the ensemble, there are two main ways of combining all the produced models in the ensemble:

bagging (Breiman, 1996) and boosting (Schapire, 1999). They both share the same objective: run

several iterations of the same learning algorithm on different distributions of training examples, so

that smaller prediction errors are obtained by using multiple learners. There is one fundamental

difference between them, which regards the training set used on each iteration. Bagging obtains

each training set based on an independent sampling with replacement, whereas boosting obtains

each training set based on the performance of the learning algorithm on the previous iteration.

Some studies (e.g. Fan et al., 1999) have confirmed boosting to be an effective technique in

non-uniform costs scenarios, such as the detection of outliers or "hard-to-predict" observations.

Furthermore, Drucker (1997) has shown that boosting is an effective approach to reduce the

prediction error when building a committee of regression trees.

In what concerns our target applications, the "hard-to-predict" observations correspond to high

relevance observations. In effect, according to our utility definition (cf. Chapter 3, Section 3.3.2

- page 85) the highest values of both benefits and costs are achieved at the highly relevant values

of the target variable. Thus, for these observations, higher errors will be mapped into major

prediction costs. Through boosting, we can partially fulfill our goals, as the model performance

is iteratively improved over a particular set of hard observations, i.e. the ones that lead to the

highest prediction costs. Still, bagging offers a better computational efficiency when compared to

boosting, which can be critical for large data sets. Hence, both bagging and boosting techniques

are included in our system.
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5.3 Generating Ensembles of Utility-based Regression Rules

Given a regression problem, with a specified (possibly non-uniform) relevance of the target variable,

our purpose is to produce a model that consists of an ensemble of rules and that fulfills the target

problem goals expressed by the utility function.

More formally, let DS = {⟨xi, yi⟩}Ni=1be a set of observations, where xi is a feature vector from

the feature space X composed by the ρ predictor (independent) variables and yi is an instance of

the target (dependent) variable Y with domain Y ⊆ R. The model f : X → Y, which describes

the concept underlying the set of observations, is a linear combination of base learners that

constitute the ensemble. Hence, the model f is designated as generalized additive model (Hastie

and Tibshirani, 1990) and defined as:

f(x) = a0 +
M∑

m=1

am fm(x) (5.1)

where M is the number of the iterations in the ensemble, fm(x) is the base learner on a sample

of input variables x of the training data, and {am}Mm=0 are the parameters that specify the linear

combination of the base learners.

Our goal is to learn the best approximation to f , so that the obtained approximation, f̂ , is a model

that maximizes our utility function as preference criterion. In this context, and assuming that Up
ϕ

is the utility function (cf. Definition 3.20 - page 92), the objective is to find a regression model f̂ ,

with respect to a set of instances ⟨x, y⟩ ∈ X ×Y drawn from a distribution D, that maximizes the

expected utility, defined in Definition 3.22 (page 95) as

EU (f̂Ω, D) := E⟨x,y⟩∼D [ Up
ϕ(f̂Ω(x), y) ] (5.2)

Based on the expected utility, we establish a utility-based performance measure (e.g. MU, NMU,

Fm, AUC-PRIV), here generally designated by U , as the preference criterion for our model.

Our proposed system ubaRules for learning utility-based regression rules ensembles is outlined in

Algorithm 5.1. It consists in two main steps: generation of different regression trees, which are

converted to rule ensembles, and selection of the best rules to include in the final ensemble. The

utility function is used as criterion at several stages of the algorithm. Namely, at model selection,

ensemble scheme and rule selection, as we will explain next.
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Algorithm 5.1 ubaRules(⟨DS, ϕ⟩,U ,Λ): the main algorithm.
Input: a regression problem described by a data set DS and a relevance function ϕ, an utility metric U

and a set of ensemble parameters Λ.
Output: Utility-based Regression Rules Model f∗(x).
1: fM (x)← ubaRulesEns(⟨DS, ϕ⟩,U ,Λ) // Algorithm 5.3 or Algorithm 5.4
2: f∗(x)← ubaRulesSel(⟨DS, ϕ⟩, fM ,U ,Λ) // Algorithm 5.5
3: return f∗(x)

5.3.1 Regression Trees as Base Learner

Similarly to RuleFit (Friedman and Popescu, 2008) or Random Forests (Breiman, 2001), ubaRules

starts by generating an ensemble of decision trees.

A decision tree is a structure that connects a set of nodes defined by recursively partitioning the

data by means of splitting tests over the predictor variables. The terminal nodes, also called leaves,

represent the partitions of data formed by the tree, and contain the predictions of the tree for the

target variable.

There are three crucial aspects that guide the growth of a decision tree:

(i) the split criterion to find the best splitting test;

(ii) the stop criterion to establish when a node should not be split any further;

(iii) the function to assign the prediction value to each terminal node.

Starting with a single node at the top, also called root, the tree grows by recursively partition the

data according to its split criterion (i) until a stop criterion (ii) is reached. At that stage, a leaf

is created and a prediction model (iii) is obtained with the respective data partition. The paths

from the root node to each of the leaves form the set of rules that will be used by the decision tree

in its predictions.

In our algorithm, we used CART (Breiman et al., 1984) system ⋆2 , which implements binary

splitting tests on a single predictor variable. This means that a split test for a node t with a

partition of data Dt results in only two nodes: a left subnode tL, which contains the partition of

cases DtL that satisfy the binary test; and a right subnode tR, which contains all the remaining

cases, i.e. DtR = Dt −DtL . CART uses the Least Squares (LS) error criterion. According to this

criterion, the constant that minimizes the expected value of the squared error is the mean value of

the target variable.
⋆2For our system we have used the rpart package (Therneau et al., 2008), an implementation very similar to

CART that is available for R (R Development Core Team, 2010) software.
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In this context, the estimated error for a node t is defined as

Err(t) =
1

nt

∑
Dt

(yt − ȳ(Dt))
2 (5.3)

where ȳ(Dt) is the mean of the target variable values on the partition Dt of node t, and nt is the

size of that partition.

The error of a split s over the node t is estimated as the weighted average of the errors of its left

subnode tL and right subnode tR as follows,

Err(s, t) =
ntL

nt
Err(tL) +

ntR

nt
Err(tR) (5.4)

where nt is the size of the partition of node t, and ntL (ntR) is the size of the left (right) partition

resulting from the binary split s over the node t.

In order to find the best split, all the predictors are exhaustively searched. From the set of candidate

splits S at a node t, the best split s∗ is the one that maximizes the decrease in error at t, i.e.

s∗ = argmax
s∈S

(Err(t)− Err(s, t)) (5.5)

All the error estimates that guide the split criterion, and thus the tree growth, are based on the

training sample. These error estimates, so-called resubstitution estimates, become more unreliable,

as the initial data set is recursively partitioned by the splits into smaller data sets. If no stop

criterion is established, a tree can grow until it reaches one observation per leaf. All this process

leads the tree to overfit the training data. To minimize the overfitting effect, two techniques are

applied in the context of trees: pre-pruning and post-pruning.

Pre-pruning establishes a condition, a stop criterion, that determines when a node should not be

split any further. Such condition can be a maximum depth for the tree, a minimum size for the

partition of leafs or for the partition of the internal nodes, or even by establishing minimum error

threshold, among other requisites. Still, according to Breiman et al. (1984), this procedure does

not guarantee us the optimal tree of a given size, with respect to its estimated error. Post-pruning

is a more complex pruning technique but also a more reliable one. This procedure grows an initial

maximal tree and then prunes the overfitted tree to a "right-sized" tree. But, as we will explain

further on, more than avoiding overfitting, this technique provides us a set of interesting subtrees.



164 GENERATING ENSEMBLES OF UTILITY-BASED REGRESSION RULES

5.3.2 Best-Sized Regression Tree

Regression trees are efficient and interpretable but as they grow in size their interpretability

diminishes. This means that, as trees grow, some of the model interpretability is traded off for

better performance.

The length of the path from the root until each of the leafs of the tree, determines the maximum

number of logical conditions appearing in the rules derived from that tree. In this sense, larger trees

typically derive more complex rules, in terms of the number of factors (variables) that compose

them. For this reason, and to maintain the interpretability of our models, our trees should be

compact and still accurate. If we control the size of the trees, we control the complexity of the

rules.

The error complexity pruning is the post-pruning method used in CART (Breiman et al., 1984) to

avoid overfitting of the trees. CART computes a large tree T0 to fit the training data, by allowing

the splitting process to continue until all terminal nodes reach some stopping criterion. Next, it

obtains from T0 a nested sequence of subtrees Ti of decreasing size, i.e. T0 ≪ . . . ≪ Tv where Tv is

the smallest subtree, which consists of the root node only. This sequence of subtrees is associated

with the notion of error complexity of a tree T , which is given by,

ECα(T ) = Err(T ) + α · |T̃ | (5.6)

where Err(T ) is the resubstitution error of T , |T̃ | is the number of leaves, and α (≥ 0) is the

complexity parameter that represents the cost of increasing the size of T .

The value of α controls the degree of pruning with respect to the initial maximal tree T0. If α = 0,

then the penalty for having a large number of terminal nodes is null. As α increases, so it increases

the penalty per terminal node.

Making each node in T0 a prune possibility, CART iteratively prunes the initial tree and obtains

a sequence of subtrees Ti as follows. Starting with α = 0 and T = T0, α is increased so that it

would cause a node to be pruned out from T . It then prunes the tree and updates α. The process

is repeated until it reaches the root node. This yields to the sequence of subtrees Ti where each

tree is characterized by a different complexity value α. To get reliable estimates of each pruned

tree, CART evaluates them by cross validation ⋆3 .

The goal is to select the "right-sized" tree from all the subtrees, i.e. the tree with a good trade-off

between its size and error estimate. In order to do so, Breiman et al. (1984) proposed two processes
⋆3 For further details on error complexity pruning algorithm see Breiman et al. (1984); Torgo (1999).
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of selection: 0-SE rule and 1-SE rule. The first rule selects the tree in the sequence with the lowest

estimate of error e∗. The second rule selects the smallest tree in the sequence, whose error estimate

is within the interval e∗ + SE(e∗), where SE(e∗) is the standard error of the lowest estimate e∗.

In ubaRules we use the CART post-pruning resource to select, from the generated sequence of

subtrees, the tree that maximizes an utility estimate. This means that although the trees are

grown using a standard error metric, the post-pruning tree selection phase is guided by an utility-

based metric that is in accordance with the applications preference biases. We obtain utility-based

estimates of the generated subtrees using a similar cross-validation experimental process as in

CART. To obtain a more compact and still "good" regression tree, we choose the tree with the

maximum utility estimate. As too large trees may overfit the data, we also let the maximum depth

d of trees to be a tunable parameter. This procedure is presented in Algorithm 5.2 and illustrated

in Example 5.1. The selected regression tree Tbest is converted into its correspondent rule set,

which is formed by one rule per leaf, i.e. |T̃best| rules.

