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Abstract

Much can go wrong with machine learning algorithms and statistical techniques. This
thesis investigates a number of cases where standard prediction methods perform poorly, and
where standard approaches to analyzing such methods fail. For instance, extreme outliers in
data can cause regression algorithms to make very poor predictions, while also calling into
question boundedness assumptions used in the theoretical analysis of such algorithms. If the
loss function of a regression algorithm is unbounded, as in many realistic scenarios, it raises
the fundamental question: can we derive generalization guarantees when using unbounded
loss functions? Another example is that the data points an algorithm is trained on may be of
widely varying quality, rendering typical statistical estimators suboptimal. Even standard
assumptions, for instance that it is desirable to completely minimize a machine learning
algorithm’s objective function, or that an algorithm’s hypothesis set is data independent,
or that smaller coefficients are more likely a priori than larger ones, as assumed in Ridge

Regression, can be substantially violated in practice.

In this thesis we investigate cases that are extreme, in that they can dramatically thwart stan-
dard methods, but that actually occur when working with common algorithms. We provide
solutions to address the problems listed above, and other problems that occur when making
predictions from data, by applying methods based on outlier clipping, point reweighting,
early stopping, and new choices for regularization penalties. Additionally, we give theoretical
guarantees for learning with unbounded loss functions using an analysis based on relative
deviations bounds. The solutions proposed in this thesis may significantly improve predictions

in real-world applications, as well as our theoretical understanding of prediction algorithms.
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Introduction
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Figure 1: The image above summarizes the questions that we investigate in each chapter of
this thesis.

Much can go wrong with machine learning algorithms and statistical techniques. This
thesis investigates a number of cases where standard prediction methods perform poorly, and

where standard approaches to analyzing such methods fail.

In Part II of this thesis we examine a number of specific examples where common al-
gorithms can break down or have suboptimal performance. We do so by applying Ordinary
Least Squares and Ridge Regression to synthetic test cases, each case specifically designed
to illustrate one type of prediction failure. In Part III, we propose methods for handling

a number of these failures, through techniques such as point reweighting, clipping, outlier



removal, and non-standard regularization. Finally, in Part IV, we introduce mathematical
theory that can be useful for analyzing the performance of machine learning algorithms that
do not conform to certain standard assumptions of machine learning theory. Our emphasis
in this work is on regression (i.e. the prediction of real valued variables), rather than classifi-
cation (i.e. the prediction of categories), but some of our results are very general, applying

to many machine learning algorithms, as well as statistical estimation methods more generally.

More specifically, in this thesis, we discuss and propose solutions for the following issues, each
of which can cause suboptimal prediction performance, throw off the results of statistical

calculations, or prevent an algorithm from being analyzed successfully:

e Data points of varying quality. When data points differ in quality it generally
causes standard prediction methods to have suboptimal performance, as they fail to
take these differences into account. Higher quality points should be given more weight
than lower quality ones. We explore an example of this phenomena in Chapter 1, and

provide a framework for handling this type of problem in Chapter 2.

e QOutliers in data. When extreme outliers occur in data, they hurt the prediction
performance of many standard methods. Outliers can be removed or given lower weight.
We study examples of outliers distorting predictions in Chapter 1, propose a method
for handling outliers in the context of Ridge Regression in Chapter 3, and provide a

method for handling outliers in univariate data in Chapter 4.

e Prior information available. When prior information is known about a prediction
problem, it is important to build this information into the solution in order to improve
performance. We examine some synthetic examples of this phenomena in Chapter 1,

and discuss an approach to incorporating prior information in the context of kernelized



Ridge Regression in Chapter 5, through the introduction of regularization penalties

that encode this information.

Overfitting of the training data. The “complexity” of a machine learning algorithm
must be appropriate for the learning problem at hand, otherwise noise may have too
great an influence and overfitting may occur. Overfitting can be counteracted in a
variety of ways, such as by introducing a regularization penalty, or by applying early
stopping. An approach to regularization that generalizes the standard Ridge Regression
regularization is analyzed in Chapter 5, and an efficient method for avoiding overfitting

via gradient descent with cross-validated early stopping is discussed in Chapter 6.

Wasting time converging. Machine learning algorithms can waste precious time
during training by continuing to learn beyond the point of benefit. Early stopping is

sometimes an appealing approach to solving this problem, as discussed in Chapter 6.

Unbounded loss functions. When the error function used by a machine learning
algorithm is unbounded, it invalidates many of the standard analyses regarding the
ability of these algorithms to generalize what they have learned to future, unseen data.
We derive generalization bounds for unbounded loss functions in Chapter 7, and prove

a theorem about binomial distributions that is required in this analysis in Chapter 8.

Data dependent hypotheses. When the hypothesis set explored by a machine
learning algorithm depends on the data, it prevents the application of most approaches to
analyzing an algorithm’s ability to generalize to future data, such as using Rademacher
Complexity or Uniform Stability. The case of data dependent hypothesis sets is
surprisingly common. It happens, for instance, whenever an algorithm uses k-fold cross-
validation to set parameters. We introduce a generalization of Rademacher Complexity

and Uniform Stability in Chapter 9, that unifies the two theories and allows them to



apply to data dependent hypothesis sets.

Please note that the Python code files implementing the algorithms discussed in this
thesis are placed in the public domain, and can be downloaded at the URL in the footnote
below!. We now begin our discussion of machine learning at extremes: how standard methods

can fail, and what can be done to improve them.

http://spencergreenberg.com/code/doctoral _thesis_machine_learning_code.zip


http://spencergreenberg.com/code/doctoral_thesis_machine_learning_code.zip
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What Can Go Wrong



Chapter 1

Breaking Ordinary Least Squares and

Ridge Regression

Our investigation will begin with examining two very popular prediction algorithms,
Ordinary Least Squares regression, and Ridge Regression. We will use hand constructed data
sets to investigate many of the ways that these algorithms can make inaccurate predictions.
Non-linear problems are the obvious cases where linear models like these fail, but as we will
see there are many other ways to break these algorithms. On some linear problems, these

algorithms are incapable of even learning at all.

The empirical test cases we examine will help us gain intuition for many of the topics
discussed in later chapters. For instance, we will explore cases where the quality of differ-
ent data points varies, which we will develop an approach to handle in Chapter 2. What
is more, some of these cases will have outliers, and we will discuss algorithms to handle
outliers in Chapters 3 and 4. We will also investigate cases where information is known
that is external to the training set, which will tie into our discussion in Chapter 5 of how

regularization can be used to encode prior information. Finally, we will discuss cases where



the potential for overfitting is high, which will be a theme that we touch on again in Chapter 6.

We now proceed to introduce Ordinary Least Squares regression and Ridge Regression,

and investigate how these algorithms break.

1.1 Introduction

Ordinary Least Squares regression is probably the most commonly used prediction
algorithm in the world. This algorithm makes predictions from data by using the linear

solution coefficients w®* that minimize the squared prediction error, given by:

m
w® = argmin Z(X”w —1;)?
Yo =1
where X is a matrix of training data with m points (one per column) and n features (one per
row), and y is a column vector of real valued training labels. The solution to this optimization

problem can be written:

w = (XXT) ' Xy, (1.1)

which we can then use to predict the label of any point = (represented as a column vector)

by taking xTw*. Despite its success in a huge range of prediction problems, Ordinary Least
Squares makes poor predictions for some types of problems, even some linear ones, and this
has motivated alternative algorithms. Ridge Regression is probably the most widespread
linear alternative. It improves performance in some contexts by solving a generalization of

the Ordinary Least Squares optimization problem, and has linear solution coefficients defined

as:

w9 = argmin Z(X”w — )2+ A Z w;®

w i=1 i=1



where A is a free parameter which determines how strongly to penalize large coefficients,
typically set using k-fold cross-validation. The linear solution coefficients for Ridge Regression

can also be written:

w9t = (X XT + )1 Xy. (1.2)

But, as we will demonstrate, even Ridge Regression performs poorly on certain types of

problems, even some linear ones with simple additive gaussian label noise.

In order to better understand the limitations of Ordinary Least Squares and Ridge Re-
gression, when alternatives are preferable, and what can cause prediction algorithms to break

down in general, this chapter will explore data sets where:
1. Ridge Regression outperforms Ordinary Least Squares
2. Ordinary Least Squares outperforms Ridge Regression

3. Modifications to the standard algorithms will outperform both Ridge Regression and

Ordinary Least Squares
4. Neither Ridge Regression nor Ordinary Least Squares are able to learn

We draw conclusions about why Ridge Regression is usually preferable to Ordinary Least

Squares, and about why, in some cases, alternative linear algorithms are preferable to both.

We will investigate cases that cause suboptimal performance for Ordinary Least Squares and
Ridge Regression, and suggest ways that superior performance can be achieved. Unless other-
wise noted, the examples we use will all be modifications to a simple “default case”, which we

will discuss first. All data sets used in this chapter can be downloaded at the URL found in



the footnote below! 2. The Python code files for reproducing the performance numbers found
in this chapter are in the public domain, and can be downloaded at the URL in the following
footnote3. Throughout this chapter we will be referencing the R? results from Table 1.1, which
show the percentage of label variance captured by various algorithms. The way we define R?
allows the possibility of negative values, which occur when an algorithm underperforms what
you would get just predicting the test set mean for all test set labels. However, since R? < (
and R? = 0 both imply that a prediction algorithm is terrible, we do not differentiate between
the two cases in this chapter, and record both as 0% accuracy for simplicity and ease of

reading. More details about our R? calculations are provided in the caption beneath Table 1.1.

In Table 1.1, in addition to showing accuracy numbers for Ordinary Least Squares (OLS)
and Ridge Regression (Ridge), which are the primary algorithms of interest in this chapter,
we also show the accuracy of some other variations on these algorithms that provide points

of comparison.

We now define these other algorithms. To simplify these descriptions, let us define R?
to be the label R? achieved when using just the jth feature of the data to predict the training
set labels, in a one dimensional regression of the form a + bx;, where z; is the jth feature
of point x. With that definition in place, we are ready to describe the algorithms shown in

Table 1.1:

e Lasso, which applies Lasso Regression, is much like Ridge Regression but with a penalty
on the sum of the absolute value of the solution coefficients instead of the sum of the

square of the solution coefficients. The penalty is still multiplied by a constant A, which

! http://www.spencergreenberg.com/code/data_sets_breaking_ridge_regression.zip

2Due to size considerations, in the downloadable copy of our data sets, we have truncated the test set for
each case to 2,000 points, rather than the 40,000 used in computing out of sample accuracies in this chapter.

3http://spencergreenberg.com/code/doctoral_thesis_machine_learning_code.zip
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is set using 10-fold cross-validation.

PCA, which performs principal component analysis on the positive definite matrix X X7
to reduce the dimensionality of the data to just d dimensions, and then runs Ordinary
Least Squares on those d dimensions, with 10-fold cross-validation used to choose d.

All values of d from 1 up to the numerically calculated rank of X are tried.

Top-Fts, which applies Ordinary Least Squares to only the d features with highest Rf.

values, with 10-fold cross-validation used to choose d.

1-F't, which is like Top-Fts, but it applies Ordinary Least Squares to only the single

feature with the highest RJQ-, ignoring all other features.

Wgt-1d, which is like Ridge Regression, but the penalty applied to each feature is
A(

RL? — 1) instead of just A\, where as usual A is set using 10-fold cross-validation. This
means that features that perform better on their own (when used in one dimensional
regressions) are penalized less than features that perform worse on their own. It is
interesting to note that on the test cases in this chapter, this algorithm’s performance
was almost always between that of Ridge and Lasso, or falling only very slightly outside
of this range. The only exception is one case where Wgt-1d performs much better than

Ridge and Lasso. In Chapter 5 of this thesis we explore the construction of algorithms

like this one.

1.1.1  Our Default Case

Our default case, which we use as a starting point for all the other cases, has been selected

to be an easy problem for Ordinary Least Squares and Ridge Regression, as well as one of the

simplest examples of multivariate linear regression. As such, the labels are generated by a

linear model, the training set has plenty of data points, the noise-to-signal level in the labels

11



R? Accuracy of Different Algorithms on Different Data Sets

Data Set m n N/S OLS Ridge Lasso PCA Top-Fts 1-Ft Wgt-1d

1 Default 1000 100 0.3 91 91 91 91 90 7 91
2 Few Pts Per Ft 110 100 0.3 19 63 66 65 52 11 65
3 Noisy Labels 1000 100 3.0 0 5 3 0 0 0 3
4 Uncorrelated Fts 110 100 0.3 26 62 60 62 34 11 64

Correlated Fts 110 100 0.3 0 89 88 88 79 30 88
5 Ft Outlier 1000 100 0.3 88 2 23 21 2 2 19
6 Irrelevant Fts 200 200 0.3 0 64 91 58 92 92 91
7 Fts Decreasing 100 100 0.3 0 64 80 56 72 55 75
8 Unnormalized Fts 105 100 0.3 0 0 0 0 55 4 46

Normalized Fts 105 100 0.3 0 67 66 49 55 4 63
9 Prior Solutions 106 100 0.3 0 72 47 64 31 0 52
10 Singular Fts 100 400 0.3 0 16 4 20 0 0 15
11 Varying Pt Noise 1000 100 1.5 21 23 22 19 20 0 21
12 Label Outlier 1000 100 0.3 0 0 0 0 0 0 0
13 Heavy Tailed 1000 100 0.3 0 0 0 0 0 1 0
14 Non-Linear 1000 100 0.3 0 0 0 0 0 0 0

Table 1.1: Each row in the table above corresponds to a different data set. Performance on the
default data set is shown in the first row, which has 1000 training points (m) and 100 features
(n), with a noise-to-signal ratio (N/S) of 0.3, where all the values in the training data are
independent and generated from an isotropic unit gaussian. Fach other data set is a variation
on the default data set as described in detail elsewhere in this chapter, having been modified
to illustrate a particular idea. The highest accuracy scores in each row are colored to stand out.

All columns to the right of N/S represent the percentage of variance in the labels
that was captured by different machine learning algorithms on 40,000 out of sample points.
That is, we measure accuracy using the test set R? times 100, where R? is defined as one
minus the ratio of the sum of squared prediction errors to the sum of squared differences
between the test set labels and the test set label mean. These R? values can be negative
(indicating a prediction accuracy worse than is achieved by the out of sample mean). In some
of our test cases these negative values have enormous magnitudes. Since a negative value
and zero value both indicate terrible predictions, all negative values are displayed as 0 for
ease of reading. For cases where an algorithm could not be run (e.g. OLS when the number
of features exceeds the number of points) the variance captured was also recorded to be 0.
The first algorithms shown are Ordinary Least Squares regression (OLS), Ridge Regression
(Ridge), and Lasso Regression (Lasso). Ridge and Lasso both apply 10-fold cross-validation,
trying an exponentially increasing set of thirty A (i.e. regularization parameter) values
ranging from 1076 to 10° (as do all the other algorithms in this chapter that use k-fold
cross-validation to set a free parameter). The remaining algorithms are described elsewhere
in this chapter.

12



is modest, and both the features and label noise are drawn independently from a gaussian
distribution. By modifying this basic example strategically, we will be able to degrade the
performance of Ordinary Least Squares and Ridge Regression while illustrating many reasons
why the two algorithms can fail, and how modifications to these algorithms can perform
better. As seen in the “Default” row of Table 1.1, Ordinary Least Squares (OLS) and Ridge

Regression (Ridge) each capture 91% of the variance in the test set labels for the default case.

