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ABSTRACT

Empirical methods are means to answering methodological questions of empirical sciences by
statistical techniques. The methodological questions addressed in this book include the prob-
lems of validity, reliability, and significance. In the case of machine learning, these correspond
to the questions of whether a model predicts what it purports to predict, whether a model’s
performance is consistent across replications, and whether a performance difference between
two models is due to chance, respectively. The goal of this book is to answer these questions by
concrete statistical tests that can be applied to assess validity, reliability, and significance of data
annotation and machine learning prediction in the fields of NLP and data science.

Our focus is on model-based empirical methods where data annotations and model
predictions are treated as training data for interpretable probabilistic models from the well-
understood families of generalized additive models (GAMs) and linear mixed effects models
(LMEMs). Based on the interpretable parameters of the trained GAMs or LMEMs, the book
presents model-based statistical tests such as a validity test that allows detecting circular features
that circumvent learning. Furthermore, the book discusses a reliability coefficient using variance
decomposition based on random effect parameters of LMEMs. Last, a significance test based
on the likelihood ratio of nested LMEMs trained on the performance scores of two machine
learning models is shown to naturally allow the inclusion of variations in meta-parameter set-
tings into hypothesis testing, and further facilitates a refined system comparison conditional on
properties of input data.

'This book can be used as an introduction to empirical methods for machine learning in
general, with a special focus on applications in NLP and data science. The book is self-contained,
with an appendix on the mathematical background on GAMs and LMEMs, and with an ac-

companying webpage including R code to replicate experiments presented in the book.

KEYWORDS

empirical methods, measurement theory, validity, bias features, circularity, general-
ized additive models, deviance, nullification, reliability, experimental design, vari-
ance components, linear mixed models, orthogonal estimators, significance, likeli-
hood ratio
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Preface

There is a particular book that accompanied the first author since his days as doctoral student:
Paul R. Cohen’s textbook Empirical Methods for Artificial Intelligence [ Cohen, 1995]. The book
was introduced to him by Mark Johnson, with the recommendation that it contained essential
information for an empirical researcher that is not easily available in a comparably concise form
anywhere else. This assessment of Cohen’s book is still valid today.

Myriad books on machine learning, deep learning, and artificial intelligence have been
published since Cohen’s book appeared in 1995. With rare exceptions such as Hardt and Recht
[2021], however, questions about data practices, the concepts of validity and reliability, or tech-
niques of exploratory data analysis are not mentioned in contemporary books on machine learn-
ing. A discussion of confirmatory techniques for statistical hypothesis testing and their rele-
vance for practical machine learning research is also not integrated in most machine learning
textbooks. For these topics, Cohen’s exposition of exploratory and confirmatory techniques of
empirical science is still the to-go textbook. However, Cohen’s book has not been updated since
its publication date.

'The goal of our book is to extend and update Cohen’s book using model-based techniques
to address the questions of validity, reliability, and significance in empirical machine learning
research. In our book, these techniques are based on interpretable probabilistic models as de-
scribed in Wood [2017]. These models are not necessarily more recent than Cohen’s book, but
they possess the necessary expressiveness to model experimental data from data annotation and
machine learning prediction experiments, and they are associated with proven statistical proper-
ties for drawing inferences about the parameters and models. The goal of our book is to provide
the reader with an instrument in the form of model-based statistical tests that enables assessing
the methodological questions of validity, reliability, and significance. We showcase our tech-
niques on examples from the authors’ areas of expertise—NLP and medical data science—and
hope that the proposed techniques will also be of use to readers from other areas of machine
learning and artificial intelligence.

Stefan Riezler and Michael Hagmann
November 2021
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