Algorithm 5.2 ubaTreeRules(⟨DS, ϕ⟩, w, d,U): utility-based CART rules.
Input: a regression problem described by a data set DS and a relevance function ϕ, a weight vector w,

maximum depth d, an utility metric U .
Output: fT (x) - set of rules extracted from the best post-pruned regression tree.
1: T (x)← cart(DS, w, d, α = 0) // rpart package (Therneau et al., 2008)
2: (T ,V)← fetchSubtrees(T (x)) // T set of all subtrees; V cross-validation space
3: Tbest(x)← argmaxTi∈T U(Ti(x), ⟨V, ϕ⟩) // select best subtree
4: fT (x)←

∑|T̃best|
k=1 rk(x) // convert to rules

5: return fT (x)

Example 5.1. Selection of the best utility post-pruned tree: prediction of NO2 emissions.

In this example, we return to the outdoor air pollution prediction task (Aldrin and Haff, 2005)

presented in Chapter 3, Section 3.2.1 (page 67). The goal of this application is to forecast high and

potentially nocive concentration of NO2 emissions registered hourly. The target variable (LNO2)

is the log-transformed concentration of NO2 emissions measured in a traffic road in Oslo. The

predictor variables include the logarithm of the number of cars per hour (LCarsH); the temperature

registered 2 meters above ground (Temp); the wind speed (WSpeed), the temperature difference

between 25 and 2 meters above the ground (TempDiff); the wind direction in degrees (WDir); the

hour of day (Hour); and the day number from the start of the study (Day).

With the data set (Aldrin and Haff, 2005) of the prediction task describe above, we ran CART

with the 1-SE post pruning rule. The result is the regression tree shown in Figure 5.1.
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Figure 5.1: CART best post-pruned tree with 1-SE rule.

The specification of 1-SE post-pruning rule indicates that, from all the post-pruned trees and

based on the cross-validation error estimates, the final tree should be the smallest tree whose error

estimate does not exceeds the minimum error estimate plus 1 times the standard error of the

minimum error estimate.

This selection procedure is illustrated in Figure 5.2. In this plot, we have all the subtrees generated

by CART establishing α = 0 stipulated that the maximum depth is 4. Each subtree is identified by

its complexity parameter α on the X-axis. As it is possible to observe, as the complexity parameter

decreases towards 0, the size of the tree increases from 1 to 14. For each tree, we have on the Y-axis

its cross-validation error estimate and standard deviation. The minimum error estimate is obtained

by the tree with size 9. If the selected pruning rule was 0-SE then this would be the returned tree.

However, as the 1-SE rule is requested the chosen tree is the smallest tree whose error estimate

is below the threshold the minimum error estimate plus its standard estimate. In Figure 5.2 this

threshold is signaled by the horizontal line.

Our goal is to change the pruning criterion: instead of pruning by the relative mean squared error

as CART, we want to perform pruning by the relative mean utility. In order to do so, we obtain the

cross-validated utility estimates of the sequence of post-pruned trees returned by CART. Figure 5.3

shows the mean utility estimates and its standard deviations obtained by cross-validation for the

same set of trees of Figure 5.2. Two things are worth to notice over this new set of estimates:

(1) the overall objective to the tree selection has changed, we now wish to find the tree that,

instead of minimizing the expected error, maximizes the expected utility; (2) as the trees sequence

remains the same, i.e. grown by CART following the least squares criterion, it is not surprising

that none of them optimizes utility. In effect, in comparison to the cross-validation error estimates,

the cross-validation utility estimates indicates a much higher variance.
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Figure 5.2: Using cost-complexity pruning to select the best-sized tree.

Figure 5.3: Using cost-complexity pruning to select the best-sized tree according to utility.

In this context, if we apply the 0-SE post-pruning rule, which corresponds to the selection of the

tree in the sequence with the highest mean utility estimate, we obtain the tree of size 10, shown

in Figure 5.4. Thus, for this particular case, the best sized tree would be different whether the

objective is to minimize the squared error, as CART does, or to maximize the utility. According

to the standard error metric, a tree of size 9 is the better option, whereas according to the utility

metric a tree of size 10 is preferable. More specifically, one more split was added to the previous

CART tree. This split gives further information over the more relevant values of the target variable,

namely the high concentration values of NO2 emissions. In this example, it can be noticed that

the model that would be chosen by CART is poor when faced with the goals of utility.
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Figure 5.4: CART best post-pruned with the maximum relative utility.

5.3.3 Rule Ensemble Generation

Assuming that the domain of the input variables is X := X1 × . . .×Xρ, a decision rule rk(x) is a

conjunction of tests of the form xj ∈ X k
j , where xj is the value of x on input variable j and X k

j is a

subset of the domain values for input variable j, i.e. X k
j ⊆ Xj . Formally, we can define a regression

rule rk(x) as follows,

rk(x) = υk ·
ρ∏

j=1

I(xj ∈ X k
j ) (5.7)

where I is the indicator function giving 1 if its argument is true and 0 otherwise, and ρ is the

number of input variables and υk is the constant prediction of rule k for the target variable Y . If

the values of all the input variables of the given example satisfy simultaneously the conjunction of

tests specified by the rule, then the rule "fires". In this case, the rule is said to cover the example

and returns υk as prediction, i.e. rk(x) = υk. If the example does not fulfill the conditions imposed

by the rule, then it does not "fire", i.e. rk(x) = 0. A decision tree T can thus be written as a linear

combination of decision rules, as follows,

fT (x) =

|T |∑
k=1

rk(x) (5.8)

where |T | is the number of leafs in the tree.
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The rules derived from regression trees are mutually exclusive and exhaustive. This means that

given any test case, one and only one rule will be "fired" for its prediction, as it shows Example 5.2.

Example 5.2. Set of rules derived from a regression tree: prediction of NO2 emissions.

From the regression tree shown in Figure 5.4, 10 rules are derived, one per each leaf in the tree.

Each rule is represented by the product of binary decisions over the predictor variables that are

associated with all the edges on the path from the root to the leaf. Thus, these rules are formed

by mutually exclusive conditions, which means that given any example xi only one of these rules

will "fire".

r1(x) = 1.95 · I(LCarsH < 7.242) · I(WSpeed ≥ 3.15) · I(WDir < 55.55)

r2(x) = 2.97 · I(LCarsH < 7.242) · I(WSpeed ≥ 3.15) · I(WDir ≥ 55.55)

r3(x) = 3.07 · I(LCarsH < 5.69) · I(WSpeed < 3.15) · I(TempDiff < 0.85)

r4(x) = 3.59 · I(5.69 ≤ LCarsH < 7.422) · I(WSpeed < 3.15) · I(TempDiff < 0.85)

r5(x) = 3.56 · I(LCarsH < 7.422) · I(WSpeed < 3.15) · I(TempDiff ≥ 0.85) · I(Temp ≥ 0.25)

r6(x) = 4.15 · I(LCarsH < 7.422) · I(WSpeed < 3.15) · I(TempDiff ≥ 0.85) · I(Temp < 0.25)

r7(x) = 3.59 · I(LCarsH ≥ 7.422) · I(WSpeed ≥ 2.05) · I(Temp ≥ 6.45)

r8(x) = 4 · I(LCarsH ≥ 7.422) · I(WSpeed ≥ 2.05) · I(Temp < 6.45)

r9(x) = 4.24 · I(LCarsH ≥ 7.422) · I(WSpeed < 2.05) · I(TempDiff < 1.25)

r10(x) = 4.84 · I(LCarsH ≥ 7.422) · I(WSpeed < 2.05) · I(TempDiff ≥ 1.25)

Though a tree-based prediction is straightforward, it is very prone to the choices made by the

regression tree, which are known to be very sensitive to the given training set (Breiman, 1996).

Furthermore, the selection of the "best-sized" tree is highly dependent on the unknown target

function (Friedman and Popescu, 2008). Therefore, we have decided to obtain our rule ensemble

from a set of utility post-pruned regression trees, as initially outlined in Algorithm 5.1, in the

following conditions. Each regression tree is generated from a different training set, obtained by a

sampling technique, and with a maximum depth randomly drawn from an exponential distribution

as proposed by Friedman and Popescu (2008) for the tree size.
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Let d̄ be the average maximum depth of all the trees in the ensemble. Then, at each iteration, we

generate a maximum depth parameter d by

d = 2 + ⌊δ⌋ (5.9)

where δ is sampled from a distribution with probability

P (δ) =
1

d̄− 2
exp

(
−δ

d̄− 2

)
. (5.10)

By proceeding this way, we obtain both small-depth trees, and thus compact rules, and large trees,

thus more complex rules. Relative to the established average maximum depth d̄, most of trees will

have a smaller maximum depth, i.e. d ≤ d̄, some trees will have a bigger maximum depth, i.e.

d > d̄, and a few trees will have a much bigger maximum depth, i.e. d ≫ d̄.

The overall goal is to obtain a more evenly distributed complexity of the rules derived from the

ensemble. This will ensure a higher modularity to each rule derived from the regression trees and

added to the final rule ensemble model.

At the end of the iterations, for a given test case, more than one rule can then be "fired". In

such situations, an average, in case of bagging, or a weighted average, in case of boosting, of the

predictions of the fired rules is made as prediction, as we will explain next.

5.3.3.1 Bagging Regression Trees

As we have previously mentioned, Bagging (Breiman, 1996) is an ensemble technique used to

improve the accuracy of a single base learner such as regression trees. The strategy is to generate

multiple models, aggregating them into a final model by making its predictions the average of

predictions from each model. Each model is trained on a bootstrap sample, i.e. a sample chosen

uniformly at random with replacement from the original training set and of the same size. Each

tree is given a maximum depth that is taken from an exponential distribution, with a minimum

value of 2. In ubaRules (cf. Algorithm 5.3), we obtain a set of M stratified bootstrap samples, so

that for each sample we can have a similar distribution of values for the target variable and thus a

similar set of relevant values. For each sample, we run the regression tree method that selects the

best-sized tree according to the utility estimate (cf. Algorithm 5.2) and derive the corresponding

set of rules, which are added to the overall rule ensemble.

Our final bagged rule ensemble outputs the average of the predictions made by each of the M

models in the committee.
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Algorithm 5.3 ubaRulesBagg(⟨DS, ϕ⟩,U ,Λ): bagging of regression rules.