Specifically, our default case consists of 1000 training points and 40,000 testing points
(to ensure low out of sample variability). Each point has 100 features. A random vector of
100 linear model coefficients is generated from an isotropic unit gaussian (i.e. a multivariate
gaussian distribution with zero mean and the identity matrix used as the covariance matrix)
plus one constant term generated from a unit gaussian, and the labels for the training and
testing points are then set by multiplying the training and testing points against these linear
coefficients (plus the constant term), and then adding independent gaussian noise. The
standard deviation of the noise is set so as to achieve a noise-to-signal ratio of 0.3. This is
done by first computing the standard deviation of the noiseless labels (i.e. the labels before
any noise has yet been added), then generating a vector of isotropic gaussian noise, then
multiplying this noise vector by the desired noise-to-signal ratio times the standard deviation
of the noiseless labels divided by the standard deviation of the noise vector itself. This gives
the noise a standard deviation equal to the noise-to-signal ratio times the standard deviation
of the noiseless labels, precisely as desired. The resulting noise is then added to the noiseless

labels to form the final label vector, y.

The features for each point are generated independently from an isotropic unit gaussian
distribution. After the data is generated, the mean and standard deviation of each feature

of the training points is calculated. These means are subtracted from the corresponding

13



features of both the training data and testing data, and each feature in the training data and
testing data is divided by the corresponding feature standard deviations (calculated from the
training set). Note that for simplicity we do not add a feature of all 1’s to the matrix X, so
each of the linear prediction algorithms is forced to have an intercept of 0. We tested adding

such a constant feature, but it did not cause our conclusions to change.

Except in the ways that are explicitly noted for each test case, all test cases use pre-
cisely the same data generation process that is used by the default case. Each of the test cases
that follows is generated from scratch using a fixed random seed. That means that when
parameters such as the number of features change, the data that is used will generally change
in its entirety, since with a different number of features the sequence of random numbers
being generated changes. This means that the performance numbers will vary with a change
of random seed. We have, however, confirmed on a handful of different random seeds that
the takeaways here do not change, even though the precise performance numbers do, except

in places where that fact has been noted below.

You will find that many of the cases that follow are extreme examples. This is by de-
sign, as it is often the extreme examples that teach us the most. With that in mind, we will
now explore a variety of modifications to the default case, which are carefully designed to

affect the performance of Ordinary Least Squares and Ridge Regression.

14



1.2 Ridge Regression Outperforming Ordinary Least
Squares

In this section, will discuss cases where Ridge Regression outperforms Ordinary Least
Squares. Ridge Regression is a popular modification to Ordinary Least Squares for good
reason. Ordinary Least Squares is often very effective at making predictions, but there
are quite a few important cases where Ridge Regression achieves much better performance,
with little drawback. In fact, the main drawback of Ridge Regression is increased running
time, which is the result of needing to test many values of A. In our default case Ordinary
Least Squares and Ridge Regression achieve essentially the same accuracy. We now consider

modifications to the default case where Ridge Regression performs significantly better.

1.2.1 Few Points Per Feature

A simple way to make Ridge Regression outperform Ordinary Least Squares is to make
the ratio of training points to features small. In the “Few Pts Per Ft” row of Table 1.1, we
modify the setup of the default case so that it has only 110 training points, rather than
1000. We still use 100 features though, giving us a very low point to feature ratio. As might
be anticipated, this makes learning much harder for any algorithm. But Ordinary Least
Squares is impacted much more greatly than Ridge Regression, capturing only 19% of the

label variance compared to Ridge Regression’s 63%.

The issue here is, of course, overfitting. With so many features per point, there are many
vectors of solution coefficients that achieve high accuracy in the training set, but most of
these will perform badly out of sample. Essentially, the model has too much flexibility due to

having so many variables, so fits even the noise. By attempting to minimize the training error

15



only, Ordinary Least Squares inevitably selects one of these models that does not actually
generalize well, being overly reactive to the label noise. Ridge Regression, on the other hand,
selects a X parameter through k-fold cross-validation. The parameter \ reduces the size of the
solution search space, and eliminates from consideration solutions with very large coefficients.
The result is a model that does not overfit the training data, and so generalizes well to the

testing data.

1.2.2 Noisy Labels

Another advantage that Ridge Regression has over Ordinary Least Squares is greater
resilience to label noise. To illustrate this, we modify the setup for the default case by
adjusting the noise-to-signal ratio to 3 instead of 0.3. As can be seen in the “Noisy Labels”
row of Table 1.1, this prevents Ordinary Least Squares from learning anything, capturing
0% of the variance, whereas Ridge Regression still manages to learn a little, capturing 5% of
the variance. Ridge Regression’s superior performance under high noise comes from its use
of X to adjust the bias-variance tradeoff. With A = 0, it cares primarily about minimizing
the prediction error, and subsequently the solution depends a lot on the specific realization
of the noise. Since the noise is so large, having the solution be so sensitive to the exact
labels is problematic. However, with A larger, this dependence on the noise is reduced, as
the algorithm trades off a greater bias (i.e. a solution closer to the zero vector) in exchange
for reduced variance. By using k-fold cross-validation to select A, an approximately optimal

tradeoff between bias and variance is struck. When the noise level is very high, a larger A

tends to be chosen, as less reactivity to noise is desirable.

In Chapter 5 of this thesis we discuss in detail how the generalization performance of

Ridge Regression is impacted by noise, and why regularization helps.
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1.2.3 Correlated Features

Yet another situation that can throw off the performance of Ordinary Least Squares is
when there are highly correlated, noisy features. Consider the “Uncorrelated Fts” row of
Table 1.1. This case begins with the default case, but uses only 110 training points, and
corrupts the training and testing features matrices by adding gaussian noise. Note that in the
default case while the features are generated from an isotropic gaussian distribution, there is
no noise added to them. Ordinary Least Squares performs poorly on this case, capturing
only 26% of the variance. This is easily explained by the fact that there are 100 features,
which is almost equal to the number of points. But comparing this result to the “Correlated
Fts” row of Table 1.1, we see a new phenomena occur. This case is generated in precisely
the same way as the “Uncorrelated Fts” case from Table 1.1, except that it starts with only
10 distinct features instead of 100, with each of those 10 features then being duplicated 10
times to produce a full set of 100 features. Finally, additive gaussian noise is added to the
resulting training and testing features, exactly as in “Uncorrelated Fts”. In this case though,

the additive noise serves to prevent each feature from being identical to its duplicates.

The result is that for this new case “Correlated Fts”, all algorithms shown in the table
greatly improve in accuracy compared to the “Uncorrelated Fts” case, except Ordinary Least
Squares, which now captures 0% of the variance! Ridge Regression handles this new problem

easily, capturing 89%, compared to 62% in the “Uncorrelated Fts” case.

Why would all other algorithms in the table improve substantially while Ordinary Least
Squares becomes incapable of learning? The trouble here seems to be that using nearly
identical noisy features leads to multiple solution coefficient vectors that are very different

from each other, but that have almost the same training set accuracy, leading to an arbitrary
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choice being selected. The noise then becomes largely responsible for which of these solutions
gets picked. For instance, if ¢; and ¢, are the coefficients for nearly identical features, Ordinary
Least Squares is almost indifferent between making predictions using the model 2¢; — ¢5 or the
model 4¢; — 3¢y, since they will lead to almost the same predictions on the training set. This
is related to the problem we saw in the “Few Pts Per Ft” case, which also involves having
too many solutions to choose from, but here we compound the effect through a different
mechanism. In “Few Pts Per Ft” the issue was that we had too many model parameters due
to having too many features. Here, by making the features noisy duplicates of each other, we
layer on top the problem that solutions with nearly identical performance can be constructed
by combining the redundant variables in different amounts. This makes it even harder for
Ordinary Least Squares to tell the difference between a useful and useless model, because so

many models perform well on the training set.

Ridge Regression resolves the problem that Ordinary Least Squares has by penalizing
large coefficients, and therefore preferring the model 2¢; — ¢o to the model 4¢; — 3¢o. If we
compare the solution coefficients found by both algorithms for the “Uncorrelated Fts” case
versus the “Correlated Fts” case, we find that in the latter case Ordinary Least Squares ends
up with coefficients whose median magnitude is more than 3x that of the former. Ridge
Regression has the opposite behavior, using coefficients of much smaller median magnitude

in the latter case than the former 4.

4We note that, for one random seed, we found a case where Ordinary Least Squares actually improved its
performance on “Correlated Fts” compared to “Uncorrelated Fts” , but on all the other random seeds that
we tested, we found an effect in the opposite direction.
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1.3 Ordinary Least Squares Outperforming Ridge Re-
gression

While Ridge Regression is generally a superior prediction algorithm to Least Squares,
it is not a strictly better algorithm. We will now discuss a case where Ridge Regression

substantially underperforms Ordinary Least Squares.

1.3.1 Feature Outliers

A “feature outlier” is a training point that lies unreasonably far from the other training
points. Of course, since points involve multiple dimensions, the question is raised as to which
distance metric is appropriate for measuring how far points are from each other. Fortunately,
we do not need to resolve this thorny issue to study the impact that feature outliers have on

Ordinary Least Squares and Ridge Regression.

In the “Ft Outlier” row of Table 1.1, we apply our algorithms to a data set generated
in the same manner as the default case, but we multiply all features of the first point by 500,
producing a point that would be considered an extreme feature outlier using any reasonable
distance function. We furthermore assign this point a label value of 1, so that its label is not

unreasonably large, but is inappropriate given the features for that point®.

Noting the performance shown in Table 1.1, we see that the impact of a feature outlier is very
different from that of a label outlier (i.e. a point with extreme labels rather than extreme

features, which we will consider later on, and which is also shown in the table). Ordinary

5Note that in all cases described in this chapter where we replace specific points in the data, such as when
adding a feature outlier, the noise-to-signal ratio is set based on only the other data points (not including
the point replacements), otherwise the amount of noise would be heavily distorted by the introduction of an
outlier.
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Least Squares handles the feature outlier well, capturing 88% of the variance, whereas Ridge
Regression’s performance is destroyed, capturing only 2%. This may be surprising to those
who consider Ridge Regression a more robust algorithm than Ordinary Least Squares (e.g.
due to the introduction of regularization), or who think that because it is a generalization of

Ordinary Least Squares it must be a strict improvement.

Let us take a moment to consider what feature outliers do to these algorithms. In 1d
space a feature outlier is a real problem because an extremely bad prediction will occur on
that outlier unless the (single) solution coefficient is close to zero. This renders all predictions
close to zero. In higher dimensions though, a vector of linear solution coefficients has the
flexibility to predict a value close to zero for the feature outlier, while still making reasonable
predictions on the other points. It simply requires the solution coefficient vector to be close
to orthogonal with the point that is the feature outlier, a single linear constraint on the
solution coefficients. Some distortion does occur in general, but it is not devastating. Hence,
the reason why Ordinary Least Squares is not substantially impacted in the case at hand. It

has plenty of dimensions to use to work around that outlier.

So then why does Ridge Regression perform so poorly? It is actually due to the k-fold
cross-validation procedure, which itself is not robust to outliers, causing a poor selection
of the A\ parameter when a feature outlier is present. If we replace the standard k-fold
cross-validation procedure with a more robust procedure that clips (i.e. winsorizes without
removing) the top 5% largest errors and the bottom 5% smallest errors during cross-validation
before taking the mean to get the average error, then performance of Ridge Regression on
this data set jumps all the way back up to 88% (not shown in the table). This is the same

accuracy as Ordinary Least Squares.
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The reason that the standard k-fold cross-validation is problematic in the presence of a
feature outlier is because such a point is terribly predicted when it happens to be in the
out-of-sample set, causing a very large error that can swamp the error of the others points.
So the feature outlier can cause a terrible selection of A 6. Note that while using a more
robust variant on k-fold cross-validation has substantial benefits in the presence of fea-
ture outliers, it does not (as we will see) help with label outliers, since it does not resolve

the problem that Ridge Regression’s solution coefficients depend linearly on the label vector y.

In Chapter 3 of this thesis we explore a technique for handling feature outliers, analyze their

impact mathematically, and discuss robust k-fold cross-validation at greater length.

1.4 Modifications Outperforming Ridge Regression and
Ordinary Least Squares

Even in cases where Ridge Regression or Ordinary Least Squares perform reasonably well,
we may be able to significantly outperform both of them by modifying the algorithms or

using alternative (but related) algorithms. Here we discuss cases of this type.

1.4.1 Irrelevant Features

Let us consider a situation where only one feature is actually useful for predicting the
labels. We construct this case by starting with the setup of the default case, then adjusting
the number of points and features to both be equal to 200, and finally, generating the labels
by only using the first feature, which we assign a coefficient of 1. The results are shown in the

“Irrelevant Fts” row of Table 1.1. Ordinary Least Squares of course performs terribly since

6We note that we observed feature outliers to have somewhat less impact on Ridge Regression when using
leave-one-out cross-validation to select A, compared to 10-fold cross-validation.
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there is only one point per feature, capturing 0% of the variance. On the other hand, Ridge
Regression captures 64% of the variance, which it turns out is far from optimal. We can tell
because Lasso Regression, shown as “Lasso” in the table, captures 91% of the variance. Lasso
Regression involves minimizing an objective function much like that of Ridge Regression,
but with a penalty on the absolute value of each coefficient, instead of the square of each

coefficient. Hence, the Lasso Regression solution coefficients are defined by:

w!%° = argmin Z(X”w — )2+ A Z |w;|

w i=1 i=1

For this case, where we have many irrelevant features, Ridge Regression has a problem because
the squared penalty it uses prefers many coefficients of small magnitude to one coefficient of
large magnitude, but one large coefficient is precisely what is needed. To be more precise, if
all of our coefficients have magnitude ¢, then Ridge Regression assigns a penalty proportional
to >, w;? = ne?, which for reasonably large n is much smaller than what we get in a case
where one coefficient has magnitude ne, and all the others are 0, which would yield a penalty
n%e2. Hence, Ridge Regression has a built in preference to use many features a little bit,
rather than one feature a lot, which is directly harmful in this case. Lasso Regression, on the
other hand, assigns precisely the same penalty to n coefficients each with a magnitude € as it
does to one coefficient with a magnitude ne, and therefore is perfectly willing to use just a

small number of non-zero coefficients. Relatedly, Lasso Regression tends to produce sparse

solutions, where many coefficients are zero, which is well suited to this particular case.

As we might expect, the algorithm “1-Ft” performs well in this case, because it makes
predictions using Ordinary Least Squares applied to only the single feature that best linearly
predicts the labels in a one dimensional regression. In other words, it is perfectly suited to

this case, capturing 92% of the variance. It is remarkable that Lasso Regression does almost

22



as well, despite making much weaker assumptions about the features, achieving 91% accuracy.

We see therefore that while Ridge Regression and Lasso Regression both have a prefer-
ence for small solution coefficients, they make different implicit assumptions about the
distribution of these coefficients, and therefore will be suited to somewhat different problems.
For instance, Ridge Regression will tend to have an advantage when most features are about
equally useful, whereas Lasso Regression will tend to have an advantage when most features

are useless.

1.4.2 Features of Decreasing Usefulness

Previously we saw that Lasso Regression can have an advantage over Ridge Regression
if most of the true coefficients are zero in the linear model generating the labels. It may
therefore be tempting to conclude that this outperformance of Lasso Regression hinges on
sparsity of the features. In the “Fts Decreasing” row of Table 1.1 we consider a related but
non-sparse case where Lasso Regression again substantially outperforms Ridge Regression.
This case follows the setup of the default case except that it uses only 100 training points,
and the true coefficients are chosen to be (1/2, 1/3, 1/4, ..., 1/(m + 1)). Because the label
noise is independent of the features, this means that the first feature is the most useful for

making predictions, the second feature the second most useful, and so on.

Why would Ridge Regression perform relatively poorly in this case? We believe the in-
tuition is as follows. Since the number of points and features is equal, there is a very high
potential for overfitting the data. To stop this from happening, Ridge Regression cannot
choose a small A\. But this means that large coefficients are penalized significantly, so it

prefers to use a greater number of features with smaller coefficients (even if they are not that
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useful) to having larger coefficients in the earlier (i.e. most useful) features. For this case,
doing so is a particularly bad idea. Lasso Regression, on the other hand, mostly ignores the
less useful coefficients, assigning many of them a zero value. At first glance this may not seem
like a great idea (since all the features are useful to a degree), but given a fixed noise level it
is wiser to focus attention on the earlier features, which have a lower noise-to-signal ratio. In

doing so, Lasso Regression captures 80% of the variance, compared to Ridge Regression’s 64%.

We find that the “Wgt-1d” algorithm also does quite well in this case. It exploits the
fact that, in this situation, a feature working well independently in a one dimensional regres-
sion is a good indicator of it working when combined with the other features. This algorithm

captures 75% of the variance, which is slightly inferior to Lasso Regression’s 80%.

The algorithm “1-Ft” shown in a columns of Table 1.1 gives us some further insight into this
case. This algorithm simply tries to predict the training labels one-by-one using each feature
in its own one-dimensional regression, then selects the single feature that performs the best
on the training set, and uses that best feature alone to predict labels for the test set. On the
“Fts Decreasing” case this simple algorithm captures 55% of the variance just using a single

feature, not terribly far from Ridge Regression’s 64%.

1.4.3 Poor Normalization

Ordinary Least Squares has the useful property that its prediction accuracy is invariant
to full rank linear transformations of the points matrix X. But for Ridge Regression this is
not the case. In fact, poor normalization of the features can lead to poor performance. Even
multiplying one feature by a constant (e.g. changing the units of the feature from inches

to feet) can have an impact on prediction accuracy, since large coefficients are penalized
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by Ridge Regression, and if the values of a feature are made smaller, the corresponding
coefficient must become larger to compensate (hence being penalized more). To illustrate this
in an extreme form, we construct a case where the variance of the ith feature is set to 1.1°7,
whereas the corresponding coefficient for the ith feature is set to the reciprocal 1.1~ This

setup also differs from the default case because we use just 105 training points.

Now, we examine the impact of leaving our features unnormalized (unlike the default
case, which is normalized). The result is shown in the row “Unnormalized Fts” of Table 1.1.
We compare this result with a case generated in exactly the same way, except using the
standard normalization, where we subtract from each feature the training means and divide
each feature by the training standard deviations. The result is shown in the row “Normalized
Fts”. Ridge Regression is unable to learn at all in the unnormalized case, capturing 0%
of the variance, whereas after normalization it captures 67%. On poorly normalized data,
Ridge Regression regularization sometimes cannot operate properly. We note that the only
algorithm from Table 1.1 that performs reasonably well when the features are unnormalized

is Top-Fts, which captures 55% of the variance.

1.4.4 Using Previous Solutions

One simple way to outperform Ordinary Least Squares and Ridge Regression, even on
simple linear problems, is to use information that is external to our training data. For
instance, we may have solved similar prediction problems in the past, or we we may be able
to view our current prediction problem as coming from a set of other similar prediction
problems, with the average of solution coefficients on those previous problems producing an
estimate of the solution coefficients for this problem. For instance, suppose we are trying to

build a model to predict the number of strikeouts that one particular baseball pitcher will
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have in a game based on various factors related to him and the opposing team. In this case
it could be very beneficial to incorporate models we have learned for other pitches, and use

them to inform our model for this particular pitcher.

We demonstrate an example of this phenomenon in the “Prior Solutions” row in Table 1.1,
where we treat the underlying linear coefficients that generate our labels as being drawn from a
probability distribution over coefficient vectors. We generate a random mean vector with size
equal to the number of features, and a random positive definite matrix to use as a covariance
matrix, and then we draw 250 possible solution coefficient vectors from a multivariate normal
distribution using this mean vector and covariance matrix as its parameters. Only one of
these 250 vectors (selected at random) is then used to generate the labels for our training
data. In this case we assume that, as the machine learning practitioner, have access to the
other 249 vectors of coefficients which reflect our past solutions to similar problems. This
information can then be exploited to better estimate the 250th coefficient vector, which is

the one of interest.

But how can we incorporate the other information into our current prediction problem? One
approach is to compute the average of the other 249 coefficients, which we will call b, and
modify our Ridge Regression problem so that rather than using regularization to push our
coefficients towards zero, we instead use it to push our coefficients to this vector b. Then, the
parameter A\, which is selected via k-fold cross-validation, determines how much we push our
solution towards b, which ideally should be a function of how close b is to the solution we are

looking for. The modified Ridge Regression optimization problem can be written:

w’ = argmin Z(X”w —4i)* + A Z (w; — b;)”
w i=1 i=1

26



Intuitively speaking, if the true coefficients are closer to b than to 0, we may find that this

approach is superior to standard Ridge Regression.

In the “Prior Solutions” row in Table 1.1 we see that the number of points we use for
this problem compared to the default case has been reduced to just 110, which serves to
heighten the effect, but otherwise we imitate the default case. On this problem, Ridge
Regression captures 72% of the variance, which is pretty good. But by using the modified
Ridge Regression problem above, and setting b to the mean of the solution coefficients that
were drawn from the same distribution as the one of interest, we capture 76% of the variance
(not shown in the table). The size of the improvement, while modest here, will depend on
how far the true coefficients are from the zero vector (that Ridge Regression pushes towards)

compared to b (which this modified Ridge Regression pushes towards).

In Chapter 5 of this thesis we explore modifications to the Ridge Regression objective

function (like the one mentioned above) in greater detail.

1.4.5 Using Priors

In the previous section we discussed how prediction accuracy can be improved by using
previous solutions to similar problems. But even better than that is to have a probabilistic
model for how our solution coefficients were generated. This model then can act as a prior
over the coefficients we are learning, and therefore be used to push our results towards a

priori more likely solutions.

For instance, if this prior is a multivariate normal, or can be locally approximated as

one around the most likely solution coefficients, we can incorporate this information into the
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Ridge Regression problem by further modification to the regularization term. In particular,

we can write:

w>? = argmin Z(X”w —y;)? + Aw — b)TA(w — b)

Y=t
where A is a matrix that is proportional to the precision matrix (i.e. the inverse of the
covariance matrix) of our normal prior on the solution coefficients. Applying this method
with the same setup as the previous section, we use the inverse of the covariance matrix of
the 249 coefficient vectors from other related prediction problems to set A, and we set b as in
the last section, which models the mean of our prior. As usual we use 10-fold cross-validation

to set A.

This prior based approach incorporates more external information than we did previously,
and subsequently leads to an improvement in the variance captured. While Ridge Regression
achieves 72%, and Ridge Regression modified as in the last section yields 76%, we now capture

82% of the variance (not shown in the table).

In Chapter 5 of this thesis we explore in greater detail this idea of incorporating priors

into Ridge Regression and generalizing the regularization constant to a full matrix A.

1.4.6 Highly Singular Feature Matrix

From a mathematical standpoint, Ordinary Least Squares can be defined as the linear
model whose solution coefficients are given by Equation 1.1. Unfortunatly, when the number
of features exceeds the number of points, the inverse of X XT is not defined. In such cases,
we simply recorded a zero in Table 1.1 for Ordinary Least Squares. However, a slight

generalization to Ordinary Least Squares makes it applicable when the number of features

28



exceeds the number of points. We write:
wh = (XXT)T Xy = Xy (1.3)

where T means the Moore-Penrose pseudo inverse. This formula agrees with Equation 1.1

when X X7 is invertible, but also is defined when X X7 is not invertible.

The pseudo inverse has an interesting connection to Ridge Regression. Specifically it is
what we get for A infinitesimally small, that is:

lim wridge = lim (XXT + A[)*lxy — XTTy — wpseudo.

A—01 A—0t

Using the pseudo inverse based solution can be viewed as an intermediate between Or-
dinary Least Squares and Ridge Regression, as it does not introduce any free parameters, but
it generalizes Ordinary Least Squares to handle the case of singular feature matrices (one of
the benefits of Ridge Regression). Perhaps surprisingly, there are rather simple cases where
the pseudo inverse based algorithm actually outperforms Ridge Regression, when Ordinary
Least Squares is not defined. We show one such case in the “Singular Fts” row of Table 1.1.
Whereas Ridge Regression captures 16% of the variance, the pseudo inverse based method
captures 21% (not shown in the table), despite Ridge Regression having the choice of A = 0
available to it. Hence, this underperformance of Ridge Regression can be viewed as a failure

of k-fold cross-validation to do its job of selecting the best .

It is tricky to generalize about precisely when this kind of case will occur, other than
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to say that if the truly optimal \ is approximately zero, then the pseudo inverse method
is safer than Ridge Regression, since we do not run the risk of getting an erroneously high
A. In our experiments, outperformance of the pseudo inverse based algorithm over Ridge
Regression occurred when the number of points was 100 and the number of features 400, but

otherwise all settings were identical to the default case”.

We note from Table 1.1 that principal component analysis based regression (PCA) also
performs well in this case, capturing 20% of the variance. This algorithm reduces the di-
mensionality from 400 down to 84 on this case, before running Ordinary Least Squares. It
seems that the unusually good accuracy comes from the algorithm being able to discard most
features without losing much information, reducing this to an easier problem than attempting

to directly learn coefficients for all 400 dimensions.

A note about implementation is warranted here. In this chapter, we implement our al-
gorithms using numpy, which is the standard scientific computing package for the Python
programming language. There are at least four ways to implement Ordinary Least Squares
using numpy, and they have quite different running times. In fact, we have seen the difference
in speeds between the fastest and slowest differ by 5x-20x in different runs (when the number
of points and features were about equal). From fastest to slowest, these approaches to

implementing Ordinary Least Squares with numpy are:

o w = solve(X XT, Xy), using a linear equation solver, which uses an LU decomposition

with partial pivoting and row interchanges.

e w = inv(XXT)Xy, using a matrix inversion algorithm, which applies solve(A, ) to

"We note, however, that with two choices of random seed (one with no intercept, one with an intercept
achieved by adding a feature of all ones) we saw Ridge Regression perform better on this test case than the
pseudo inverse based algorithm, though with all of the other random seeds that we tried the pseudo inverse
method was superior.
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perform the inverse, where I is the identity matrix.

o w = Istsq(XT,y), using a least squares solver, which computes the singular value

decomposition in order to solve the least squares problem.

e w = pinv(XT)y, using a pseudo inverse algorithm, calculated by again making use of

the singular value decomposition.

Both the Istsq and pinv algorithms take a parameter rcond. As explained in the numpy
documentation, singular values are set to zero if they are less than rcond multiplied by the

largest calculated singular value. This raises a few important issues.

First, it is true that in theory Equation 1.3 defines a strict generalization of Ordinary
Least Squares that allows for cases where there are more features than points. At first glance
then, it seems desirable to simply discard with Ordinary Least Squares as it is traditionally
defined, and use this pseudo inverse based algorithm instead. But doing so can come at a

5x-20x increase in running time!

Second, saying that we have implemented Ordinary Least Squares is ambiguous, since
different implementations can have somewhat different behavior. But this is even more so the
case with the pseudo inverse variation of Ordinary Least Squares defined by Equation 1.3,
because the pseudo inverse in actual practice has a free parameter, which is the threshold
rcond for deciding when a singular value should be treated as zero. Due to rounding error, we
never expect to get precisely zero singular values, yet it is essential that the pseudo inverse
be able to take the reciprocal only of non-zero singular values, hence the need for such a
threshold. Ideally, the “zero” singular values will be so close to zero, and the non-zero singular

values sufficiently large that any reasonable choice of rcond will give the same results, but
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this is not guaranteed. We conclude that this pseudo inverse generalization of Ordinary Least
Squares is theoretically preferable to the regular version, but it is not necessarily preferable

in practice.

1.4.7 Varying Point Noise

In the “Varying Pt Noise” row of Table 1.1 we consider a case that is just like the default
case, except that we use a noise-to-signal ratio of 1.5 instead of 0.3, and the label noise added
to each point is generated from independent normal distributions with different standard
deviations (rather than all sharing the same standard deviation). In particular, the standard
deviation of the normal distribution from which the ith point’s additive label noise is drawn
is given by ('f—;b)%. The effect of this is that some points are very reliable (when they
have small 2-norm), and others very unreliable (when they have large 2-norm). Due to the
high overall level of label noise, Ordinary Least Squares only captures 21% of the variance,
and Ridge Regression 23%. But if the standard deviations of the noise levels for each point
were known we could do better. This might happen, for instance, if the labels for each point
came from a measurement made by a device, and the noise characteristics of the device
were known to depend in a certain way on the sample being measured. To improve our
accuracy, we simply reweight our points based on how reliable each is expected to be, using a
generalization of Ordinary Least Squares that takes into account a point weight matrix, V,
whose ith diagonal element is the weight assigned to the ith point. The solution coefficients

are then given by:

wweighted — (XVXT)_ley

To demonstrate how point weighting can improve accuracy when knowledge of each point’s
potential noise level can be estimated, we use a very simple weighting scheme, assigning V'

to be the reciprocal of the standard deviation of the normal distribution that generated the
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label noise for the ith point. This weighted variant of Ordinary Least Squares captures 30%

of the variance, a substantial improvement over the other algorithms.

In Chapter 2 of this thesis we discuss strategies for weighting low quality data points

less than high quality data points.

1.5 Ridge Regression and Ordinary Least Squares Un-
able to Learn

In some cases it is not simply that Ridge Regression and Ordinary Least Squares have
suboptimal performance, but that they are essentially incapable of learning at all. Here we

discuss these most extreme cases, and make suggestions as to what can be done about them.

1.5.1 Label Outliers

Having one or more points with training labels far from the other training labels can
destroy the performance of both Ordinary Least Squares and Ridge Regression. We call such
a case a “label outlier”, to distinguish it from a feature outlier. Outliers such as these may
come from various sources, such as human error, measurement error, data corruption, fat
tailed probability distributions, or chance events. Ideally, we would remove extreme label

outliers from our training sample.

We examine the impact of a large label outlier by generating a data set in the same manner
that we create the default case, but then modifying the first point so that it has an associated
label of 100,000. This is a couple of orders of magnitudes larger than the typical label of

largest magnitude in the default case.
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We can see the results of doing so in the “Label Outlier” row of Table 1.1. Ordinary
Least Squares and Ridge Regression, which we would otherwise expect to capture 90% of the

variance in the labels, instead both capture 0%.