Input: a regression problem described by a data set DS = {⟨xi, yi⟩}Ni=1 and a relevance function ϕ, an
utility metric U and a set of ensemble parameters Λ, where M ∈ Λ is the number of iterations and
δ ∈ Λ is the average maximum depth of the trees in the ensemble.

Output: fM (x) - Utility-based "Bagged" Rules Ensemble.
1: for m = 1 to M do
2: d← expDistr(δ) // maximum tree depth drawn from exponential distribution
3: w ← bootstrap(1, N) // sample of size N with replacement
4: fm(x)← ubaTreeRules(⟨DS, ϕ⟩, w, d,U) // Algorithm 5.2
5: end for
6: return fM (x)←

∑M
m=1 fm(x)

5.3.3.2 Boosting Regression Trees

Boosting, similarly to bagging, was originally proposed as an ensemble scheme to enhance

the performance of weak learning algorithms. The principle was the same: generate multiple

predictions, which were then aggregated by majority/average voting. Still, contrary to bagging,

boosting uses the performance estimate of each learner to build a better learner in the following

iteration. AdaBoost (Freund and Schapire, 1997) is the most well known boosting algorithm. This

method adaptively re-weights the training set based on the error rate of the previous learner.

The goal is to progressively enhance the global performance over the training set. Thus, at each

iteration, the sampling probability of each case is adjusted so that larger weights are assigned to the

cases with bigger prediction errors. By doing so, these will have a higher probability of appearing

in the training set of the next iteration.

Even though AdaBoost was first introduced for classification problems by Freund and Schapire

(1997), it was then expanded for regression. Shrestha and Solomatine (2004) proposed Ada-

Boost.RT, a boosting algorithm strictly designed for regression problems. The key issue in such

algorithm is the use of a regression threshold (RT) to allow the distinction between a good and a

bad prediction, likewise it happens in classification. Hence, according to the authors (Shrestha and

Solomatine, 2004), that regression threshold establishes a pre-specified relative error above which

any case is considered wrongly predicted. As such, all the cases whose error is below this threshold

are considered correctly predicted.

Regarding our target applications, the use of a regression threshold based on a standard error metric

related to the absolute deviation, as originally suggested by Shrestha and Solomatine (2004), is not

appropriate (cf. Section 3.2.2 of Chapter 3 - page 69). In a non-uniform relevance scenario such

as the one that characterizes our target regression problems, standard error metrics do not reflect

the performance of a model with respect to the relevance of the values. Nevertheless, the utility of

a prediction provides us all the information we need to address the notion of accurate/erroneous
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prediction or, correspondingly, the notion of beneficial/costly prediction. More specifically, if the

prediction represents a benefit in the context of the application then its utility value is positive.

On the contrary, if the prediction represents a cost then its utility value is non-positive.

In this sense, boosting allows our algorithm to focus on the examples that achieve higher costs,

which typically are the ones with higher relevance. Our purpose is to boost regression trees in

order to create a committee of progressively more powerful regression rules on the prediction of

relevant values. Algorithm 5.4 presents the boosting procedure used by ubaRules and that is based

on AdaBoost.RT (Shrestha and Solomatine, 2004). Similarly to what we described in the previous

section for bagging, in boosting each tree has a maximum depth that is randomly obtained from

a exponential distribution, with a minimum value of 2.

Given a M number of iterations, the algorithm starts with an uniform sampling distribution,

weighting all the instances of the data set equally with w. From here, it will iteratively update the

probabilities of sampling for the next iteration and save the weights that will be assigned to each

rule in the final rule ensemble. The goal is to enhance the performance on the harder examples

according to the application goals.

At each iteration m, the new predictor fm(x) created for the data set DS with sampling distribution

w, together with the all the previous m − 1 predictors and weights, are evaluated. Based on the

total weight (ϵm) of the instances that obtained costs, it then estimates the confidence it has on

fm(x).

The measure βm is the inverse measure of confidence in the new predictor. As such, low values of βm

mean high confidence in the predictor. This measure exhibits a quadratic growth with the weight

associated to the cost predictions (other growth rates such as linear and cubic may have been chosen

- cf. Shrestha and Solomatine (2004)). The sampling probabilities are then updated according to

the following. The set of weights associated to beneficial predictions, i.e. {w(m)
i : ui > 0}, should

be reduced proportionally to the overall cost obtained by the predictor, i.e. βm. By proceeding

this way, there is a smaller probability of instances, that obtained benefits, to be included in the

sample of the next iteration. Only the weights of beneficial predictions are updated, thus the weight

probabilities for the costly predictions remain the same. Nevertheless, there is a situation we must

address in our proposal: the case when all the predictions are considered to bring a benefit. In

effect, in the original algorithm AdaBoost.RT (Shrestha and Solomatine, 2004) this situation is

reported when no error, above the specified threshold, is committed by the learner. This threshold

is typically a small value. Still, obtaining benefits in the context of our target problems may be

more easily achieved. For these cases, and in order not to stop the learning iterations too soon, we

decided to establish a minimum overall cost of a predictor given by βm = mini

(
w

(m)
i

)3
. This will

make the measure of confidence in the mth predictor to be exceptionally high, when compared to
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Algorithm 5.4 ubaRulesBoost(⟨DS, ϕ⟩,U ,Λ): utility-based boosting of regression rules (based on
AdaBoost.RT (Shrestha and Solomatine, 2004)).

Input: a regression problem described by a data set DS = {⟨xi, yi⟩}Ni=1 and a relevance function ϕ, an
utility metric U and a set of ensemble parameters Λ, where M ∈ Λ is the number of iterations and
δ ∈ Λ is the average maximum depth of the trees in the ensemble.

Output: fM (x) - Utility-based "Boosted" Rules Ensemble.
1: for i← 1 to N do
2: w

(1)
i ← 1/N // initial weights

3: end for
4: for m = 1 to M do
5: d(m) ← expDistr(δ) // maximum tree depth drawn from exponential distribution
6: fm(x)← ubaTreeRules(⟨DS, ϕ⟩, w(m), d(m),U) // Algorithm 5.2

7: fM (x)←

∑m−1
l=1

(
log 1

βl

)
fl(x)∑m−1

l=1

(
log 1

βl

) + fm(x)

8: for i← 1 to N do
9: ui ← Up

ϕ(fM (xi), yi) // calculate the utility of each prediction
10: end for
11: ϵm ←

∑
i:ui≤0 w

(m)
i // sum weights associated to costs made by fm

12: βm ← max

{
mini

(
w

(m)
i

)3

, ϵ2m

}
// measure inverse to the confidence in fm

// update weights
13: for i← 1 to N do
14: if ui > 0 then
15: w

(m+1)
i ← w

(m)
i βm

16: else
17: w

(m+1)
i ← w

(m)
i

18: end if
19: end for
20: for i← 1 to N do
21: w

(m+1)
i ← w

(m+1)
i /

∑N
i=1 w

(m+1)
i // re-normalize distribution

22: end for
23: end for

24: return fM (x)←

∑M
m=1

(
log 1

βm

)
fm(x)∑M

m=1

(
log 1

βm

)

predictors that obtain costs. For the following iteration, sampling probabilities of all the instances

are equally reduced. In practice, a sample is obtained with a distribution equal to the previous

iteration and a new model is learned.

Our final boosting model outputs the weighted average of the predictions of the models forming the

committee, each weight corresponding to the confidence in the model for the prediction of relevant

values.
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5.4 Selecting the Best Utility-based Rules

The first step of our algorithm is to obtain a set of rules from an ensemble of regression trees.

We then try to simplify our model by eliminating some rules from this set using the information

regarding their individual utility estimates.

During the transformation of a tree into a set of rules, by performing logic simplifications, redundant

conditions in paths are dropped. Therefore, the rule set derived from a tree can have improved

readability compared to the paths of the tree. Nevertheless, from an ensemble of regression trees,

too many rules are generated, which decreases the model interpretability. From the ensemble of

regression trees, we obtain the rule ensemble {rk(x)}K1 . The number of rules in the ensemble is

K =

M∑
m=1

|T̃m| (5.11)

where |T̃m| is the number of terminal nodes for the mth tree.

As the number of rules increases, the ’accuracy’ of the model can improve but, at the same

time, its interpretability diminishes. Too many rules make the model more complex and its

interpretation harder. Therefore, we decided to select the best rules according to the utility

estimates. Nonetheless, this rule selection process removes the complete coverage property that

results from the mutual exclusivity of a tree, which means that there may exist a test case that is

not covered by any of the rules in the final model. For these situations, we have added a default

rule r0(.). This default rule predicts Y the mean value of the target variable Y , i.e. the constant

that minimizes the error according to the least squares criterion used by CART.

In Algorithm 5.5 we present the rule selection process in detail. From all the rules that form the

ensemble, we select the best estimated rules within the top η margin rules according to the specified

utility metric U . Each rule is evaluated separately as an independent model. From this evaluation,

we obtain a ranking of rules. If 0 < η ≤ 1 then it indicates the percentage of top performance rules

to include in the final model. If η > 1 then it refers to the absolute number of top performance

rules to include in the final model. At the end, the default rule is added to ensure that the final

ensemble does a complete coverage of the input space.

5.5 Further Work

There are three main aspects that are worth to be studied further with the goal of improving this

algorithm: (i) building a regression tree with an utility metric as preference criterion instead of the

least squares criterion; (ii) making an interpretability analysis of the rules, and (iii) using a more

effective rule selection technique. Next, we briefly present possible paths for each of these issues.
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Algorithm 5.5 ubaRulesSel(⟨DS, ϕ⟩, fM ,U ,Λ): utility-based selection of regression rules.

Input: a regression problem described by a data set DS = {⟨xi, yi⟩}Ni=1 and a relevance function ϕ, an
ensemble of regression rules fM (x), an utility metric U and a set of ensemble parameters Λ, where
η ∈ Λ indicates the margin of rules to select.

Output: f∗(x) - Utility-based Regression Rules Model.
1: RM ← {rk(x)}Kk=1 // initial set of rules contained in fM

2: r0(.) = Y // default rule
3: for k ← 1 to K do
4: Rk(x)← rk(x)⊕ r0(.)