The explanation for the poor performance of these algorithms in the presence of a la-
bel outlier is simple. Examining Equations 1.1 and 1.2 we see that both depend linearly
on the label column vector y, and therefore on the label outlier. The only advantage that
Ridge Regression has here comes from its ability to choose a large A through k-fold cross-
validation. A large A is chosen to try to prevent the outlier from having a large influence
on the solution, but as a consequence, prevents all other points from having an impact on
the solution as well, leading to solution coefficients that are all approximately zero. Label
outliers can be handled by either detecting them explicitly and clipping (i.e. winsorizing)
them or removing them from the training set, or by systematically assigning smaller (carefully

selected) weights to points that appear to be more extreme than to points that are less extreme.

In Chapter 3 and Chapter 4 of this thesis we explore techniques for handling label out-

liers.

1.5.2 Heavy Tailed Features

Another way to cause Ordinary Least Squares and Ridge Regression to fail is to use
features that span an extremely wide range, for instance by choosing them from a very heavy
tailed distribution. In this case we choose the matrix X in just the same manner as the
default case, but then instead of using X as our features, we use 32X, where the power is

taken element-wise. This leads to features that follow a log-normal distribution. All other
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aspects of this case follow the default case, so the underlying model is still linear. But a
linear model applied to log-normal features produces an extreme distribution for the labels,
as shown in Figure 1.1. And as can be seen in the “Heavy Tailed” row of Table 1.1, all of the

algorithms listed have great difficulty in this case, capturing approximately 0% of the variance®.

It could be argued that the squared loss function, which is what Ordinary Least Squares
and Ridge Regression both attempt to reduce, is probably inappropriate in this case. If we
temporarily remove from the testing labels just the lowest and highest one thousandth of the
values, it causes the variance of the testing labels to fall by about 59%. While certainly these
tail values are “outliers” in the sense of being extreme, they cannot be considered outliers in
the sense of being erroneous data. Since they are in the test set, we cannot simply remove
them. Quite the opposite, the most extreme values account for most of what matters in
these predictions when the squared loss function is used. So either the loss function will need
to be reconsidered, or one must focus mainly on predicting the most extreme values. This
latter option is a challenging prediction problem, since these extreme values represent a small

percentage of the data, and even the extreme values can be at quite different scales.

1.5.3 Non-Linearities

Perhaps the most obvious way of breaking Ordinary Least Squares and (linear) Ridge
Regression is to use labels generated from a non-linear model. One such example is shown
in the row “Non-Linear” in Table 1.1. This test case is just like the setup of the default
case, except that the labels are generated by a linear model applied to the element-wise
absolute value of the features, rather than a linear model applied to the features directly.

This renders linear models worthless since, for the absolute value function applied to each

8With a few random seeds, we found cases where an algorithm was able to capture some of the variance,
but there was little consistency to this pattern.
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individual feature, on average there is no trend either upwards or downwards in the rela-
tionship between each feature and the labels. All algorithms shown in the table capture 0%
of the variance. The simplest way to allow Ordinary Least Squares and Ridge Regression
to learn in this context is to switch our features (e.g. generating new features from the
existing ones, so that the problem becomes approximately linear in the new features, even
though it isn’t in the original features). Relatedly, for Ridge Regression we have the option of
switching to a non-linear kernel function as our method of measuring the similarity between
points. With an appropriately selected kernel, we will then be able to model non-linearities,

including the element-wise absolute value function that is used as the non-linearity in this case.

In Chapter 5 of this thesis we discuss the process of kernelizing Ridge Regression.

1.6 Conclusion

In this chapter we have investigated the performance of Ordinary Least Squares regression
and Ridge Regression on one default case where learning is easy, and on thirteen other cases
(derived from the default case) where it is significantly more challenging for one or both of
these algorithms to learn. Each case is designed to illustrate a principle about how Ordinary
Least Squares or Ridge Regression can break down, or how they can be improved. Our major

findings, somewhat oversimplified, are as follows:

1. Ridge Regression can have an advantage over Ordinary Least Squares when there are
few features per point, when there is a high level of label noise, and when their are

many correlated, noisy features.
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2. Ordinary Least Squares can outperform Ridge Regression though when there are feature

outliers in the data.

3. Ridge Regression can be outperformed by Lasso Regression in situations where there
are either very few useful features (out of a large set of features), or where there are
many useful features of highly varying usefulness levels in a setting where overfitting is

likely.

4. Ridge Regression can be thrown off in certain circumstances when the features of the

data are not normalized.

5. When prior information is available either about solutions to similar problems, or about
the prior distribution from which the current problem was drawn, this information
can be used to improve prediction performance by modifying Ridge Regression to

encapsulate this prior information.

6. In certain cases where the feature matrix is highly singular, a modified Ordinary Least
Squares algorithm that uses the pseudo inverse instead of the regular inverse can

outperform even Ridge Regression.

7. When information is known about how noisy each point label is expected to be, it can

be incorporated into the prediction algorithm to improve accuracy.

8. If there are extreme label outliers, or a very heavy tailed distribution from which our
features were drawn, or a highly non-linear model from which our labels were generated,

this can prevent Ridge Regression and Ordinary Least Squares from learning at all.

An overarching takeaway from these examples is that Ridge Regression tends to be more
reliable than Ordinary Least Squares. But as reliable as Ridge Regression is, we have shown

that one can still outperform it in a wide variety of circumstances, even when the underlying
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model that generated the data is linear. Additionally, we have given examples where Ridge
Regression and Ordinary Least Squares essentially cannot learn at all. In such cases, a
machine learning practitioner’s detailed understanding of the problem at hand is critical for

achieving accurate predictions.
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Label Rank vs. Label Magnitude for “Heavy Tailed” Case

107}

108}

103

104

magnitude

103

102 i

101 1

100 1 L L L L L L
0 5000 10000 15000 20000 25000 30000 35000 40000

magnitude rank

Figure 1.1: Here we have a log-plot of the test set labels for the “Heavy Tailed” case, with
the x-axis showing us the rank of that label’s magnitude compared to the other 40,000 test
set labels, and the y-axis showing us the actual magnitude of the label. As we can see, this
setup causes a small fraction of points (those at the right in the graph) to have very extreme
values.
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Part 111

Fixing What Can Go Wrong
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Chapter 2

Parameterized Weight Functions:
Making Bad Data Count Less

In Chapter 1 we investigated many ways that machine learning algorithms can make
suboptimal predictions. Now, we analyze in greater depth one such way, specifically, when
the training data points vary substantially in quality. In such a scenario, we may have a
direct measure of the quality of each data point, or we may only have access to a variable that
correlates with data point quality. The question of how such information should be handled
is pervasive, as it affects not just machine learning, but nearly any statistical estimation

technique.

Intuitively, if some data points are better than others, we want to weight the higher quality
data points more than the lower quality ones. Essentially, we have to devise a mapping from
our measure of data point quality into the weight we assign each point. A “one size fits all”
solution will not work, since quality can be measured in many different ways, and different
such functions will be needed depending on the measure of quality. We have flexibility in

choosing such a mapping, but we are not free to choose any mapping that we like. In this
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chapter we explore the rules that govern these mappings, and how to construct mappings
that satisfy all of the relevant rules. We produce a flexible framework for constructing
functions that map point quality into point weight. These weights can then be plugged into
the statistical estimation technique of interest, to adjust how much each data point counts.
With this theory in hand, we will then explore a particular application of it in the context of

regression in Chapter 3.

We now discuss different meanings of data point “quality”, provide examples where data
quality variability might arise, and introduce the notion of a “Weight Function”, our approach

to designing mappings from point quality to point weight.

2.1 Introduction

It is common when performing analysis on data that not all data points are equally good.
For instance, data points may differ in how characteristic they are of the group one hopes to
draw conclusions about, in how reliably measured they are, or in how “outlier-like” they are.
In other words, some data points are worse and some points are better, and ideally we would
assign a weight to each data point so that bad data counts less in our analysis than good

data.

In practice, researchers usually perform analysis of data in one of two ways. Either they treat
all data points equally (i.e. do not take into account how good or bad each data point is)
or they draw an arbitrary cutoff point, saying that any data worse than the cutoff will be
discarded completely (i.e. assigned 0 weight) and any data that is less than that bad will
count fully in the analysis. But most of the time the “badness” of data lies on a continuous

scale. It therefore is sometimes much preferable to weight points in a continuous fashion,
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giving worse points less weight rather than counting each data point as either fully included
or fully excluded. This is particularly true when performing data analysis on relatively small
samples, where analysis can be compromised by a few very bad data points, yet throwing away
data is costly. One bad outlier out of fifty points can ruin a standard deviation calculation,
yet if we remove data too aggressively we may both bias our result and increase the variance

of our estimate.

We provide a mathematical framework for thinking about how to convert a measure of
poor data point quality, which we will call the “badness” z, of a data point, into a weight,
v(z). These weights can be used in data analysis to count bad data points less than good
ones. Most statistical calculations and machine learning algorithms can be easily extended to
work with weighted data. For instance an average can be replaced with a weighted average,
and least squares regression can be replaced with weighted least squares regression. The
main question then is how these weights v(z) should be produced once we already have a

badness z for each data point.

Consider four example scenarios where questions about how to map data quality into

data point weights may arise:

1. A psychologist wants to know whether depressed patients get less sleep, on average, than
non-depressed patients. But the survey the psychologist uses to measure depression
does not have a well-defined cutoff to say who exactly is, or isn’t depressed. The survey
measures depression on a continuous scale. If the researcher picks a stark cutoff for
what it means to be “depressed” (say, a score of at least 50 out of 100 on the depression
scale) then that has strange implications, as it treats those with a score of 50 (who are

barely representative of depression) identically to those with a score of 75 (who are
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much more representative), and people with a score of 49 get ignored entirely despite
being extremely similar to those who get scores of 50. So then we might ask: what are
the psychologists options for computing the average level of sleep for depressed people,

taking into account the fact that depression is not binary?

2. A social scientist has collected data from a hundred people about their views on gun
control via interviews. The social scientist also has constructed a “unreliability” score
for each person surveyed, based on whether their answers were self-contradictory or
seemed like they were merely intended to please the interviewer. What are the social
scientists options for counting the less reliable information less in their analysis of the

data?

3. A physicist has made a series of repeated measurements. The physicist does not
directly know the measurement error in each case, but has collected a variable for each
measurement that is known to correlate with the measurement error. When analyzing
the data, what are the physicists options for taking into account this correlate of the
measurement error so as to count the more accurately measured data more than the

less accurately measured data?

4. A machine learning researcher has developed a new method for scoring whether a data
point is an outlier. What are this researcher’s options for reducing the weight of points
based on how outlier-like they seem, so that the more outlier-like points do not corrupt

the result of running a regression algorithm?

In all of the above examples, assigning a weight to each data point could resolve the
question at hand. For instance the psychologist in the first example, instead of taking the
mean y ., s; of the sleep values s;, could assign the weight v; to the ith data point based on

his measure of badness z;, and then take the weighted mean 2111 v;8; where the v; satisfy
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v; > 0 with Z:L v; = 1. However, it is unclear how to produce these weights from v; from
badness scores z; associated with each point. Clearly we want points with higher badness
to have lower weight, but beyond that we can wonder whether all options are equally good,

such as:
1
Z; €
or v; =

> i 2_11 D e

Certainly some choices must be better than others. We now consider what properties any

—2z;

v =

function v(z) that maps a badness z; into a weight v; should have.

2.2 Weight Functions

Suppose that we have a matrix X with one data point X* per column, and for each point
we have a score z; that reflects some notion of badness for the point. Recall, a data point
could have a larger badness due to being less characteristic of the group of interest, or because
it is less reliably measured, or because it is more outlier-like than other data, or for some
other reason. But regardless of the cause, data points with more badness should be counted
less when performing analysis compared to data points with less badness, and our goal is
to assign weights to the data points to reduce the total badness to make our analysis more
accurate or more representative of what we are attempting to calculate. We assume z; > 0,
so that z; = 0 means that a point is as good as possible. This assumption that badness
has a minimum value makes sense in many contexts (e.g. when badness reflects variance,
measurement error, outlierness, or non-representativeness of a group). Hence in this context
a point can’t be arbitrarily good, it can only be not at all bad (i.e. z = 0) reflecting the fact

that it should not have its weight reduced at all during our calculations.

We would like to construct a function v(z;) that maps the badness z; of each point X*
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to a weight that we will assign to that ith point during data analysis. We will call such a
function a “Weight Function” if it has certain desirable properties that make it suitable for
this purpose. Here, we assume that a weight of 1 is the maximum weight for a point (i.e. the
point has the normal, full weight). Hence, we assume our function v(z) takes values in the
range 0 (no point weight) to 1 (maximum point weight). This choice of 1 for the maximum
is not essential, the key is that the function must have a maximum, as we do not want to
assign arbitrarily large amounts of weight to a single point, which would lead to highly biased

analyses based on the data. Using 1 is simply a convenient choice.

It is important to note that the functions v(z) will generally assign points unnormalized
weights, meaning that the weights will not generally sum to 1. Hence the weights output by
such a function will generally need to be normalized before they are used in data analysis. This

is done by dividing each weight by the sum of all weights, causing the weights to then sum to 1.

Later on, we will introduce a real-valued free parameter « into these functions, produc-
ing what we call “Parameterized Weight Functions”. This parameter a will determine how
harshly the function reduces the weight of points of higher badness relative to ones of lower

badness. For now, however, we assume our weight functions have no free parameters.

We would like our Weight Functions v(z) to have a number of properties that make them
suitable as a way to map badness into point weights. Intuitively, they should assign a value of
1 (i.e. maximum weight) to points that are not bad at all, they should not give more weight
to points that are more bad than points that are less so, they should assign arbitrarily close
to 0 weight to points that have arbitrarily large badness, they should limit the maximum
amount of badness a point can have after weighting that point, and they should look like

a uniform weighting of points for those points that are arbitrarily close to being not-at-all-bad.
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The following formally defined function properties are designed to capture these intuitions.
Any real-valued function that has all of the properties listed below, we will call a “Weight
Function”, and will be valid for consideration as a way of mapping badness values z into

weights v(z).

Properties that define a Weight Function v(z)

1. Domain: v(z) is defined on z € [0, 00), since we use 0 to mean that a point is not
bad at all, but a point can have arbitrarily high badness. For instance, in regression
a point can be perfectly on the regression line of the other points (0 badness) or
it can be arbitrarily far away from the other points (arbitrarily high badness). As
another example, a point can be associated with no measurement error (0 badness)

or can have arbitrarily high measurement error (arbitrarily high badness).

2. Range: v(z) € [0, 1], since we use 0 to mean that a point is given no weight (and
is hence totally ignored from all analysis), and a 1 to mean that a point is given

the maximum possible weight (when that point is not bad at all).

3. Monotonicity: v(z) must be a non-increasing function of z, since a point with
greater badness should not have more weight than a point with less badness. This is
clear since the purpose of introducing the notion of Weight Functions is to provide

less weight to points with greater badness.

4. Maximum: v(0) = 1, since when the badness z is 0 the corresponding point is not

bad at all, so should have maximum weight.