5: uk ← U(Rk(x), ⟨DS, ϕ⟩) // estimate utility performance
6: end for
7: if η < 1 then
8: η ← ηK

9: else
10: η ← min{η,K}
11: end if
12: o← order(u, decreasing = true) // rank by utility in decreasing order
13: for k ← 1 to η do
14: rk(x)← rok(x) // update the final model
15: âk ← âok

16: end for
17: f∗(x)←

∑η
k=1 âk rk(x)∑η

k=1 âk
⊕ r0(.) // add the default rule

18: return f∗(x)

Utility-based Regression Trees

One of the possible extensions of our system is to build regression trees that are not guided by

the least squares criterion, but biased by our proposed utility metric. These trees will derive more

interpretable and accurate rules for the domain user. To achieve this goal, a Maximal Utility

criterion can be established. Let us assume that k is the constant that maximizes the expected

utility value of the target value. In such context, the estimated utility of a node t would be defined

as

Util(t) = U(kt, Dt) (5.12)

where kt is the constant that maximizes the expected value of the utility on the partition Dt of

node t.

The utility of a split s over the node t could be estimated by a linear function f (e.g. the weighted

average) of the utility of its left subnode tL and right subnode tR as follows,

Util(s, t) = f(Util(tL), Util(tR)) (5.13)
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The best split s∗, from the set of candidate splits S at a node t, would be the one that maximizes

the utility estimative of t the most, i.e.

s∗ = argmax
s∈S

(Util(s, t)− Util(t)) (5.14)

This proposal faces two challenges: definition of the constant k and computational efficiency. In

what concerns the constant k, it should maximize the expected utility on the target variable. Given

that the target variable Y is continuous, we know that its expected value, with respect to a set of

instances y ∈ R drawn from a distribution D, is given by

Ey∼D [y] =

∫ +∞

−∞
y f(y) dy (5.15)

where f is the probability density function of the target variable Y .

In this context, our goal is that, with respect to a set of instances ⟨x, y⟩ ∈ X × Y drawn from a

distribution D, k maximizes

E⟨x,y⟩∼D [U(k, y)] =
∫ +∞

−∞
U(k, y) f(y) dy (5.16)

where U is an utility-based metric and f is the probability density function of the target variable

Y . However, the utility metric U is highly dependent on the relevance function ϕ, a user-specified

function, and on its bumps of relevance as described in Chapter 3, Section 3.3.2.3 - page 92. Hence,

solving the above integral is not straightforward.

The other challenge of this proposal is its computational efficiency. In effect, the efficient growth

of the least squares regression trees, such as CART, is based on a statistical approximation of

the variance (Torgo, 1999). This allows a faster calculation of the mean value, the constant that

minimizes the expected error on a given partition. As such, if another constant, different from the

mean, is found to be the one that maximizes the expected utility, this "speed up" algorithm trick

can no longer be used. This means that, unless any other statistical simplification is discovered,

the utility estimate would have to be calculated for each new candidate split from scratch, instead

of incrementally as it occurs in standard regression trees. For large data sets this would not be

feasible. Nevertheless, we consider that, from the perspective of utility, better models will be

possible to obtain.
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A Possible Extra Interpretability Analysis

The theory as a whole, consisting in a number of rules with a number of conditions over a

set of variables, can be subject to an interpretation analysis. Many rule systems, such as

RuleFit (Friedman and Popescu, 2008), carry an analysis regarding the importance of each rule,

their input variables importance, their interaction effects, etc. The joint contribution of all these

factors about the rules express the interpretability of a theory.

As future work, we would like to incorporate an interpretability analysis into our rule evaluation

scheme. Namely, we would like to examine the rules concerning its support on the training data

(the number of examples it covers), its length (the number of conditions it has) and the inspect

relevance ϕ of its region of influence on the target variable. We believe that a more informed

selection process can then be performed and more interpretable models obtained.

A Better Selection Method for Rules

Further work on rule selection/combination stage can also be carried out. In particular, we can

select the rules using more powerful techniques, which contribute more to the overall optimization

of the utility metric. Namely, for the case of rare extreme values prediction, we believe that a

selection of rules based on the AUC-PRIV of achievable PRIV curve, following a strategy similar

to the ROCCER algorithm Prati and Flach (2005), would yield to smaller rule sets with compatible

AUC-PRIV values.

5.6 Summary

In this chapter, we have proposed ubaRules, a new system to address regression tasks with non-

uniform costs/benefits on the target variable. Though this type of problems have not been

subject of many research among the data mining community, they occur in many real-world

applications. Prediction of meteorological/ecological catastrophes, finance, prediction of important

business related decisions, detection of frauds, intrusions on a network, are just some examples

of applications that can find use in this type of models we proposed. Usually this type of

applications are addressed by a classification approach, but that will not always fullfil the goals of

the applications. Sometimes minor changes in the range of the continuous target variable can make

a big difference for the domain expert, as many types of costs and/or benefits can be involved.
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In this context, we have presented an utility-based regression rule ensemble system that aims to

obtain interpretable and accurate models for the prediction of user-defined relevant values in the

range of the continuous target variable. In the next chapter, we will experimentally evaluate and

compare our system with standard regression systems for a set of real-world applications.
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Empirical Analysis of ubaRules

"Why think? Why not try the experiment?"

John Hunter (1728 - 1793)

The goal of the utility-based rules ensemble system (ubaRules) is to effectively address regression

tasks with non-uniform costs/benefits. Our aim is now to check through a series of experiments

whether a set of variants of our system is able to overcome limitations of standard regression

approaches for addressing such type of regression tasks.

6.1 Introduction

In Chapter 5 we have presented ubaRules, an utility-based regression rules system, whose main

goal is to obtain accurate and interpretable predictions in the context of regression problems with

non-uniform utility.

In this chapter, we experimentally evaluate ubaRules regarding its performance in terms of utility

score, presented in Chapter 3, Section 3.3 (see page 79), and also in terms of the interpretability

of the induced models. We start by describing the test domains used in this empirical analysis

and the experimental and evaluation methodology. Next, in Section 6.3, we present the results of

the experiments that compare our method with other existing methods in three different contexts.

The first is designed to evaluate our system in the context of the prediction of rare extreme

values; another is to inspect how effective our regression approach is in comparison to other

known successful cost-sensitive classification methods; and, finally, one last context where we

perform a comparison from the interpretability perspective. Throughout these experiments we

also investigate the impact of some of our learning algorithm parameters.
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6.2 Experimental Methodology

In this section, we describe the different experimental setups used in this empirical study. Our

purpose is to test the hypothesis that ubaRules is the most suitable method for addressing regression

tasks with non-uniform costs/benefits.

6.2.1 Test Domains

The data sets used in our experiments are all real-world applications. Some of them have been

used and described in Chapters 3 and 4, while others are introduced and described here. All

of them consist of non-uniform costs/benefits regression tasks for the prediction of rare extreme

values. Hence, regarding each data set, in the absence of domain knowledge, the relevance function

is defined based on the box plot of the target variable, following the methodology proposed in

Chapter 4, Section 4.2.2 (see page 122). In terms of results presentation, we have aggregated the

test domains into the three following groups:

• Miscellaneous domains (MISC): domains with the regression task of rare and extreme values

prediction. This group includes the following data sets:

– NO2Emissions: a data set with 500 examples and 8 attributes regarding climate

conditions and traffic information (Aldrin and Haff, 2005), factors that influence the

outdoor air pollution. The prediction task is to forecast the emissions of the nocive

NO2 in an urban area. To fulfill such goal, european environment directive guidelines

are used to avoid high extreme NO2 Emissions, as described in Chapter 3.

– ForestFires: a data set formed by 2831 examples and 86 attributes. These attributes

respect land morphology, land characteristics, social-demographic values and weather

variables. The prediction task is to forecast the forest fires with the biggest impact,

i.e. the forest fires whose percentage of burnt area is extremely high as presented in

Chapter 4.

– Boston: data set available in package MASS (Venables and Ripley, 2002) of R

environment (R Development Core Team, 2010). It has 506 examples described by 14

variables regarding social-demographic aspects of Boston residential areas, such as per

capita crime rate by town, pupil-teacher ratio by town, nitrogen oxides concentration,

the proportion of blacks by town, among others. The prediction task is to predict the

housing highest and extreme values in the residential areas of Boston.
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• Stock Market (SM): this second group of problems includes 12 data sets concerning the task of

trying to forecast future stock market returns. The 12 prediction tasks use data concerning

the standard daily quotes for almost 20 years of four companies - International Business

Machines (IBM), Coca-Cola (KO), Boeing (BA) and General Motors (GM). The target

variables include predicting the 1, 3 and 5-days ahead returns of these four companies. The

goal here is to make accurate predictions of the extreme and rare high (positive and negative)

variations of the returns, as these yield to the most profitable trading actions (cf. Chapter 4).

Each data set reports to the period from 1970-01-02 till 2008-07-11, in a total of 9725 daily

sessions. Regarding the predictor variables, we have used an embedding of the previous 24

daily quotes.

• Harmful Algae Blooms (HAB): the final group of problems concerns the appearance of harmful

algae blooms, a well known ecological problem in several european rivers. The 6 prediction

tasks consist in forecasting these algae blooms, i.e. rare and extremely high concentration of

certain species of micro-algae, which can be critical in terms of potential impact to public

health. The data refers to a collection of samples made in river Douro in Porto, Portugal,

during the period from 1998 to 2003. Each observation respects a biweekly period. We have

created 6 different prediction tasks, one per each micro-algae we want to forecast, all with 131

observations and 35 attributes regarding physical-chemical and microbiological parameters

of the water samples.

6.2.2 ubaRules Parameterization

In these experiments, and given that the goal of our test domains is to predict rare extreme values,

we established F-measure with β = 0.5 for an event threshold tE = 1 (cf. Chapter 4, Section 4.2.2

- page 122) to be the preference criterion of ubaRules. We have also used an even penalization

factor for the costs, i.e. p = 0.5. We then have considered the following 8 variants of ubaRules.

We have used both bagging (bagg) and boosting (boost) ensemble techniques to grow 100 and 200

trees. Into the final model, we included all the produced rules (All) and the top 90% best ranked

rules (T0.9), according to utility estimates. For all the variants, and to bound the complexity of

generated rules, we have considered an average maximum tree depth equal to 4.

These settings will not give us a complete overview of ubaRules behaviour regarding the test

domains. Still, it is not our intention to tune ubaRules but to get a notion of where ubaRules

"stands" compared to standard regression methods, as an approach to solve this type of regression

tasks. Through these set of experiments, we aim to discover what aspects of ubaRules are worth

of a deeper investigation.
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6.2.3 The Modelling Tools

In this section we provide a brief overview of the different modelling techniques that are used as

competitors to our system. The objective is to use a set of different approaches to the same set

of regression problems. The selected competitors methods are intended to represent a sample of

regression modelling techniques known by their effectiveness. All tools we have used, with the

exception of the Rulefit system, are available in the R statistical environment (R Development

Core Team, 2010).