5. Boundedness: sup,.,v(z)z should be finite. Our weights are designed to reduce

the badness of our points overall (once those weights are taken into account).
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The badness of our ith point after it has been weighted by our weight function is
%, so if we want our weight function to control the badness of our points
no matter how large the badness gets, then we need sup,-,v(z)z to be finite. This
will also prevent the average badness, after the points are weighted, from remaining
arbitrarily large. Note that this bound also implies that lim, .., v(z) = 0, which is
crucial since arbitrarily bad points should have arbitrarily small weight. Otherwise
a single extremely bad point may throw off the results of our whole analysis (e.g.

one very extreme outlier may distort the mean of the whole sample, or one point

with arbitrarily large measurement error throw off our entire analysis).

v(h)—v(0)

6. Uniformity: limj,_o+ =

= 0, since points that are nearly not at all bad
should all be treated nearly equally, since that will produce an unbiased estimate
for our calculation of interest. Making the derivative of our weight function at
z = 0 vanish (we use the right derivative since v is only defined for z > 0), implies
that locally the function weights points that are nearly completely non-bad nearly
uniformly. This makes sense because the unbiased way to perform data analysis
with non-bad points is to weight them equally to each other, not to weight some
more than others. It is only by virtue of a point being bad that we want to give it
less weight, so v(z) should locally approximate the uniform distribution near z = 0

by having a 0 right derivative there.

We now introduce a theorem which allows us to easily construct Weight Functions, v(z),
by starting with a non-decreasing function, f(z), and passing it through a special non-linear

transformation designed for this purpose.

Theorem 1 (Characterization of Weight Functions). If f(2) is a non-decreasing, non-constant
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real-valued function defined on z € [0,00) which is continuous in some interval containing

z =0 (and which optionally may take on the value +00), then the function v(z) defined as

1
-~ 1+2(f(2) = £(0)

v(2)

satisfies all of the properties above and therefore is a Weight Function. Additionally, any

Weight Function v(z) can be written in the form above for some choice of f(z), though f(z)

L _ 1 s non-decreasing.
v(z)z z

will only be non-decreasing when

We note that f(z) does not need to be differentiable, and does not even need to be
continuous (except near z = 0). It also does not need to be finite valued, but since it is

non-decreasing, if it is ever equal to +o0o it must remain at this value for all larger z as well.

Proof. We show, one by one, that each of the properties of a Weight Function is satisfied for

any function v(z) of the form specified in Theorem 1.

1. Domain: By the definition of f(z) the domain of v(z) is z € [0, c0).

2. Range: v(z) is of the form #(z) for g(z) a non-negative function, and therefore is in

the range [0, 1].

3. Monotonicity: v(z) will be non-increasing whenever z(f(z) — f(0)) is non-decreasing.
But z and (f(z) — f(0)) are both non-negative and non-decreasing since f(z) is assumed
to be non-decreasing and z > 0. Therefore the product of these factors, z(f(z) — f(0)),

is non-decreasing.

4. Maximum: v(0) = 1.

1 —
1+0(£(0)=f(0))

z _ 1
SUP>0 T=(7 (=) 7 (0) inf.>o (%—f—(f(z)—f(o))) ’

way this supremum can be infinite is if both of the positive terms £ and (f(z) — f(0))

5. Boundedness: sup,.,v(z)z = The only
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approach zero simultaneously. But for small z when the latter term approaches zero
the former term % gets large. And as z grows arbitrarily large causing the former term
to approach zero, the latter term (f(z) — f(0)) will always remain above a positive
constant due to f(z) being non-decreasing and non-constant. Hence, the supremum is

bounded.

(2)=0(0) OO 1 —:((=1O) _ g

- = lim,_,o+ 2z 1+2(f(2)—f(0))

6. Uniformity: lim,_ o+ & = lim, o+

since f(z) is assumed to be continuous near 0.

So far, we have shown that any function of the above form will have the properties of a
Weight Function. But when can a given Weight Function v(z) be written in that form? To

find out, we consider the form of interest:

1

&) = ) — o))

We assume that z > 0 and that we are excluding any z where v(z) = 0. Then we rearrange

to solve for f(z). This gives us:

Since by definition v(z) is defined on the domain (0,00), and % is defined and finite in
this domain, this function f(z) is also defined and finite in this domain. For all z where
v(z) = 0, we simply define f(z) = +oo, which is permitted in the definition of f(z). For
z = 0, which is the only remaining problematic point, we define f(0) using the right hand
limit f(0) = lim, o+ f(2). This gives us:

lim — —§+f(o) — lim 1(1_—”(2)) +F(0) = — Tim — (“(z> _“(0)) + 1(0)

2—0t+ v(2)z =0t 2\ v(2) 20+ v(z) z
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— _ lim 20+ £(0) = £(0)

z—0+ 1

as expected, where we applied the properties that define v(z). Hence, to express v(z) in the

desired form as function of f(z), we can choose f(z) = @ — L for 2> 0, and f(z) will be
non-decreasing precisely when vé)z — % is. O

We now extend our definition of a Weight Function by introducing a real-valued free
parameter a. We will call this new type of function a “Parameterized Weight Function”
and will write it v, (2) instead of v(z). This « parameter controls how strongly we reduce
the weight of points based on on their badness. At one extreme (o = 0) badness is not
down-weighted at all (every point is assigned an equal weight of 1), and at the other extreme
(ov = 00) bad points are down-weighted as harshly as possible. Hence, we can think of v,(2)
as a family of Weight Functions with a harshness (i.e. how much increased badness reduces a
point’s weight) determined by «. Since the appropriate level of harshness is determined by
whatever problem our Weight Functions are being applied to, it is convenient to introduce

this as an explicit parameter.

Properties that define a Parameterized Weight Function v,/(z)

1. Weight Function Family: v,(z) must satisfy all of the properties of a Weight

Function for each fixed o > 0.

2. Monotonicity: v,(z) must be a non-increasing function of «, since o quantifies

the harshness of the weight function.

3. Equal Treatment: vy(z) = 1, since when we choose o = 0 we want to reduce the
weight of bad points as little as possible, so in other words all points should receive

the same weight no matter how bad each is.
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4. Extreme Treatment: lim, . v,(z) = 0 when z > 0, since when we choose «
approaching infinity we want to reduce the weight of bad points the maximum
amount possible, so in other words, all points that are even the slightest bit bad

(i.e. that have z > 0) receive no weight.

Theorem 2 (Characterization of Parameterized Weight Functions). If v(z) is a Weight
Function, then v(az) is a Parameterized Weight Function. Hence, if f(z) is a non-decreasing,
non-constant real-valued function defined on z € [0,00) which is continuous in some interval
containing z = 0 (and which optionally may take on the value +00), then the function v,(z)

defined as
1

" 1+ azx(f(az) — f(0))

Va(2)
satisfies all of the properties above and therefore is a Parameterized Weight Function.

Proof. The symmetry between o and z cause the properties for a Weight Function (with
respect to z) to immediately imply the properties of a Parameterized Weight Function (with

respect to ). O

2.3 Generating Parameterized Weight Functions

Applying Theorem 2, it is straightforward to generate Parameterized Weight Functions,
v (z), which for each a > 0 represent valid functions for mapping each point’s badness =z
into a corresponding weight that will be applied to that point. All we have to do is take
a non-decreasing function f(z) that is continuous at 0 and the theorem will produce a
Parameterized Weight Function for us. We show a number of examples in Table 2.1, each
generated using a different choice of f(z). For all examples where a constant p appears, it is

assumed to be a strictly positive real number.
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List of Parameterized Weight Functions

f(z) Vo (2) SUP,>0 Z Va(2)
_p_
P 1 1prtt
1+ (az)Pt! a pt+l
e—1 1 1.1
z er? —quz ae—1
p+1 1+log(p+1)
e? —1 6_(az)p+1 1,- el
z o
—L_if 2 < 1 otherwise co _1(e)? g, < L otherwise 0 <1
1—2zP 1—(az)P+(az)Ptl a «
0 if z < 1 otherwise co lif z < é otherwise 0 é

Table 2.1: Some Parameterized Weight Functions, along with the functions f(z) used to
construct them by applying Theorem 2, and their bounding constants.

The last row in Table 2.1 corresponds to what is, in a sense, the simplest Parameterized
Weight Function. It uses a stark cutoff of %, and any point with a badness z less than this
cutoff gets a full weight of 1, while all other points get 0 weight. The second to last option
in Table 2.1 is a smoother variation of this. Any point with z > é still gets a weight of 0,
but for 0 < z < é the weights are strictly between 0 and 1. The first three functions in the

table are smoother still, as they assign weights strictly between 0 and 1 to all points with z > 0.

Note that adding a constant to any such function f(z) does not affect the correspond-
ing v,(z). Also note that there are some interesting functions that nearly but not quite
satisfy our necessary conditions for a Parameterized Weight Function: choosing f(z) = 1
yields v, (z) = 1, which is not a Parameterized Weight Function because it does not have the
required limiting behavior with respect to @ and also because sup,>ovq(2)z is not bounded.
On the other hand, the function v,(z) = ﬁ nearly satisfies all the requisite conditions

except that it does not have a 0 derivative at z = 0.
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Parameterized Weight Function

Vq(z) for a =0,1,2,3,4,5
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Figure 2.1: A sample Parameterized Weight Function v,(z) = Hz%aél plotted as a function of
zfora=0,1,2,3,4,5.

2.3.1 Polynomials

Can a function that is a polynomial in z be a parameterized weight function? No,
because polynomials cannot both be equal to 1 when z = 0 and approach 0 as z — oo.
But we can construct polynomial-like parameterized weight functions. For instance, we can
construct a useful parameterized weight function that is (a) piecewise polynomial and (b) twice

differentiable using the following procedure: starting with the odd looking non-decreasing

function

@)

z2<p

1 16
z <(p—z+2)3(3p2—3p(2z+1)+3z(z+1)+2) - 1) p<z<p+2

f(z) =

g

z>p+ 2,
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which is defined for any p > 0, we generate a parameterized weight function v,(z) by applying

Theorem 2:
1 z< ®
va(2) =9 E(p—az+2)3(3p® —3p(2az + 1) + 3az(az +1) +2) 2 << 22

«a

We can gain a deeper understanding of this function by performing the change of variables

a=2and b= 1%2, yielding:
1 z<a
zZ— 3 (l2 z — a)—oa 2 22
ale) = | CLOE )y
0 z>b

This “polynomial” Weight Function is twice differentiable in z for all z > 0 (its first and
second derivatives at both a = £ and b = ’%2 are well defined and equal to zero, and it is of
course continuous at these points as well). As z increases, this function starts strictly at 1
until it hits z = a at which point it slopes down monotonically as a fifth degree polynomial
in z until it hits z = b where it then remains at zero forever after (see Figure 2.2). It is a
piecewise polynomial not just in z, but (when using the appropriate parameterization) also
in p and «, though it is not a polynomial in a and b. Piecewise polynomials that are k-times
differentiable are as close as we can get to polynomials in this world of Weight Functions.
The particular function v,; introduced above is quite useful because it allows us to specify
the badness level at which full weight ends (denoted “a”) and the badness level at which zero

weight begins (denoted “b”), corresponding to the cutoffs for a point being considered as

good as possible and as bad as possible, respectively.
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Polynomial Weight Function

Vap(z) for a=1, b=6

Figure 2.2: A twice differentiable piecewise polynomial Weight Function.

2.4 Speed of Decrease

Let us consider how quickly Parameterized Weight Functions of the form v(«z) decay as

functions of z. We have:

1
va(2)z = v(az)z < supwv(az)z = —supv(u)u = <
z>0 A y>0

for some finite ¢ > 0, since by definition sup,,v(z)z is finite. Therefore we have:

lc
« < —=
U(z)_az
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where ¢ is a constant that depends on the shape of the function v,(z), but not on « or z.
Hence, one interpretation for a (when considering Parameterized Weight Functions of the
form generated by Theorem 2) is as a parameter for controlling this upper bound on how
fast the function decreases. This bound also implies that while Weight Functions need not
be probability density functions nor even integrable functions, they do have to decay at least
as fast as % This rate of decay, however, is not typical: all the examples considered above

decay faster than %

2.5 Badness Range

The preceding discussion assumes that we already have a notion of badness defined for
our data points of interest, whether it be some measure of outlierness, measurement error,
representativeness of the group of interest, or something else. The switch from Weight
Functions to Parameterized Weight Functions removes our need to worry about the unit of
our badness scores, because a will play the role of setting this unit. But is is worth noting
that if our badness scores are not naturally able to cover the range [0, 00) or [0, co] we may
want to modify these scores before plugging them into a Weight Function. For instance, if
our scores z are in the range [g, 00) we can simply subtract q from each score. Or if they are

in the range [g, r] then we can apply a monotonic map such as

so that the new range is [0, co] before a Weight Function is used.
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2.6 Weighted Least Squares

A simple example of a Weight Function arises naturally in the context of Ordinary Least
Squares regression. From a statistics (as opposed to machine learning) perspective, if all
the underlying variables being used in our linear model are normally distributed, plus our
prediction errors are uncorrelated both with each other and with the other independent
variables and the standard deviation of the prediction errors are all the same with zero
expected values, then it is desirable to leave our data points unweighted. The Gauss-Markov
theorem tells us that the standard (unweighted) Ordinary Least Squares solution is the “best
linear unbiased estimator”. However, if we drop the assumption that the prediction errors
have identical standard deviations, then the points have to be weighted to produce the best
linear unbiased estimator. In particular, theory says that the ith point should be weighted by
0%2, where o; is the standard deviation of the ith error (Draper and Smith, 1981). In practice
though, this formula should not be used since it blows up to infinity. The standard deviations
of each error are not actually known to infinite precision, and in almost all cases have to
be estimated from the data. An erroneously low standard deviation estimate will cause the
corresponding weight to explode, causing poor prediction performance. Hence, this formula
is often adjusted to prevent exploding weights by writing ﬁ, for some small € > 0 which
smooths out the standard deviation estimates. If we use z = o; as our measure of the badness
of a data point, this corresponds precisely to one of our standard Weight Functions, m
Since this function will be normalized to have its weight sum to 1, a plays a role analogous
to % As a — 0 we reconstruct the uniform weighting which is optimal when all standard
deviations are the same. On the other hand, as @« — oo we reconstruct the theoretically

optimal (but impractical) weight .

(3
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2.7 Selecting a Parameterized Weight Function

There is an infinite number of Parameterized Weight Functions to choose from. It would
require extra information that the practitioner happens to know about his or her problem
domain to narrow this infinite space down to just one function. Fortunately, there are many
commonalities between all such functions, giving them a similar shape. They all start at 1
(for z = 0), then remain near 1 for a time as z increases, then monotonically decay down
to zero (for large z), falling at a rate no slower than ¢, for some constant ¢ (which might
depend on a). When the Parameterized Weight Function is of the form v(az), the bound
becomes =, where ¢ now does not depend on . Given the striking similarities between all
such functions, for a variety of practical purposes it will be sufficient to consider just one
family of Parameterized Weight Functions, indexed by a parameter p > 0. We can think of
a and p together determining where the function begins to descend substantially and how
quickly it does so, or in other words, how wide of a flat top the function has near z = 0 and
by what point it is assigning nearly zero weight. One useful family of parameterized weight

functions is given by:
1

T e

For this family of functions we can conveniently set o and p if we have an intuition about

two points that the weight function should pass through.

2.7.0.1 Using Two Fixed Points

Consider again our example where a psychologist wishes to estimate the mean amount of
sleep for depressed individuals in a sample. Scores on a depression inventory serve as a proxy

for how closely each person fits the term “depressed”. So if the depression test is out of 100
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points, the psychologist may define the badness scores z using z = 100 — d, where d is the
depression score of each individual. This choice simply causes the badness scores to be in the
desired range z > 0, with a 0 badness for people who have the maximum possible depression
score d = 100 (they are truly depressed by any definition), and a larger badness for anyone
with a depression score lower than this. The exact function used to convert test scores into
badnesses is not critical (e.g. another choice could be z = 1%0 — 1, which could be desirable
because it would cause the badness scores to cover the domain [0, oo}, but we consider the

former option here just for simplicity).

To choose v,(z) the psychologist can make use of his or her intuition about two points
in our sample. If the psychologist can select an appropriate weight vy > 0 to assign any

individuals who have a score zy, and an appropriate weight v; (where 0 < v; < vg) to assign

to individuals with a score of z; (where 0 > 2z; > z). Then we can solve for « and p in the
pair of equations: v,(z9) = vy and v,(z1) = vy, which yields:

v(z) = (1 + 2 ;OUO (%) o [ 2] )l

So for instance, if the psychologist decides that a person with badness score z = 20 should

be considered 90% depressed (i.e. weighted 0.90 of what someone maximally depressed would
be weighted), and someone with a depression score of z = 60 should be considered 10%
depressed, then we can use (zg = 20, vo = 0.90), and (z; = 60, v; = 0.10) which yields:
v(z)=(1+ ﬁ:ooo)_% as seen in Figure 2.3. If the ith depressed patient has sleep score s;
and badness z; then to compute the average sleep for depressed individuals such that the
continuum between “depressed” and “not depressed” is taken account, we would then just

compute the weighted average sleep s for depressed individuals as: s =3 ", %sl
j= J
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Weight Function Fit To Points

-1

Va(z) = (1+ )

1440000

10—
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Figure 2.3: Sample Simple Weight Function of the form v,(z) = W, with parameters «

and p set from two known points (2o = 20, vg = 0.90), and (z; = 60, v; = 0.10).

This procedure of fitting p and « using two points will always give us a decreasing function

as long as v; < vg and z; > z5. However it will only technically be a Weight Function when:

zl1 vyl —
0 Y
20 v 1—1g

because otherwise one of our properties that define a Weight Function that will not be
satisfied (the right hand derivative at 0 will not be 0, meaning it will not locally weight points
uniformly near 0).

2.7.0.2 Using Maximal Weight and Minimal Weight Cutoffs

Consider again our example where a social scientist has constructed an “unreliability”

score for each person he or she has surveyed. It is desirable to reduce the weight of data
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points that have greater unreliability to improve the quality of data analysis. If the sociologist
has an intuitive sense of what cutoff score is low enough that we should consider a person
getting that score “minimally” unreliable, and what cutoff score is high enough that we
can consider a person getting that score “maximally unreliable”, then we can use these two
cutoffs to construct our Weight Function. Anyone data point below the former cutoff will
receive a weight of 1, and any data point above the latter cutoff will receive a weight of
0. The “polynomial” Weight Function v, ,(z) that we constructed earlier is an appropriate

choice in this case, with the parameters a and b representing the two cutoffs.

To be specific, let us assume that the sociologist’s unreliability scores are real numbers
in the range of 0 (not at all unreliable) to 5 (totally unreliable), and the sociologist decides
that anyone with a score less than or equal to 1 should be considered totally reliable (and
so gets a weight of 1) and anyone with a score of 4 or higher should be considered totally
unreliable (and so gets a weight of 0). Then the appropriate weight function is simply vy 4(2).
Of course, this function must be normalized before use so that the sum of weights assigned

to all points is always 1.

2.7.0.3 Using External Validity

Consider again the example of the physicist who has collected a series of repeated mea-
surements along with a quantity that correlates with measurement error (which serves as a
measure of badness, z, for each data point). We assume that the correlate of measurement
error is statistically independent of the repeated measurements that were made, otherwise
reducing the weighting of data points based on it may bias the analysis. Now suppose that
the physicist has also measured some third quantity that is known to correlate strongly with
the repeated measurements, which we will call our “external validity measure”. This third

quantity can help us choose a Weight Function, by setting the free parameters of a Weight
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Function family such that we maximize this correlation. The worse a data point is for use in
our data analysis (due in this case to measurement error), the more its inclusion will tend
to negatively impact the correlation between the repeated measurements and the external
validity measure. Hence maximizing the correlation between the repeated measurements and
the external validity measure by weighting data points provides a mechanism for deciding
how low a weight to give to data points of different levels of badness, which means we can

use it to determine o and p in our Parameterized Weight Functions.

We begin with a Parameterized Weight Function family, such as:
v(z) = e (@

Then to set the free parameters a > 0 and p > 0 we simply try different combinations of
these two parameters (e.g. p € {0.5,1,1.5,...,5.5,6} and o € {2710,279 278 29 210})
For each such combination we compute the weighted correlation between the repeated
measurements and our external validity measure. The weighted correlation is just like a
regular correlation, except each data point is weighted by v(z) after this function has been
normalized (so that the weight assigned to all the data points sum to one). Whichever
combination of the parameters a and p maximizes this correlation between our repeated
measurements and the external validity measure is our preferred choice of Weight Function
parameters. In more general terms, we learn the parameters of our Weight Function family

using an external quantity for assessing the quality of our (weighted) data points.

2.7.0.4 Using k-Fold Cross-Validation

Consider again the case of the machine learning researcher who has found a way of scoring

how outlier-like (i.e. how “bad”) each data point is for any given training set. For instance, in
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an Ordinary Least Squares context, scoring methods could be those found in Stevens (1984).
Furthermore, assume that the machine learning algorithm that he or she will be using for
making predictions can make use of points weights, which determine how much each point
should count during training. This is true for most popular algorithms. Then, by using a
Weight Function, the machine learning researcher can turn the scores for how outlier-like
each point is into point weights, hence causing the machine learning algorithm to rely less on
outlier-like data and to ignore very extreme outliers altogether. We explore this approach to

automatically handling outliers in the context of Ridge Regression in Greenberg et al. (2016b).

But which Weight Function should the machine learning researcher use to convert outlier

scores into weights? Empirical test cases suggest that the Parameterized Weight Function:

1

" e

is a reasonable choice. This function is very flat around z = 0 and only gradually descends
to 0. We can then select @ > 0 using a robust form of k-fold cross-validation. Rather than
selecting the « that gives the lowest error averaged across all k folds (as in regular k-fold
cross-validation, which is not robust to outliers), we instead use the winsorized mean of the
out of sample errors made on all out of sample points during cross-validation. The winsorized
mean is like the regular mean, but it is much more robust to outliers. It is computed by first
replacing any value above the p percentile value with the p percentile value, and any value
below the 1 — p percentile value with the 1 — p percentile value, and only then computing the
mean of the resulting values. Using this approach, the parameter « is automatically learned
from the data based on how much outlier reduction is ideal in the particular training set
being used. This lack of free parameters and automatic reduction of outliers is desirable as it

prevents debates over precisely which data points should be included in regression analysis,
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as was seen for example in a psychology context in Brandt (2012).

2.8 Conclusion

We have introduced the concept of a Weight Function, which represents the set of
reasonable functions one can use to map a measure of how “bad” a data point is into a
weight to be assigned to that point during (nearly any kind of) data analysis. We developed
a framework for easily generating new Weight Functions simply by choosing an increasing
function, and extended this definition tot Parameterized Weight Functions, which are Weight
Functions with one free parameter that determines how harshly bad points should have their
weights reduced. Finally, we discussed how researchers can use their intuition and measures

of external performance to select which Weight Function to use in practice.
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Chapter 3

Stabilized Ridge Regression

In this chapter, we investigate another source of problems for machine learning algorithms
discussed in Chapter 1, namely, outliers in the training data. We investigate types and causes
of outliers, and generalize Ridge Regression to a new algorithm which includes a parameter
for penalizing outliers, while investigating why outliers have a damaging effect on Ridge
Regression in the first place. We also explore some of the drawbacks of common approaches
to removing outliers, such as modifying the loss function. The outlier robust algorithm that
we introduce here leverages the work in Chapter 2 on Weight Functions. While Weight
Functions are not specifically for outlier reduction in particular, they are applicable because
“outlierness” is a measure of data point quality. Here, we limit our discussion of outliers
to a regression context, but in Chapter 4 we discuss approaches for outlier detection in an

arbitrary vector of real numbers.

3.1 Introduction

Despite their extreme popularity as prediction methods, Ordinary Least Squares regression

and Ridge Regression are remarkably non-robust to outliers: the presence of a single “bad”
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data point in the training set of either algorithm can severely damage their accuracy. In this
work, we introduce a new variant of Ridge Regression, Stabilized Ridge Regression, which
automatically accounts for possible outliers in the training data. Rather than handling outlier
removal as a pre-processing step, or changing the loss function that we seek to minimize,
e.g. switching from the L, loss function to the Ly loss function, the algorithm automatically
adjusts the weights of all data points based on how outlier-like they are. Our approach, which
involves stabilizing the solution coefficients with respect to a point being dropped, operates
by iteratively reweighting the data points and solving the Ridge Regression optimization
problem under each reweighting. In doing so, it prevents extreme points from significantly

harming prediction performance.

Our Python code for implementing Stabilized Ridge Regression is in the public domain, and

can be downloaded at the URL found in the following footnote!.

This chapter is organized as follows: we first introduce two different types of outliers and
discuss the common methods used to handle outliers in practice. We then discuss the desirable
properties for an algorithm robust to outliers. Next, we show that Ridge Regression (and by
extension, Ordinary Least Squares) behaves undesirably in the presence of outliers, and that,
even n-fold cross-validation, which is commonly used to select the tuning parameters of an
algorithm, is problematic in the presence of outliers. Finally, we introduce our Stabilized

Ridge Regression algorithm and demonstrate its performance in several cases of interest.

3.2 Outliers

Outliers, while hard to define formally, intuitively come in two flavors:

lhttp://spencergreenberg.com/code/doctoral _thesis_machine_learning_code.zip
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1. A “label outlier” is a point with a label that is very large in magnitude relative to what
would be expected from the rest of the data. As straightforward example, if all but
one of the data point labels were generated by a normal distribution with mean 0 and
standard deviation 1, but one data point had a label of 10, we can conclude that this
label almost certainly was not generated from the same distribution as the other points.
We call this point a “label outlier”, and can predict that including it in the training set

will likely have a detrimental effect on the performance of a prediction algorithm.

2. A “feature outlier” is a data point whose feature vector lies very far from other points in
the data set. For instance, if all but one of the data points feature vectors were generated
by a multi-variate normal distribution with mean (0,0, ..., 0) and with covariance matrix
equal to the identity matrix, but one of the data points has feature vector (10, 10, ..., 10)
then it is almost certainly not generated from the same distribution as the other points,
and will likely be harmful to the algorithm’s prediction performance. We would call

such a point a “feature outlier”.

Of course, many real outliers are more subtle than these simple to identify cases, for
instance a point whose label is not excessively large compared to the other labels, but is
excessively large given what its feature vector is. And a real outlier can of course be both a

feature outlier and a label outlier simultaneously, as this classification is not mutually exclusive.

The presence of outliers may have different causes, including input error, machine error,
contamination of one data source with another, extreme chance events, or multimodal or
heavy tailed probability distributions. What all outliers have in common is that they are
risky to include when training a machine learning algorithm. Treating them like other points

tends to make prediction less accurate in comparison with downweighting them.
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3.2.1 Modifying Loss Functions to Mitigate Outliers

We now consider two common approaches to handling outliers, and discuss their limita-
tions. Since most machine learning algorithms can be formulated in terms of minimizing a
loss function, one approach to making such algorithms more robust to outliers is to modify
this loss function. A properly chosen loss function can greatly reduce the impact of extreme
points. The standard L, loss function of ordinary least squares and Ridge Regression is
especially worrisome from the perspective of outliers because the most poorly predicted
points (including outliers) have the most impact on the solution due to the squaring of
errors. By switching to another loss function, such as L, for 1 < p < 2, this effect can
be reduced. In particular, the L; loss function is highly robust against label outliers. A
generalization of this idea, which allows for a wide range of loss functions, is used in the

theory of M-estimation (Huber et al., 1964).

However, changing the loss function has significant disadvantages. First, while this ap-
proach can make the solution more robust to label outliers, it will typically not make the
solution significantly more robust to feature outliers. In fact, when modifying Ordinary Least
Squares regression to use the L; loss function, one finds in some cases that changing the
feature of one point slightly can cause the solution to jump discontinuously (Ellis, 1998),
which seems like a step in the wrong direction from a robustness perspective. Second, by
changing the loss function to minimize, one is solving a fundamentally different problem from
the original one, so one can get a very different solution from what ordinarily least squares or

Ridge Regression would yield even in the absence of outliers.

For an instance of this, notice that argmin, Y, |y; — ¢[* and argmin, Y, |y; — ¢| can have very

different solutions: the mean for the first and the median for the second. For non-symmetric
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distributions (including those without potential for large outliers) the mean and median can
be far apart. Ideally, the choice of error function should be chosen based on one’s goals and
the prediction problem one’s been handed, not on a desire for robustness. If the nature of
the problem is such that miss-predicting a point’s label by 2 units is 4 times worse than
miss-predicting by 1 unit, then that’s a property the algorithm should respect, making the
Ly error function more appropriate than the L, error function. Similarly, if one’s goal is
to accurately predict the mean of the label associated with a point, rather than say the
median, the Ly error function will again be more appropriate than other choices. Changing
the loss function is often an inappropriate way to achieve outlier robustness because it does

not preserve the original prediction goal.

Another approach to replacing the least squares problem with a more outlier robust problem
is the Theil-Sen estimator (Blunck and Vahrenhold, 2006), which uses as the slope of the
prediction line (for one dimensional prediction tasks) the median of the slopes of all lines
passing through all pairs of data points. This method is certainly useful for some applications.
But as with the approach of changing the loss function, this approach alters the goal that
our algorithm is attempting to achieve, and therefore could lead to substantially different

predictions even when no extreme outliers are presents.

Yet another strategy is to minimize the median of the squared errors (or another robust mea-
sure of scale applied to the prediction errors), rather than the sum of squared errors, known as
S-estimation (Rousseeuw and Yohai, 1984). While this approach is robust to both label and

feature outliers, it can have low statistical efficiency in outlier free data (Onur and Cetin, 2011).

An ideal approach to handling outliers would work for feature outliers in addition to label

outliers, and would not require one to change one’s ultimate goal (such as predicting the

70



mean of the label distribution at a point). It would also ideally produce predictions that are

identical to or very close to Ridge Regression in the case when no outliers are present.

3.2.2 Pre-processing to Remove Outliers.

There are many approaches to pre-processing a training set to handle outliers, for instance
by removing any point whose distance is more than D (using some notion of distance) from
at least a fraction F of the other data points (Knorr et al., 2000a). Other approaches include
reducing the dimensionality of the data set to just one or two dimensions where outlier

detection is easier, or performing clustering on the data (Ben-Gal, 2005).