• Regression Trees (cart, ubaCart): we use the rpart (Therneau et al., 2008) package

functionalities to obtain the regression trees. The function rpart implements both

classification and regression trees in a way similar to CART system (Breiman et al., 1984).

The following post-pruning rules are used to obtain different regression trees:

– cart: use the function rpartXse from the package DMwR (Torgo, 2010), as an interface

to rpart, and establishing se=1 to obtain 1-SE CART regression trees;

– ubaCart: use the function rpart and establishing no post-pruning and then choosing

the "best-sized" tree using utility as evaluation metric of the CART post-pruning rule,

as explained in Chapter 5, Section 5.3.2, page 164.

• Random Forests (randomF): we use the R package randomForest (Liaw and Wiener, 2002)

that implements Breiman’s random forest algorithm (Breiman, 2001) for regression and

classification. For random forests, we set the number of trees (parameter ntree) of the

ensemble to 500.

• Multivariate adaptive regression splines (mars): we use package earth (Milborrow et al.,

2010) of R, and establish the maximum degree of interaction with degree=2 and the threshold

for forward stepping with thresh=0.01.

• Support Vector Machines (svm): we use the e1071 package (Dimitriadou et al., 2010), and in

particular the svm function and set cost=100 and gamma=0.01. The former is a constraints

violation parameter, while the latter is a radial basis function kernel parameter.

• Rulefit (rulefit): we use Rulefit3tm ⋆1 , which implements an interface with R software environ-

ment (R Development Core Team, 2010). We run rulefit with its default parameterization ⋆2

that assumes a maximum number of rules of 2000, the average tree size equal to 4 and mixed

(rules and linear) model mode type.
⋆1http://www-stat.stanford.edu/~jhf/r-rulefit/rulefit3/R_RuleFit3.html
⋆2A complete description of the Rulefit parameterization can be found on its help manual page in http://

www-stat.stanford.edu/~jhf/r-rulefit/rulefit3/RuleFit_help.html.

http://www-stat.stanford.edu/~jhf/r-rulefit/rulefit3/R_RuleFit3.html
http://www-stat.stanford.edu/~jhf/r-rulefit/rulefit3/RuleFit_help.html
http://www-stat.stanford.edu/~jhf/r-rulefit/rulefit3/RuleFit_help.html
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6.2.4 Evaluation Metrics

The results obtained by the models are evaluated by the same metric that was used as preference

criterion to ubaRules, i.e. F-measure with β = 0.5 (Fmβ=0.5), considering an event threshold tE = 1.

Nevertheless, any other of our proposed utility-based performance metrics, such as AUC− PRIV,

MAP11, BFM, could have been chosen to characterize the performance of the models for this type

of applications.

6.2.5 The Experimental Settings

The prediction tasks used in our experiments can be divided in two different types of tasks:

standard multiple regression tasks, and a second group where each case is associated with a time

stamp, i.e. multiple regression tasks that were created from data that originally was a time series.

In effect, in this second group the cases were generated by some form of aggregation of the original

time series data at equally spaced time intervals.

In the first type of tasks we have the miscellaneous problems (MISC), where there is no time

dependence between the instances. For these problems we have used stratified 10-fold cross-

validation as experimental methodology. The use of the stratification is justified by trying to

reproduce the same distribution of data, and thus the rare extreme values, at each of the 10 folds.

For the second type of tasks, based on multivariate time series data, which include the Stock

Market (SM) and Harmful Algae Blooms (HAB) problems, we have used the same experimental

setting presented in Chapter 4, Section 4.5.1 (see page 143) and Section 4.5.2 (see page 150).

In order to verify the statistical significance of the observed differences among the 14 compared

methods, we have used two statistical tests. We apply the Friedman test to detect if there are

differences in the compared methods across all the data sets that are included in the experiment.

The procedure involves ranking the estimates obtained by each method for each data set considering

all the methods. For each method we can then calculate its average ranking. Using this test we can

check if the methods can be considered equivalent or not at some confidence level. Still, even if the

Friedman test may indicate us that the methods are not equivalent, it tells us nothing about the

ranking of the methods themselves in the current experiment. If we have a significant difference

among the methods, we can apply the post-hoc Bonferroni-Dunn test to compare all methods to

each other. Due to the great number of comparisons involved, the post-hoc Bonferroni-Dunn test

adjusts the p-value to avoid the family-wise error rate (Demšar, 2006). This rate is the probability

that one or more of the significance tests wrongly rejects a true null hypothesis in a series of tests.
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This means that the test would signal two models as being significantly different when, in fact they

are not. The Bonferroni-Dunn adjustment controls the family-wise error rate by dividing α (the

significance level) by the number of comparisons made. With these two statistical tests, we will

inspect the significant differences between all the 14 modelling techniques, with a 95% confidence

level. In the following section, we present some of the results of these tests in tables and Critical

Difference (CD) Diagrams as proposed by Demšar (2006). In Appendix B we provide the complete

set of results.

6.3 Experimental Results

In this section we report the obtained results according to the previously specified experimental

settings. Our main goals are to be able to answer the following three questions regarding the

behavior of ubaRules: (i) does it provides any utility improvement when compared to other standard

regression systems in the context of our target applications? (ii) how does it compare, in terms of

utility, to the alternative of addressing our tasks through a cost-sensitive classification approach?

(iii) finally, when compared with another rule system, how large is the number of rules selected by

our ensemble?

6.3.1 Utility Evaluation

In this section, we present an overall analysis of the utility performance estimates obtained by

all the selected modelling techniques over the data sets that share the same experimental setting.

For better visualization purposes, we do not always include all the 8 ubaRules variants in the

Critical Difference (CD) diagrams. Still, the results are obtained through a statistical analysis

that includes all the 8 variants of ubaRules plus the 6 other alternative modelling tools mentioned

above, as competitors of ubaRules. The complete set of results is available on Appendix B.

In the context of miscellaneous data domains (MISC), the Friedman test and post-hoc Bonferroni-

Dunn test did not report any statistical difference between all the 14 compared methods. This is

illustrated by the Critical Difference (CD) diagram in Figure 6.1.

Each method is represented by a symbol, and plotted on X-axis at its respective Fmβ=0.5-based

average ranking position. The higher the Fmβ=0.5 estimate, the better is the ranked position. The

Y-axis has no meaning. These diagrams also present the information on the statistical significance

regarding every pairwise comparison between methods, which means that for each method we find

several lines, one for each pairwise comparison with the remaining methods. The lines linking any
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Figure 6.1: Critical Difference (CD) diagram obtained with Fmβ=0.5 estimates of all competitors
within miscellaneous domains data (MISC).

two symbols indicate the statistical significance of the respective pairwise comparison. A dashed

line connecting two symbols has the meaning that according to the post-hoc Bonferroni-Dunn test,

the methods are significantly different with a 95% confidence level. Bold lines indicate that the

difference in average ranking is not statistically significant at the same confidence level. An ideal

performance would be a method whose symbols are at the right most position of the graph (lowest

average ranking), and are connected only by dashed lines to every other method (all pairwise

comparisons are statistically significant).

As we have mentioned, regarding the miscellaneous domains setup, no significant differences were

registered among the average ranking position of the tested models. Still, it is possible to observe

from the CD diagram on Figure 6.1 that ubaCart, the modelling technique that selects the best

utility post-pruned regression tree, occupies the leading position. The models ubaRbagg100T0.9

and ubaRbagg200All are the best and the worst ranked variants of our system on this setup. In these

conditions, according to the utility estimates provided by Fmβ=0.5, one can say that increasing

the number of iterations of ubaCart trees is not having the expected gain in the performance of

ubaRules. In effect, ubaRules does not achieve significant improvements when compared to standard

regression systems. We believe this is due to the fact of the rules of ubaRules being produced by a

CART (Breiman et al., 1984) tree, which minimizes the mean squared error. However, these results

are only indicative as they have no statistical significance The overall set of Fmβ=0.5 estimates and
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average ranking performance obtained by each model for this experimental setup is available on

Appendix B, Table B.1.

Regarding the Stock Market domain, the Friedman test and post-hoc Bonferroni-Dunn test

reported some statistical significant differences between the tested modelling techniques. In

Table 6.1 we present the pairwise comparisons of the models for which the average ranking position

is different with a confidence level of 95%, i.e. with p-value < 0.05.

Table 6.1: Significant differences in pairwise comparisons of Fmβ=0.5 estimates of modelling
techniques in Stock Market Data. The bullet (•) signs, with a 95% confidence level, the best
ranked modelling technique.

Pairwise Comparison over SM data
Fmβ=0.5

p-values

cart svm • 0.0278

svm • rulefit 0.0278

From Table 6.1, we see that svm achieves a ranking position with respect to Fmβ=0.5 performance,

that is significantly better than the ranking positions obtained by cart and rulefit. In effect, based on

Fmβ=0.5 performance estimates, no other statistical significant differences were identified among the

ranking positions of all the remaining competitors as illustrated by the CD diagram (cf. Figure 6.2).

Moreover, we see that svm has the leading ranking position followed by ubaCart, which again obtains

a good overall average ranking positioning even though not a statistical significant one. These two

models (svm and ubaCart) appear isolated in front of all the remaining models. The cart and

rulefit share the same last ranking position for this task. The remaining modelling techniques have

equivalent ranking performances. To illustrate the positioning ubaRules in the context of all the

competitors, we have selected the variants ubaRbagg200All and ubaRboost200T0.9, the variants

that achieve the lowest and highest average ranking, respectively.

For the Harmful Algae Blooms domain, the conducted statistical analysis reported no significant

differences. In Figure 6.3, we present the critical difference (CD) diagram drawn from the obtained

results over Harmful Algae Blooms data. For this set of experiments, the svm appears at the leading

ranking position followed ubaRboost200All, the best ranked ubaRules variant in this setup. At the

worst ranking postions, we find modelling techniques like cart and also ubaCart. Even though

these results are not significant, they are consistent, to what we have obtained in the first set

of experiments over this same set of data (cf. Chapter 4, Section 4.5.2 on page 150). On those

set of results svm appeared among the good candidates for modelling and standard regression

trees among the worst. Even so, our worst ranked variant, ubaRbagg200T0.9, is closer to more

competitive models such as randomF or mars.
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Figure 6.2: Critical Difference (CD) diagram obtained with Fmβ=0.5 estimates of all competitors
within Stock Market data (SM).

Figure 6.3: Critical Difference (CD) diagram obtained with Fmβ=0.5 estimates of all competitors
within Harmful Algae Blooms data (HAB).
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6.3.1.1 Discussion

We have performed an utility evaluation of our proposed system, in comparison to other standard

regression methods. The results of the overall tried variants of ubaRules regarding the Fmβ=0.5

performance estimates (cf. Appendix B, from Table B.1 to Table B.3) were not as good as we would

expect. Standard regression methods, which optimize standard error metrics, achieve Fmβ=0.5

estimates comparable to ubaRules. Nevertheless, even though ubaRules uses utility as preference

criterion in the selection of best-sized tree and on the pruning of rules, the rules are themselves

grown by standard CART (Breiman et al., 1984) trees. Thus, they are biased by the standard

error. The experiments show that ubaRules performance is still instable and that there are still

open questions. Namely, for most of the domains, boosting did not get better results than bagging,

the number of trees seems to vary from domain to domain. Regarding the selection of rules, more

tuning is needed.

6.3.2 Regression vs. Classification

Along this thesis, we have claimed that the existing cost-sensitive classification approaches are not

suitable to address our target applications. In this section, we provide an experimental evidence

of the comparison between our proposed regression system and other cost-sensitive classification

modelling techniques. Our goal is to check whether the use of a probabilistic classifier with an

appropriate cost-benefit matrix would not achieve the same effect as our utility-based framework.

In this context, we define the bumps of relevance of the target continuous variable to be the

bins that constitute the classes for the classification task. Given that the prediction task in this

experimental study is the prediction of rare and extreme values, we will have a two-class problem

if there is only high or low extremes; or a three-class problem, if both type of extremes exist.

Each bin is assigned the median target value of the partition it represents. Hence, to the instance

i is assigned the class ci by the following discretization:

ci =


ỸL, if yi ∈ YL := {y ∈ Y | y ≤ Q1 − 1.5 IQR};

ỸH , if yi ∈ YH := {y ∈ Y | y ≥ Q3 + 1.5 IQR};

ỸI , otherwise.

(6.1)

where Ỹ represents the median of the values in Y , YL defines the set of extreme low values, YH

defines the set of extreme high values, having that IQR is the interquartile range, Q1 and Q3 are

the first and the third quartiles of the target variable Y .
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These are cost-sensitive applications and thus we have defined the following cost/benefit classific-

ation matrix,

bij =

max{|i− 1|2, |i− n|2} if i = j;

−|i− j|2, otherwise.
(6.2)

where n is the number of classes.

As probability classifiers, we used the classification ability provided by the functions mentioned in

Section 6.2.3, which implement Support Vector Machines and Random Forests. We set them with

the same parameterization referred before, and give additional information about the class priors

following the discretization process mentioned above. The predictions are made, with the goal of

maximizing the cost-benefit matrix.

Figures 6.4, 6.6 and 6.5 present the critical difference (CD) diagrams obtained in each domain,

MISC, HAB and SM, with the comparison between these cost-sensitive classification approaches and

the variants of ubaRules. Detailed results on this statistical analysis are available on Appendix B,

from Table B.4 to Table B.6.

As it is possible to observe in all the 3 experimental setups, and according to Fmβ=0.5 estimates,

all the tested variants of our system ubaRules did not exhibit an average performance significantly

better than the two classification techniques. Still, it is possible to identify some variants of

ubaRules in the two leading positions. Namely, ubaRbagg100All and ubaRbagg100T0.9 in the

miscellaneous domain data; ubaRboost100All and ubaRboost200T0.9 in the Stock Market data;

and all the tested ubaRules variants in the Harmful Algae Blooms data. Even though this is not

observed in a significant way, it is important to notice that svm.class are randomF.class are two

powerful and overly tested modelling techniques. Hence, a cost-sensitive classification made by

such techniques can represent serious competition for our system.

Moreover, according to the above defined discretization process the target class matches exactly the

target event cases, i.e. the cases that according to the utility metric Fmβ=0.5 with event threshold

tE = 1 have maximum utility. This puts the two classification approaches and our system in similar

circumstances regarding the target variable.

Still, we claim that the main advantage of ubaRules is the smoothness of the relevance functions

it uses, when compared to the roughness of the artificially formed bins for the classification

approaches.
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Figure 6.4: Critical Difference (CD) diagram obtained with Fmβ=0.5 estimates of classification
competitors within miscellaneous domain data (MISC).

Figure 6.5: Critical Difference (CD) diagram obtained with Fmβ=0.5 estimates of classification
competitors within Stock Market data (SM).
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Figure 6.6: Critical Difference (CD) diagram obtained with Fmβ=0.5 estimates of classification
competitors within Harmful Algae Blooms data (HAB).

6.3.3 Interpretability Issues

The main advantage of rules is their high interpretability. However, if the number of rules becomes

too large, the interpretability of the rules ensemble as a theory may be questionable. Some

authors (Dembczynski et al., 2010; Friedman and Popescu, 2008) argue that by assigning each

rule a degree of interestingness or importance, the ensemble as whole can still be used in a highly

interpretable manner. Regarding our ubaRules system, the same problem of interpretability of

the ensemble arises. Thus, we have carried a set of pairwise comparisons between the variants of

our system and rulefit (Friedman and Popescu, 2008) with respect to the number of rules in the

ensemble. Still, we must point to the fact that ubaRules is not as powerful as rulefit on the rule

selection phase. ubaRules does not use any interpretability analysis for this purpose. It only selects

the top ranking rules according to some utility metric performance estimate.

We have performed a statistical analysis regarding the estimated number of rules generated by

rulefit and all the 8 experimented variants of ubaRules. In these setting, the fewer is the average

number of rules, the better it is. The statistical significance is asserted by Friedman test and then

by post-hoc Bonferroni-Dunn test with a confidence level of 95%. All the results obtained from

this analysis are available on Appendix B, from Table B.7 to Table B.9.
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The critical difference (CD) diagram resulting from the analysis of the number of rules for

miscellaneous domains data is shown in Figure 6.7. There is no statistical significance reported

among the tested variants of ubaRules and rulefit. This means they all generate rule ensembles of

equivalent size, with rulefit generating the bigger rule sets. Moreover, we can notice that the size

of the rule ensembles generated by ubaRules with bagging and boosting is, on average, the same.

Figure 6.7: Critical Difference (CD) diagram obtained with rule set size estimates of rulefit and
ubaRules variants within miscellaneous domain data (MISC).

The same type of analysis was carried over Stocks Market data. Still regarding this setup, statistical

differences were reported. Table 6.2 presents the significant differences obtained for Stock Market

data domain. The critical difference (CD) diagram resulting from this analysis is shown in

Figure 6.8. In this setup, rulefit jointly with ubaRbagg100T0.9 and ubaRboost100T0.9 generate

significant smaller rule sets. However, it is important to notice that the significance associated to

rulefit is the result of void rules set for most of the data sets (cf. Table B.9 on Appendix B). This

means that rulefit was unable to find a rule within the given setting. That also justifies its equivalent

performance to cart shown on Figure 6.2. However, this is not the case of ubaRules variants, which

were always able to generate rules. In particular, when running 200 iterations ubaRules generated

significantly bigger rules ensembles when compared to ubaRbagg100T0.9 and ubaRboost100T0.9.

Nevertheless, these two later variants are not among the best performing modelling techniques (cf.

Figure 6.2), which leads us to conclude that the number of rules is not enough.
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Table 6.2: Significant differences in pairwise comparisons of estimates of rule set sizes in Stock
Market data. The bullet (•) signs, with a 95% confidence level, the best ranked modelling technique.

Pairwise Comparison over SM data
Nr. Rules
p-values

rulefit • ubaRbagg200All 0.0000

ubaRbagg100All • ubaRbagg200All 0.0094

ubaRbagg100T0.9 • ubaRbagg200All 0.0000

ubaRboost100All • ubaRbagg200All 0.0094

ubaRboost100T0.9 • ubaRbagg200All 0.0000

rulefit • ubaRbagg200T0.9 0.0028

ubaRbagg100T0.9 • ubaRbagg200T0.9 0.0094

ubaRboost100T0.9 • ubaRbagg200T0.9 0.0094

rulefit • ubaRboost200All 0.0000

ubaRbagg100All • ubaRboost200All 0.0094

ubaRbagg100T0.9 • ubaRboost200All 0.0000

ubaRboost100All • ubaRboost200All 0.0094

ubaRboost100T0.9 • ubaRboost200All 0.0000

rulefit • ubaRboost200T0.9 0.0028

ubaRbagg100T0.9 • ubaRboost200T0.9 0.0094

ubaRboost100T0.9 • ubaRboost200T0.9 0.0094

Figure 6.8: Critical Difference (CD) diagram obtained with rule set size estimates of rulefit and
ubaRules variants within Stock Market data (SM).
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In what concerns Harmful Algae Blooms data, the post-hoc test indicate us that ubaRbagg100All

and ubaRbagg100T0.9 form significantly smaller rules sets when compared to rulefit, and

ubaRbagg100T0.9 and ubaRboost100T0.9 also form significantly smaller rules sets when compared

to ubaRbagg200All and ubaRboost200All (cf. Table 6.3). Nevertheless, and similarly to what we

have observed in the Stock Market setup, none of these smaller rule ensembles are among the best

performing models (cf. Figure 6.3). This give us indication more rules are necessary.

Table 6.3: Significant differences in pairwise comparisons of estimates of rules sets sizes in Harmful
Algae Blooms. The bullet (•) signs, with a 95% confidence level, the best ranked modelling
technique.

Pairwise Comparison over HAB data
Nr. Rules
p-values

rulefit ubaRbagg100All • 0.0182

rulefit ubaRbagg100T0.9 • 0.0001

rulefit ubaRboost100All • 0.0182

rulefit ubaRboost100T0.9 • 0.0001

ubaRbagg100T0.9 • ubaRbagg200All 0.0053

ubaRboost100T0.9 • ubaRbagg200All 0.0053

ubaRbagg100T0.9 • ubaRboost200All 0.0053

ubaRboost100T0.9 • ubaRboost200All 0.0053

The CD diagram shown in Figure 6.9 illustrates the overall average ranking obtained by all tested

ubaRules variants and rulefit. Once again, bagging and boosting of ubaRules generate the equivalent

rule set sizes.

All these results confirm that ubaRules performance estimates would benefit from increasing the

number of rules by both generating more trees and performing to a more careful rule pruning.

Another aspect to further invest consists on the reason why boosting and bagging approaches do

not differ. They are most of the times equivalent in the number of generated rules and estimated

performance.

6.4 Conclusions and Further Work

In this chapter we have presented an empirical experimental study of our new proposed system

ubaRules. The experiments have focused on real world applications where the goal is to predict rare

and extreme values. Namely, we have used data concerning outdoor air pollution, forest fires, stock

market, harmful algae blooms, among others. Some variants of our system and other competitive

standard regression methods (e.g. cart, support vector machines, random forests, mars) were used

in this experimental study.
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Figure 6.9: Critical Difference (CD) diagram obtained with rule set size estimates of rulefit and
ubaRules variants within Harmful Algae Blooms data (HAB).

The overall set of results concerning ubaRules were not statistically significant. Still, according to

Fmβ=0.5 estimates, ubaRules obtained results that are comparable to some of the most competitive

techniques (e.g. support vector machines, mars). Moreover, these results concern specially hard

prediction tasks, where other standard regression trees modelling techniques (e.g. cart) have

difficulties. Still, a further investigation on ubaRules seem to be necessary to improve the results.

ubaRules is a modelling tool that addresses regression tasks allowing the specification of

benefit/costs associated to different ranges of the target continuous variable. This information

is incorporated as preference criterion of ubaRules that produces regression rules to fulfill the

benefits/costs specifications. In this context, our proposed system is only a first approach to

regression problems with non-uniform benefits/costs across the target variable domain.
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Conclusion

"Now this is not the end. It is not even the beginning of the end.

But it is, perhaps, the end of the beginning."

Winston Churchill (1874 - 1965)

Addressing cost-sensitive applications involves two major issues: i) defining proper evaluation

metrics to correctly assert the merits of alternative models given the application preference biases;

and ii) defining learning strategies to better bias the models towards these goals. These two

issues have been throughly addressed within classification problems. However, they have been

essentially ignored in research on regression. Throughout this PhD work we have proposed an

utility-based methodology that can cope with costs and benefits in regression problems. Based on

this methodology we have derived a series of evaluation metrics that correctly assert the merits of

prediction models in the context of these applications. Moreover, we have proposed a regression

rule ensemble learning system that incorporates our utility-based metrics as preference criterion.

Finally, we have carried out an extensive experimental evaluation of this system on different real

world applications.

7.1 Summary

Real world applications have been widely addressed in classification throughout cost-sensitive

techniques. In such type of applications, domains are characterized by having different utility

(benefits or costs) according to the predicted and true class. We have argued that the same type

of problems appear in regression problems, where a different benefit or cost should be awarded

depending on the true and predicted values.

In this thesis we have addressed regression problems with non-uniform utility. The main goals

of our study were: i) increasing the awareness of the research community for these important
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tasks and in general to cost-sensitive regression; ii) exposing the risks of using standard regression

evaluation metrics on cost sensitive applications; iii) proposing a new utility-based evaluation

methodology that can cope with non-uniform regression tasks; iv) extending the utility-based

evaluation methodology to metrics specially suited to handle rarity, namely for the prediction of

rare extreme values of a continuous variable; v) developing an utility-based rule ensemble regression

system that could cope with such evaluation requirements vi) providing empirical evidence on the

advantages of the proposed system.

7.1.1 Contributions

This thesis has produced the following main contributions:

• An evaluation methodology based on an utility function that can be used to in

regression tasks with non-uniform costs/benefits.

We have shown that there is a set of regression problems with non-uniform costs/benefits,

that are not properly addressed by standard regression models. These models try to

optimize standard evaluation metrics used in regression tasks. We have demonstrated

the inadequacy of these measures for these regression problems and have proposed a new

evaluation framework based on the notion of utility. Contrary to standard regression metrics,

we do not assume that the relevance of the continuous target variable is constant. Instead, we

proposed to express it by a continuous function representing the domain knowledge on what

is important for the end-user. Our methodology assigns an utility score to any prediction

based on the relevance of both the true and predicted values and on the loss of the prediction.

• Prediction of rare and extreme values through utility.

Decisions on trading actions based on oscillations of prices, or acting upon some ecological

catastrophe, are two examples of critical decisions, which are typically related to the

prediction of rare and extreme values of a continuous variable whose range of values define

some target events. In these situations it is particularly important to get accurate predictions

at the rare extremes values of the target variable, so that proper actions can be carried out.

On these event-based applications evaluation measures like precision, recall and ranking

measures are preferable. We have derived the equivalent of these measures for regression

problems by incorporating the notion of utility of the predictions into both decision-making

and ranking analysis measures.

• ubaRules.

Based on the proposed utility-based metrics, we developed a new rule ensemble learning

method, that tries to optimize our proposed utility-based criterion. ubaRules is a regression
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rule ensemble learner biased by an utility metric as search heuristic. Its main goal is to

obtain models that are both accurate from the utility perspective and also interpretable for

the end-user.

7.2 Future Research Directions

Utility-based data mining is a relatively new field within data mining research. The main topic

of this thesis, utility-based regression, is even more recent and thus there is a large space for

improvements. As with any new approach to a problem, several aspects are still subject of further

studies and possible improvements and/or changes.

In particular, the use of the proposed evaluation methodology as a mean to bias the search carried

out by the modelling techniques should be further investigated. The robustness of the proposed

utility-based evaluation should be confirmed by running further tests on the new methodology,

namely regarding the specification of the relevance function. It would be interesting to see how

our utility-based evaluation principle would affect the performance of classification or clustering

techniques. We believe that the extension of our utility-based regression analysis to classification

would have a great impact in data mining community. In effect, as cost-sensitive applications are

standardly defined in classification, this would represent a confirmation of the effectiveness of our

approach in comparison to the most well known approaches.

The proposed system ubaRules takes a "loose" approach to bias the models towards utility since it

only carries out the incorporation of the utility metric at later stages of the learning process. This

was mainly done for efficiency reasons. It is however clear that a tighter integration should lead to

better rules, whose tests are chosen from the perspective of utility and not mean square error as it

is the case of the rules used by ubaRules. Further work should clearly investigate these possibilities

by addressing the computational efficiency questions raised by the use of the utility-based metrics.

Within the context of the current approach taken by ubaRules, there is clearly space for the rule

fitting step and for a deeper investigation on its overall performance that is far from optimal as

shown in Chapter 6. Moreover, the implementation of this system could also be improved in terms

of efficiency, allowing its use on very large data sets.
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Results of the Experiments in

Stock Market Forecast

In this appendix, we present, by means of graphics, the complete set of results obtained from the

experiments conducted for the Stock Market forecast problem presented in Chapter 4, Section 4.5.1

(see page 143). The following set of figures show the ranking of the 34 model variants that were

considered for each of the 12 prediction tasks that describe this problem, according to the standard

error MAD and to Fm with β = 0.5 based on our proposed definition of utility.
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Figure A.1: The results for 1-days returns of International Business Machines (IBM).
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Figure A.2: The results for 3-days returns of International Business Machines (IBM).
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Figure A.3: The results for 5-days returns of International Business Machines (IBM).
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Figure A.4: The results for 1-days returns of Coca-Cola (KO).
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Figure A.5: The results for 3-days returns of Coca-Cola (KO).
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Figure A.6: The results for 5-days returns of Coca-Cola (KO).
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Figure A.7: The results for 1-days returns of Boeing (BA).
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Figure A.8: The results for 3-days returns of Boeing (BA).
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Figure A.9: The results for 5-days returns of Boeing (BA).



206

● ● ● ● ●

●

●

●

●

●

0.
01

6
0.

02
0

0.
02

4
0.

02
8

Top 5 − MAD plus Top 5 − Fm(beta=0.5)

● MAD
Fm(beta=0.5)

M
A

D

Model IDs
27 29 25 31 21 1 2 4 3 8

F
m

(b
et

a=
0.

5)
0.

0
0.

1
0.

2
0.

3
0.

4

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●

●

●
●

●
●

●

●

●

●

●

●

●
●

●

●

●
●

0 5 10 15 20 25 30 35

0
5

10
15

20
25

30
35

Paired Ranking of MAD and Fm(beta=0.5)

MAD ranking

F
m

(b
et

a=
0.

5)
 r

an
ki

ng

Figure A.10: The results for 1-days returns of General Motors (GM).
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Figure A.11: The results for 3-days returns of General Motors (GM).
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Figure A.12: The results for 5-days returns of General Motors (GM).
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Results of the Experiments with ubaRules

In this appendix, we present the complete set of results obtained from the experiments conducted

for the empirical analysis of ubaRules presented in Chapter 6. In Section B.1 we show the utility

performance estimates obtained by the systems tested in our experiment. In Section B.2 we present

the performance estimates obtained by ubaRules in comparison to cost-sensitive classification

techniques also included in the experiments. Finally, in Section B.3 we list the rule set sizes

of the models generated by ubaRules and rulefit, the two rule-based modelling tools included in the

experiments.

B.1 Utility Estimates

Table B.1: Fmβ=0.5 performance estimates and average ranks (in parenthesis) within miscellaneous
domains data (MISC). The first column reports the average rank obtained by each model across all
the datasets.

Fmβ=0.5 Performance Estimates (%) and Ranks obtained per Data set

Model A
v
g.

R
an

k

N
O
2
E
m
i
s
s
i
o
n
s

F
o
r
e
s
t
F
i
r
e
s

B
o
s
t
o
n

cart 7.0 17.7 (13.0) 36.5 (5.0) 58.3 (3.0)

randomF 10.3 19.8 (11.0) 35.9 (6.0) 46.9 (14.0)

svm 7.7 10.5 (14.0) 41.3 (4.0) 52.5 (5.0)

mars 4.3 20.1 (10.0) 46.6 (2.0) 59.4 (1.0)

rulefit 5.0 19.2 (12.0) 46.8 (1.0) 58.7 (2.0)

ubaCart 2.7 23.2 (1.0) 42.5 (3.0) 56.4 (4.0)

ubaRbagg100All 6.8 22.2 (2.5) 34.6 (9.0) 52.4 (9.0)

ubaRbagg100T0.9 6.0 22.2 (4.0) 35.2 (7.0) 52.4 (7.0)

ubaRboost100All 8.0 21.9 (6.0) 34.6 (10.0) 52.4 (8.0)

ubaRboost100T0.9 7.0 21.9 (7.0) 35.2 (8.0) 52.4 (6.0)

ubaRbagg200All 11.7 21.3 (8.0) 34.3 (14.0) 52.4 (13.0)

ubaRbagg200T0.9 8.5 22.2 (2.5) 34.4 (12.0) 52.4 (11.0)

ubaRboost200All 11.3 21.2 (9.0) 34.3 (13.0) 52.4 (12.0)

ubaRboost200All 8.7 22.0 (5.0) 34.6 (11.0) 52.4 (10.0)
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Table B.2: Fmβ=0.5 performance estimates and average ranks (in parenthesis) within Harmful
Algae Blooms data (HAB) . The first column reports the average rank obtained by each model
across all the datasets.

Fmβ=0.5 Performance Estimates (%) and Ranks obtained per Data set

Model A
vg

.
R

an
k

C
y
a
n
o
b
a
c
t
e
r
i
a

C
h
l
o
r
o
p
h
y
t
a

C
r
y
p
t
o
p
h
y
t
a

C
h
r
y
s
o
p
h
y
t
a

D
i
a
t
o
m

D
i
n
o
p
h
y
t
a

cart 10.7 0.0 (8.5) 14.4 (5.0) 0.0 (13.5) 4.8 (9.0) 3.3 (14.0) 0.0 (14.0)

randomF 7.2 0.0 (8.5) 38.9 (1.0) 14.8 (10.0) 0.0 (12.0) 27.9 (2.0) 16.7 (10.0)

svm 5.2 5.3 (1.0) 24.9 (3.0) 0.0 (13.5) 0.0 (12.0) 31.5 (1.0) 29.9 (1.0)

mars 8.5 2.9 (2.0) 12.0 (14.0) 33.4 (1.0) 0.0 (12.0) 17.7 (11.0) 7.3 (11.0)

rulefit 9.8 0.0 (8.5) 30.0 (2.0) 10.4 (11.0) 0.0 (12.0) 8.5 (13.0) 7.0 (12.0)

ubaCart 11.8 0.0 (8.5) 12.9 (13.0) 5.9 (12.0) 0.0 (12.0) 13.2 (12.0) 2.6 (13.0)

ubaRbagg100All 7.0 0.0 (8.5) 13.0 (12.0) 21.1 (7.5) 21.0 (1.5) 18.8 (8.0) 24.7 (4.5)

ubaRbagg100T0.9 6.0 0.0 (8.5) 14.5 (4.0) 21.1 (7.5) 21.0 (1.5) 19.3 (6.0) 24.6 (8.5)

ubaRboost100All 6.6 0.0 (8.5) 13.1 (11.0) 21.2 (2.5) 20.9 (7.5) 18.8 (7.0) 24.7 (3.0)

ubaRboost100T0.9 6.1 0.0 (8.5) 14.2 (6.0) 21.2 (2.5) 20.9 (7.5) 19.3 (5.0) 24.6 (7.0)

ubaRbagg200All 6.8 0.0 (8.5) 13.5 (8.0) 21.1 (7.5) 21.0 (3.5) 18.1 (9.0) 24.7 (4.5)

ubaRbagg200T0.9 7.5 0.0 (8.5) 13.5 (7.0) 21.1 (7.5) 21.0 (3.5) 18.0 (10.0) 24.6 (8.5)

ubaRboost200All 5.8 0.0 (8.5) 13.1 (10.0) 21.1 (4.5) 20.9 (5.5) 21.9 (4.0) 24.7 (2.0)

ubaRboost200T0.9 6.1 0.0 (8.5) 13.2 (9.0) 21.1 (4.5) 20.9 (5.5) 22.3 (3.0) 24.6 (6.0)
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B.2 Regression vs Classification

Table B.4: Fmβ=0.5 performance estimates and respective average ranks (in parenthesis) within
miscellaneous data domains (MISC) obtained by ubaRules and some classification techniques. The
first column reports the average rank obtained by each model across all the datasets.

Fmβ=0.5 Performance Estimates (%) and Ranks obtained per Data set

Model A
v
g.

R
an

k

N
O
2
E
m
i
s
s
i
o
n
s

F
o
r
e
s
t
F
i
r
e
s

B
o
s
t
o
n

randomF.class 4.2 3.6 (9.5) 48.8 (2.0) 70.6 (1.0)

svm.class 4.2 3.6 (9.5) 64.9 (1.0) 64.7 (2.0)

ubaRbagg100All 4.2 22.2 (1.5) 34.6 (5.0) 52.4 (6.0)

ubaRbagg100T0.9 3.3 22.2 (3.0) 35.2 (3.0) 52.4 (4.0)

ubaRboost100All 5.3 21.9 (5.0) 34.6 (6.0) 52.4 (5.0)

ubaRboost100T0.9 4.3 21.9 (6.0) 35.2 (4.0) 52.4 (3.0)

ubaRbagg200All 9.0 21.3 (7.0) 34.3 (10.0) 52.4 (10.0)

ubaRbagg200T0.9 5.8 22.2 (1.5) 34.4 (8.0) 52.4 (8.0)

ubaRboost200All 8.7 21.2 (8.0) 34.3 (9.0) 52.4 (9.0)

ubaRboost200T0.9 6.0 22.0 (4.0) 34.6 (7.0) 52.4 (7.0)

Table B.5: Fmβ=0.5 performance estimates and respective average ranks (in parenthesis) within
Harmful Algae Blooms data (HAB) obtained by ubaRules and some classification techniques. The
first column reports the average rank obtained by each model across all the datasets.

Fmβ=0.5 Performance Estimates (%) and Ranks obtained per Data set

Model A
vg

.
R

an
k

C
y
a
n
o
b
a
c
t
e
r
i
a

C
h
l
o
r
o
p
h
y
t
a

C
r
y
p
t
o
p
h
y
t
a

C
h
r
y
s
o
p
h
y
t
a

D
i
a
t
o
m

D
i
n
o
p
h
y
t
a

randomF.class 7.6 0.0 (5.5) 4.6 (10.0) 0.0 (9.5) 0.0 (9.5) 26.7 (1.0) 0.0 (10.0)

svm.class 7.1 0.0 (5.5) 22.6 (1.0) 0.0 (9.5) 0.0 (9.5) 18.6 (8.0) 6.3 (9.0)

ubaRbagg100All 5.5 0.0 (5.5) 13.0 (9.0) 21.1 (6.5) 21.0 (1.5) 18.8 (7.0) 24.7 (3.5)

ubaRbagg100T0.9 4.7 0.0 (5.5) 14.5 (2.0) 21.1 (6.5) 21.0 (1.5) 19.3 (5.0) 24.6 (7.5)

ubaRboost100All 5.1 0.0 (5.5) 13.1 (8.0) 21.2 (1.5) 20.9 (7.5) 18.8 (6.0) 24.7 (2.0)

ubaRboost100T0.9 4.6 0.0 (5.5) 14.2 (3.0) 21.2 (1.5) 20.9 (7.5) 19.3 (4.0) 24.6 (6.0)

ubaRbagg200All 5.5 0.0 (5.5) 13.5 (5.0) 21.1 (6.5) 21.0 (3.5) 18.1 (9.0) 24.7 (3.5)

ubaRbagg200T0.9 6.2 0.0 (5.5) 13.5 (4.0) 21.1 (6.5) 21.0 (3.5) 18.0 (10.0) 24.6 (7.5)

ubaRboost200All 4.2 0.0 (5.5) 13.1 (7.0) 21.1 (3.5) 20.9 (5.5) 21.9 (3.0) 24.7 (1.0)

ubaRboost200T0.9 4.6 0.0 (5.5) 13.2 (6.0) 21.1 (3.5) 20.9 (5.5) 22.3 (2.0) 24.6 (5.0)
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B.3 Rule Set Sizes

Table B.7: Rule set size and respective average ranks (in parenthesis) within miscellaneous domains
data (MISC). The first column reports the average rank obtained by each model across all the
datasets.

Rule set size Estimates and Ranks obtained per Data set

Model A
v
g.

R
an

k

N
O
2
E
m
i
s
s
i
o
n
s

F
o
r
e
s
t
F
i
r
e
s

B
o
s
t
o
n

rulefit 8.3 179.1 (7.0) 579.5 (9.0) 300.6 (9.0)

ubaRbagg100All 3.5 164.3 (3.5) 269.8 (3.5) 59.7 (3.5)

ubaRbagg100T0.9 1.5 147.9 (1.5) 242.8 (1.5) 53.8 (1.5)

ubaRboost100All 3.5 164.3 (3.5) 269.8 (3.5) 59.7 (3.5)

ubaRboost100T0.9 1.5 147.9 (1.5) 242.8 (1.5) 53.8 (1.5)

ubaRbagg200All 7.8 187.4 (8.5) 410.3 (7.5) 72.0 (7.5)

ubaRbagg200T0.9 5.5 168.7 (5.5) 369.3 (5.5) 64.7 (5.5)

ubaRboost200All 7.8 187.4 (8.5) 410.3 (7.5) 72.0 (7.5)

ubaRboost200T0.9 5.5 168.7 (5.5) 369.3 (5.5) 64.7 (5.5)

Table B.8: Rule set size and respective average ranks (in parenthesis) within Harmful Algae Blooms
data (HAB). The first column reports the average rank obtained by each model across all the
datasets.

Rule set size Estimates and Ranks obtained per Data set

Model A
vg

.
R

an
k

C
y
a
n
o
b
a
c
t
e
r
i
a

C
h
l
o
r
o
p
h
y
t
a

C
r
y
p
t
o
p
h
y
t
a

C
h
r
y
s
o
p
h
y
t
a

D
i
a
t
o
m

D
i
n
o
p
h
y
t
a

rulefit 9.0 312.6 (9.0) 274.2 (9.0) 260.1 (9.0) 201.3 (9.0) 298.5 (9.0) 237.2 (9.0)

ubaRbagg100All 3.5 159.2 (3.5) 94.5 (3.5) 176.4 (3.5) 173.7 (3.5) 163.0 (3.5) 140.3 (3.5)

ubaRbagg100T0.9 1.5 143.8 (1.5) 85.5 (1.5) 159.1 (1.5) 155.5 (1.5) 146.5 (1.5) 126.4 (1.5)

ubaRboost100All 3.5 159.2 (3.5) 94.5 (3.5) 176.4 (3.5) 173.7 (3.5) 163.0 (3.5) 140.3 (3.5)

ubaRboost100T0.9 1.5 143.8 (1.5) 85.5 (1.5) 159.1 (1.5) 155.5 (1.5) 146.5 (1.5) 126.4 (1.5)

ubaRbagg200All 7.5 185.3 (7.5) 126.9 (7.5) 205.3 (7.5) 200.8 (7.5) 184.1 (7.5) 164.6 (7.5)

ubaRbagg200T0.9 5.5 166.3 (5.5) 114.6 (5.5) 185.2 (5.5) 179.7 (5.5) 165.3 (5.5) 148.3 (5.5)

ubaRboost200All 7.5 185.3 (7.5) 126.9 (7.5) 205.3 (7.5) 200.8 (7.5) 184.1 (7.5) 164.6 (7.5)

ubaRboost200T0.9 5.5 166.3 (5.5) 114.6 (5.5) 185.2 (5.5) 179.7 (5.5) 165.3 (5.5) 148.3 (5.5)
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