Pre-processing the data to remove outliers has the advantage of being simple and applicable
to a wide range of problems, but it has disadvantages as well. How outlier-like a point is
falls on a continuum, so some threshold will be required to decide whether a point should be
removed. It is unclear how to set this threshold properly, and if it is not set properly, either
too much data will be removed, which may both bias the solution and increase its variance,

or too little will be removed, which will not handle the outlier problem.

A second issue with this approach is that it provides an all-or-nothing solution. Intuitively it
seems that points that are somewhat outlier-like should count somewhat less during training
than points that are not at all outlier-like, but this pre-processing approach to handling out-

liers either removes a data point completely or treats it equally to all other non-removed points.
A third potential issue for pre-processing based outlier removal is that it is not obvious that

outliers can reliably be detected without taking into account the machine learning model

that will be applied afterwards. In other words, without a model for the data, it is harder to
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say what is or isn’t an outlier, but pre-processing occurs precisely before one has a model
for the data. Removal of one data point can influence which other data points appear to be
outlier-like, which makes building the outlier removal process directly into the iterations of
the training process especially desirable, especially compared to performing outlier removal

in one pass of the data.

Unlike pre-processing approaches, it is desirable to have an algorithm that automatically
determines the degree of “outlier-ness” of points, that reduces the weight of outliers rather
than removing them altogether, and that is built into the machine learning algorithm itself

so that it can leverage the model of the data in determining what is an outlier.

3.2.3 Desirable Properties of an Outlier-Robust Algorithm

Based on the discussion above about the inadequacies of the two previously mentioned
approaches to removing outliers, we seek an approach to making Ridge Regression and

Ordinary Least Squares regression robust to outliers that:
1. Handles both feature outliers and label outliers.

2. Does not redefine our prediction goal (e.g. minimizing the squared error or predicting
the mean label for each data point), so the solutions produced by our approach should
closely approximate that of Ridge Regression (or least squares) in the case where our

data does not contain outliers.

3. Automatically determines how strongly to reduce the influence of points that are

outlier-like, so that an arbitrary cutoff does not need to be set by hand.

4. Reduces the weight of outliers rather than removing them entirely, so that points that

are only somewhat outlier-like can be handled in an appropriate way.
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5. Is built into the machine learning algorithm itself, and uses the learned model (while it

is being iteratively learned) in making its determination of what an outlier is.

3.3 Ridge Regression

We now consider Ridge Regression, and examine its behavior in the presence of outliers,

which as we will see is far from desirable.

Ridge regression (which encompasses Ordinary Least Squares as a special case when A = 0)
makes predictions of labels from points by solving the following Ridge Regression optimization

problem’ for the solution coefficients w:

wy = argmin Z(wTXi — )+ Mwl|3. (3.1)

weR™ i1
Here A > 0 is a complexity parameter that determines the tradeoff between minimizing the
empirical error (seeking low bias) and considering only small coefficients for w) (seeking low

variance). The solution to the optimization problem is given by:

wy = (XXT+ A" Xy. (3.2)

3.3.1 Ridge Regression and Outliers

It is widely believed that Ridge Regression is “robust”, due to the flexibility it allows for
selecting the complexity parameter A. Intuitively, it may seem that being able to make a
choice of A\ can prevent the algorithm from performing badly when a data set has outliers.
One reason for this false belief may come from the fact that Ridge Regression is “uniformly

stable”. This means that one can bound the maximum change in prediction error that can
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occur due to adding (or removing) a single data point from the training set. If the predictions
cannot change much when one data point changes, it intuitively seems that the algorithm
must be robust against an extreme outlier in the data. Consider the following theorem
adapted from Bousquet and Elisseeff (2002), which is based on the uniform stability of Ridge

Regression.

Theorem 3. Let Z = (X, y) be our training set, and let Z be the same as Z except with any
one point (column) dropped from X and the corresponding label (row) dropped from y. Let
lz be the linear function solving the Ridge Regression optimization problem (Equation 3.1)
trained on Z, and ZE be the corresponding solution when instead trained on 2 . The prediction
error achieved by ly at any point x € R™ cannot differ from the prediction error achieved by

I~ at x by more than B, where
z 52/\/12

<2
ps Am

with the assumption that the underlying distribution from which our points and labels are

generated only produces points x such that ||z||2 < k , and only produces labels yo such that

Yo € [O,M]

The above theorem tells us that when one point is added to (or removed from) our training
data, the predictions made by Ridge Regression on all other points cannot change “very
much”. There are at least three reasons why the stability based bound of Theorem 3 does not
imply that Ridge Regression has satisfactory resistance to outliers, even when the conditions

of the theorem are met.

1. The choice of A typically depends on the data (for example, when we use k-fold cross-
validation to set this parameter). But in Theorem 3 it is assumed that A is fixed. If the
procedure for selecting A selects a small value, then § could be very large, so that the

algorithm could actually be very influenced by the addition of one point.
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2. 3 depends on the maximum possible label value, M. In a world where outliers are
possible we may have labels in our data set that are far larger than all the rest. If the
label bound M is large, then 3, the amount our predictions can change, may be large

as well.

3. [ depends on the maximum possible point norm, x. But an outlier point may lie very

far from the origin. If the point norm bound x is large, then g may be large as well.

3.3.2 k-Fold Cross-Validation with Outliers

There is an additional reason why Ridge Regression, as it is usually implemented, is not
robust to outliers. This is because k-fold cross-validation, despite its huge popularity, is itself
not robust to outliers. So the standard procedure for selecting A in Ridge Regression adds

another source of non-robustness.

The process of performing k-fold cross-validation involves splitting the training data Z = (X, y)
into k disjoint subsets Si,..., Sy of approximately equal size. Then, for various choices of A
(for instance from some exponentially growing set) we train once on each of the Z — S; for
i € {1,...,k}, predict the labels in the corresponding S;, and compute the sum of squared
error for the predictions of all labels in .S;. We thus get & error values for the current choice
of A, one such error for each S;. We sum these k errors together to get a total error estimate
for the current choice of \. We carry out this procedure for each A in our set, and finally

select the A that yields the lowest error.

Consider what happens when the k-fold cross-validation algorithm is applied to a ma-
chine learning algorithm where the training data contains one very extreme outlier (which we

assume is very hard to predict, and therefore will have an enormous prediction error when we
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attempt to predict it). This outlier will fall into exactly one of the Sy, ..., Sk. Without loss of
generality we can assume it is in S;. Even if we suppose that the algorithm is not affected by
outliers when it trains on Z — S; for i # 1 (even though it will be training on data containing
an outlier), a strange outcome will occur when training on Z — S} and computing prediction
errors on Sy. The outlier in S} will be very poorly predicted, causing a very large prediction
error. If that outlier is sufficiently extreme, that error can overwhelm the prediction error
of all other points combined, both from within S; and from the other S;. Since all of the
prediction errors are summed together, that means that the total error could be largely
determined by the error made on that one outlier point. Hence, the parameter that we are
applying k-fold cross-validation in order to learn may simply be determined by whichever
choice of that parameter causes the best prediction of the single terrible outlier. This is of
course an awful way to select the parameter because it depends mainly on one point in the
data. It is because of this lack of robustness that our algorithm applies a robust variation on

k-fold cross-validation, which we call Stabilized k-Fold Cross-Validation.

3.3.3 Label Outliers with Ridge Regression

As we now demonstrate, a single point with a sufficiently large label in the training set
can destroy the performance of Ridge Regression, even if A is chosen optimally. Suppose
that point X™ is a label outlier in the sense that its corresponding label y,, is very large
compared to all the other labels. Now, we will write the formula for the Ridge Regression

solution coefficients, which solves:

min Z(X”w —yi)? + wTAw.

i=1

Note that for now we generalize the regularization matrix A/ to instead be an arbitrary

positive definite matrix A, to gain greater clarity on the impact of regularization. We have:
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wy = (XXT+A) ' Xy

= (XXT+A)" ZX’yl
= (XXT+A) X"y + (XXT+A) ZXZyZ

If an entry of the column vector (X XT+A)~1X™ is sufficiently small in magnitude relative
to Ym, then y,, will not be able to distort the corresponding coefficient of w,. However, as
Ym gets arbitrarily large relative to the elements of (X X7+ A)~'X™, the solution coefficients
can become arbitrarily distorted, The only hope we have to ensure this does not occur is to
make a judicious choice of A, which must depend on ,, itself. However, since one almost

always uses A = A, the only choice is over the scalar parameter A > 0 in

wy = (XXT+ M) X"y, + (XXTHA) ) X'y

The problem is that A does not provide enough flexibility to simultaneously eliminate
the effect of the outlier label y,, while still preserving the effects of the rest of the points. If
we get lucky and it turns out that ||[(XXT)~1X™| is very small then nearly any choice of
lambda may be fine. But in most cases the only way to make |[(XXT + XI)"1X™y,,|| small
is to choose A very large, which will have the effect of making ||w,]| small, preventing the

algorithm from learning much of anything from the non-outlier points. We have that

lim 2 = (XXT+A)"'X™

Ym—00 Yy

meaning that as y,, gets large, the only label that ends up having a substantial effect on the

solution is y,,, and that the solution coefficients are approximately proportional to ¥, for
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large y,,.

3.3.4 Feature Outliers with Ridge Regression

Intuitively, one might think that allowing the features of one point to grow unboundedly
might produce a similar effect as letting that point’s label do so. But the story for feature
outliers is very different than that of label outliers. Suppose that the label 1, for our outlier
point is modest in size, but that the entries of the point vector X™ are very large (we choose
X™ without loss of generality, as the effect is symmetric for all points). For simplicity, we
write X™ = cz for a fixed column vector z and scalar ¢ and consider what happens to the
solution coefficients wy = (XXT+ A)"'Xy as ¢ — oo. Substituting ¢z for X™ in X XT, we

can write:
XXT=XX +c%227 and (XXT+A)'=(XX +A+cP227)7!

where X is the matrix X with the m’th column removed. Since ¢ zzT is a rank one matrix
~~T
added to XX + A, we can apply the Sherman-Morrison formula to compute the inverse, so

~~T
long as 1+ c22T(XX + A)~'z # 0. Defining

~ ~ ~T

R=(XX +A)™!

this gives us:

(XXTHA) = (XX 4 A+ @aan) =R @ 12
1+ c22TRz
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We return now to the equation for the Ridge Regression solution coefficients, and take the
limit as ¢ — oco. So long as 2TRz # 0, this yields

Woo = lim wy = lim (X X7+ A) ' Xy

c— 00 c— 00

m—1
= lim (XXT 4+ A) 7' Xy, + lim (XXT+A)7 ) X'y,
=1

c—00 C—00
~  @2R:7R ~ R22TR Lo
= lim (R — %)czym + lim (R — ¢ LN) Z X'y,
emee 14+ c22TRz2 emee 14+ c22TRz =1
~  @R:R ~  RzTR "
= lim(Rz = ey + (R— —0) Y X'y,
emree 14+c22TRz TRz =1
~ 2 T§ ~ ﬁ T% m—1 .
=Relim (1~ ey, + (R— =) X'y,
e 14+c22TRz TRz im1

D
~ 1 ~  RzR |
Rz lim (—————)eym + (R— )Y X'y,

~

T 14+ 22TR2 TRz im1
~ I%zzT]tZ R
= (R— ——))_ X'y,
2TRz =1
~ }N?zzT;% ~
=(R—- —)Xy
2TRz

~ RzzTw
w

2TRz

Now, in the special case where there is only one feature, the matrix R and the column

~ ~ ~ ~ ~2
vector z (assumed not to be 0) both become scalars, so (R — 22Z2) = (R — ]i—zj) = 0.
2TRz Rz

Hence, our final expression for w, in the one dimensional case is simply wy = 0. Therefore,
in this case the effect of a point with very large features is extremely bad, forcing the solution

coefficient to go to zero.

In the case when the number of features is greater than 1, we see a different story. Our
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solution coefficients are not forced to vanish, but they are influenced by the outlier point,

changing from w, had that point not been included, to (I — £22")w instead. To see what sort

2TRz

of effect this is, consider the prediction that the solution coefficients w,, yield for the outlier

itself. One has:

~ RzzTw
X"™"Mwe = ¢2Twe = c2T(w — —)
2TRz
~ 2TR z2Tw
= c(zTw — —
2TRz
=0.

Hence, as ¢ — oo the solution coefficients yield a 0 prediction for the outlier X™ = ¢z, but
otherwise the solution coefficients still depend mainly on the features and labels of all the
other points. As ¢ gets increasingly large, Ridge Regression is forced to make an ever smaller
prediction for the point X™. Intuitively, the reason this happens is because Ridge Regression
is trying to predict y,, as accurately as possible, and as X™ gets larger, the only way this
can occur is if it makes smaller and smaller predictions for the unit vector in the direction of
X™. In one dimension this has devastating effects on our solution coefficients, but in higher
dimensions this can be achieved while still maintaining somewhat reasonable predictions on
other directions. But the predictions are still distorted, sometimes substantially so, which is

not ideal.

We will now examine just how bad an arbitrarily large feature outlier is in terms of its
distorting effect on our predictions. Let Err¢|z;, y;] be the prediction error that Ridge Re-
gression makes on the point (z;,y;) when trained on the feature matrix X and column vector
of labels y, with X™ = cz, and let Err®|x;,y;| = lim._,o Errc[z;,y;], be the error made in

the limit as ¢ — oo. Furthermore, let Errz;,y;] be the prediction that Ridge Regression
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makes on the point (z;,y;) when trained on the feature matrix X (which is just X with the
mth column, X™ removed) and the label column vector Y (y with the mth row value y,,
removed). We can then consider the difference in generalization and empirical error between
keeping the point X in our training set, and omitting it before training. We define the

difference in generalization error as

A= E Err®[z;,y] — E E;T[l’z’,yi]
Xi,Yi

Ti,Yi

and for the difference in empirical error (on all points except for X™) we write

with z; = X

These quantities A and A measure how badly Ridge Regression’s prediction accuracy is
affected by a single training point which has arbitrarily large feature values. The next theorem

provides formulas for their values.
Theorem 4. Let w be the solution coefficients for Ridge Regression when trained on X, v,
~ ~~T -
and let R = (XX + A)~L. Furthermore, let m = m — 1, the sample size once the point
- ~ o ~~T
X™ is removed. Let C = m E,, . [x;2;]7 and C = S0 XiXT = XX, which for mean

centered data are unnormalized versions of the true and empirical covariance matrices, and

let ¥ = m By, [viyi]. Then:

A — i( 2Tw >2ZT;€C;€Z 3( ZTw ) ZT}N{(F — Cw)
m \/ ZT§Z ZTRz m \/ zTﬁz \/ zT]N%z
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and

A=

~ ~

2TRz m

~

m

1 < 2Tw )QZT]A;Y@]A%Z 2 < 2Tw )ZT(I—;%a)J)
\/ ZT;%Z \/ ZT}N%Z zT;%z

Note that if A — 0 and C is invertible, then ]N% — 6*1, yielding:

o~ 1 (2Tw)?
lim A = — ( = ) .
A=0 mzTC~1z

Proof. The proof is nearly identical for A and A. In the former case, which corresponds to

generalization error, we define

which is the expected value over some new independently sampled point (z;,y;), whereas for

the case of A, which corresponds to empirical error, we define

m—1

E[]

Je =

=1

which is the empirical mean over all training points. We furthermore define:

C = mE[zx]] r = mE[zy]]

~ ~ ~T > TN
R=(XX +A)! ZERZZNR.
Z2TRz

Then we have, for A = A in the generalization error case, and A = A in the empirical error
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case,

A = B[l Brrefas, yl) - B[Brrfe:, vl
= E[Err®™[z;, y]] — E[ENT’T[iUn il]
= E[(2]wee — 4:)* — (z]w — 1;)?]
= E{(2] (i — ZX3) — ) — () — y)?
= E[((«]i0 — y) — 2] ZX7)° — (2] — )’]
= B[(2] ZX)? — 227 ZX (a0 — )]
= QT)N(TZT E[W?I]Z)N(ZN/ - QZNJT)N(TZT Elz;z]]w + QZT;(TZT Elziy:]

1 [T ~ T o T
==y X 27CZXy -2y X ZTCw+2y X Zr

m
1 (w12:TR_Re2T  122TR . 122TR
—T(wTZZN C Zj —2wTZZN Cw+2wTZZ r)
m 2TRz 2TRz 2TRz 2TRz
1 (2T0)22TRCRz 2 2T~ .
—7(27;0>Z — - TZ:UZTR(T—C@U)
m TRz 2TRz m TRz

B 1( 2Tw )%U%C]N%z 2( 2Tw )ZTIN%(T—C{I))

\V zT]N%z \V zT]N%z 2T ]N%z

In the case of empirical error, we use the additional fact that Rr = RXy = Rw to simplify

~ ~

2TRz m

~

further. Observing that C' = C and r = 7 in the case of generalization error, and that C' = C

in the case of empirical error, completes the proof. O

We now introduce iteratively reweighted Ridge Regression, which provides the algorithmic
framework for our new algorithm, Stabilized Ridge Regression. This algorithm will behave
similarly to Ridge Regression when no outliers are present, but unlike Ridge Regression it is

inherently robust to outliers.
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3.4 Iteratively Reweighed Ridge Regression

Let m be the number of data points in our training set, and let X be the n x m matrix
of points, with one point X* per column, and one feature X; per row. Likewise, let the m x 1
column vector y represent the labels of our training set, with one label y; for each point X°.
We assume here, and throughout this chapter that X has had a row of all 1’s added, to
handle the intercept (i.e. constant term) of linear regression. With this assumption in place,

we can simply treat the constant term as one more feature like any other throughout this work.

Consider Algorithm 1, the iteratively reweighted Ridge Regression algorithm. This al-

gorithm is very versatile. For instance for 1 < p < 2, if we choose to assign weights

1

XiTw—y,z=r» this algorithm converges to

to points using the reweighting function v; —
w = argmins Yom(X “w — y;)P. Hence this choice of reweighting function replaces the L,
loss function with the L, loss function. Examining this family of reweighting functions
one sees immediately why they do not appropriately handle feature outliers: they do not
account for the extremeness of the feature vector X* except through its influence in predicting
the label. As we shall see, the extremeness of the feature vector should be handled more
explicitly. Furthermore, from examining this family of reweighting function one can also see
why they can produce quite different solutions than Ordinary Least Squares even when there
are no outliers: as p gets close to 1, where strong outlier robustness occurs, such functions
significantly reduce the weight of points that are not very outlier-like. In other words, it is
not merely the outliers that are substantially affected by these re-weighting schemes, making
them questionable as methods of outlier reduction.

Note that in the case where the reweighting function always assigns the constant 1 for

all v;, the Iteratively Reweighted Ridge Regression algorithm above simply gives the Ridge

Regression solution w = (X XT + M) 'Xy. In other words, this algorithm generalizes Ridge
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Algorithm 1 Iteratively Reweighted Ridge Regression
1: Initialize the non-negative weight vector v to be a vector of all 1’s (indicating that initially

all points count equally).

2: Set the solution coefficients w by solving the weighted Ridge Regression problem for
the solution coefficients w — argmin,, Y .-, vi(X"w' — y;)? + Mw'||3, with solution
w = (XVXT + AX) 'XVy. Here, \ is the complexity parameter of Ridge Regression
determining how strongly to push the solution towards the zero vector 0, I is the identity
matrix, and V is a diagonal matrix with the non-negative weights v; as its diagonal
elements.

3: Adjust the weights v; — Q;(w, X, y) using some “reweighting” function 2 which may
depend on the solution w, the training points X and the training labels y.

4: Normalize the weights v; so that they sum to the number of points, m, by taking
v; —> %

5: If the solution coefficients w have not changed in 2-norm by more than € compared to
the solution coefficients from the previous iteration, stop, and use these last solution

coefficients to predict future data. Otherwise, return to Step 2.
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Regression.

3.5 Stabilized Ridge Regression

We propose a new algorithm that we call Stabilized Ridge Regression. It is implemented
using iteratively reweighed Ridge Regression (Algorithm 1) but with a unique reweighting
function that contains a free parameter «, measuring the degree that outliers need to be
handled. Let R = (XVXT + AI) . Our algorithm uses the following specially chosen

reweighting function:

v; = Vo (2i)
where
() = Ty
and | |
2 = %P@Tu} — Yil

To set o we introduce a robust variation on k-fold cross-validation, which we call Stabilized
k-Fold Cross-Validation. As seen below in Algorithm 2, the cross-validation process proceeds
much like ordinary k-fold cross-validation, but computes error in a slightly different and
much more robust fashion. As usual, we use some wide ranging set of « values, for instance,
a€A={10752%x107%4%10"% ... 2% 107%}. For the parameter 0 < p < 100 in the
algorithm, we generally use p = 5, representing clipping at the 5th and 95th percentile
for error values. This choice performs well so long as less than 5% of the data consists of
substantial outliers. In situations where outliers could realistically be even more common
than 5%, the value of p should be increased. For reasons that will be discussed later, we add
a further rule to the Stabilized Ridge Regression Algorithm, that whenever more than half

the points are assigned a weight less than % (before the weights have been normalized to sum
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to the number of points) then we skip that a and do not consider it during cross-validation.
This allows us to skip large values of «, since once this condition is triggered for a given «,
we need not consider larger ones. When training on many choices for «, one can further
speed up the algorithm by starting with the lowest o and using the final weights from the

previous « as the starting point for the subsequent larger a.

When we require A > 0 to avoid overfitting or to make it possible to invert the feature
similarity matrix, we can do so by applying k-fold stabilized cross-validation to that param-
eter as well, trying combinations of A and « to find one that performs well. When A = 0
we call the algorithm Stabilized Least Squares because it corresponds to an outlier robust

modification of the Ordinary Least Squares algorithm.

Finally, we note that it is usually a good idea to normalize the features of the training
data. We recommend this is done by computing the median and median absolute deviation
(i.e. the median of the absolute value of the differences of each value from the median)
of each feature in the training data. Then, subtract the corresponding median from each
feature in both the training and testing data, and then divide each result by the corre-
sponding median absolute deviation. This is not strictly necessary, but it serves to center
the data, and make the importance of each feature be of comparable importance from the
perspective of the regularization term. The normalization that is typically done (subtracting
the feature means, and dividing by the feature standard deviations) is a bad idea in this
context. Outliers can cause the standard deviation and even the mean to be very unrea-
sonable values, which can dramatically distort the results. Hence, we base normalization

on the median and median absolute deviation rather than on the mean and standard deviation.

A concise python programming language implementation of the core of the Stabilized Re-
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gression algorithm is provided in section 3.9. Stabilized k-Fold Cross-Validation would be
applied to the provided function to learn the parameter a (for Stabilized Least Squares) or

to learn both the parameters o and A\ (for Stabilized Ridge Regression).

3.5.0.1 More Flexible Reweighting Functions

For more flexibility in the assignment of the weights, another option would be to introduce

a second reweighting function parameter, such as p > 1 in:

1

V) S T

This would require cross-validation over both p and o (when A = 0 is an acceptable choice)
or over p, « and A (when A > 0 is required). In practice though, we find this extra flexibility

in the weight function is generally not needed.

3.5.0.2 Using the Weights of Stabilized Ridge Regression

We note that when the Stabilized Ridge Regression algorithm has been run, it provides
not only a method for making label predictions, but it also provides the weights, v;, to
assign to each point in the training data. These weights can then be used to estimate, for
example, the covariance matrix of the features matrix or the mean of the features in a robust
fashion (e.g. by replacing averages with weighted averages). Thus, the algorithm tells us how
to weight our training data for any statistical calculation where robustness is needed. Let
us therefore switch our perspective momentarily, and rather than viewing Stabilized Ridge
Regression as a machine learning algorithm, view it as a way to produce robust statistics (i.e.
using it to calculate weights for each training point, and then to compute a robust version of
the statistics of interest by applying those weights). In this case, we can think of the labels,

y, as providing the measure of external validity that is used to estimate the free parameter «
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and set our weights for each training point. In other words, the Stabilized Ridge Regression
algorithm will tell us how to weight our training data for statistical calculations to make
those calculations robust to outliers, but it has a free parameter o that needs to be set, which
measures how harshly we reduce the weight of outliers. How do we set this free parameter?
We do so by considering which choice of o will allow us to best (robustly) predict the variable
y from the features. So if we think that our features should allow us to predict y, we can
robustly estimate the covariance of our features or other statistics of our features by running
Stabilized Ridge Regression and then using the « that best allows us to use our features to
predict y. What’s more, y is used in the weight calculations themselves. Training points that

do not yield accurate predictions of their own label are given less weight.

Consider the following example where such a procedure is useful. Suppose a psychologist
needs to estimate the covariance matrix of a set of variables that reflect past behaviors related
to impulsivity (e.g. number of car accidents, number of fights, number of jobs quit) that was
gathered on 300 people (e.g. so that a factor analysis of the variables can be performed). But
the data seems to have many outliers, due to a combination of human entry error and wide
behavioral variation. A regular covariance matrix calculation will produce a very inaccurate
covariance matrix due to these outliers, leading to a distorted factor analysis. But suppose
that the psychologist has a measure of external validity, which in this case might be scores
for each participant on an impulsivity personality test. By choosing these test scores for the
labels, y, the psychologist can then run Stabilized Ridge Regression on the data to produce a

weight for each data point, which can then be used to robustly estimate the covariance matrix.

Switching perspectives once more, yet another way to think about Stabilized Ridge Re-
gression is as a means to solve for a. In this case, we can think of a as a way of measuring

how outlier like our feature matrix X is, with respect to prediction variable y. In other words,
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a can be thought of a way of capturing the outlier-ness of a data set (X, y) as a single number.
If o is large, then standard statistical methods like Ordinary Least Squares regression, Ridge
Regression, covariance matrix estimates, and standard deviations calculations will tend to be
very inaccurate estimators. If on the other hand « is small, then we are in the realm where

our usual statistical methods work well.

Algorithm 2 Stabilized Cross-Validation
1: Divide our training data Z = (X, y) into k mutually exclusive subsets, F7,..., Fj each

with nearly the same number of points.

2: Create k new overlapping training sets Z1, ..., Z defined as Z; = Z — F;}.

3: For each a; € A, and for each Z;, € {Z;,..., Zy}, train our Stabilized Ridge Regression
algorithm on Z; with o = «;, and compute the squared prediction error on every point
in F}.

4: For each a; € A, estimate the mean of all the squared out-of-sample prediction errors
using a robust mean estimator. In principle any robust estimate of the mean would do,
but the standard estimator (sum the values, divide by their number) will not work. The
robust mean estimator we have used in the examples below takes all such squared errors
associated with «; and computes the pth percentile and 100 - pth percentile. Any value
below the pth percentile gets set to the pth percentile value, and any value above the 100
- pth percentile gets set to the 100 - pth percentile value. Then, once this clipping has
been performed, one takes the mean computed in the usual way.

5: Choose the o; with the lowest average truncated squared prediction error.

6: Train a new Stabilized Ridge Regression algorithm with the winning «; on the full training

set Z, and use its solution to make predictions on future data.
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3.6 Stability of Solutions

To explain where the reweighting function used in the Stabilized Ridge Regression al-
gorithm comes from, we will consider how much our solution coefficients w change when
we drop one point from our data set. Considering the impact of dropping a point from
the training set is of course equivalent to considering the impact of adding a point to the
training set, but for convenience we will refer to such cases as a point “being dropped”.
Our reweighting function is selected so as to bound the impact that an extreme label or
feature outlier can have on our predictions, as measured by considering how predictions
change when that point is dropped. As discussed, this does not make the algorithm uniformly
stable (a commonly used notion of stability, see Bousquet and Elisseeff (2002)). But uniform
stability is actually not the right notion of robustness when outliers are being considered.
Rather, our approach makes the change in predictions of Stabilized Ridge Regression not
too large when dropping an extreme point, assuming the point we are predicting is not too
extreme. Any linear prediction method will predict an arbitrarily large value when applied
to a point whose feature vector has sufficiently large norm. This is simply part of what it
means to have a linear model. So strictly speaking, for linear methods, uniform stability
is not possible without assumptions about the magnitude of the feature vectors that the
algorithm will be applied to (an assumption we cannot make since we are precisely considering
the case of outliers). Hence, our interest is not in uniform stability per se, but in limiting
how much outliers change our solution coefficients, which can be investigating by assessing

how much our solution coefficients can change when a point is dropped from our training data.
Recall that the reweighting function used in Stabilized Ridge Regression is parameter-

ized by a non-negative number «, which is used to set the tradeoff between not eliminating

the effect of true outliers, and removing the effect of non-outliers. At the extreme of o =0
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we simply reproduce Ridge Regression, with the usual lack of robustness to outliers, and at
the opposite extreme as o — oo outliers are penalized to an extreme degree, which will be
discarding too much information. Since there is not a clear cut distinction between outliers
and non-outliers, this tradeoff will always exist, but our algorithm addresses this problem
by learning the best choice of a for the given problem using our robust version of k-fold

cross-validation.

3.6.1 Stability of Weighted Ridge Regression

If an outlier is to destroy the prediction accuracy of an algorithm, it must do so by
changing the solution coefficients w, since those coefficients fully determine the predictions
made. The ultimate measure of how much the solution coefficients are effected by the removal
of a single point is by examining the difference in solution coefficients including and removing
the point. In other words, robustness against the insertion of an outlier hinges on the

magnitude of the quantity:

where w is the vector of solution coefficients, and w is the same solution coefficients but
as they would have been had we not been given one of the training points. Without loss
of generality, we assume that the point being dropped is z,, = (X™, y,»), the last point in
the data set. We will demonstrate that through a careful selection of the weight v; that we
assign to each point, one can prevent w — w from becoming huge in magnitude, even in the
case where the point being dropped is arbitrarily extreme, with arbitrarily large label or

arbitrarily large feature vector norm.

To study the change in solution coefficients w when the last point in the training set

is dropped, we will use X, y and V to mean the points X, labels y, and diagonal weight
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matrix V, respectively, after the mth point is removed from each (i.e. exactly as they would
have been had there never been a point (X™, v,,)). We note that since we are performing
iterative reweighting in our Stabilized Ridge Regression algorithm, the weights themselves
depend on the data, and therefore in general the entries of XN/ are different than the entries of
V. Additionally, the former is an m — 1 x m — 1 positive diagonal matrix whereas the latter
is an m x m positive diagonal matrix.

We define R = (XVXT + AI)~! and R = ()N(‘N/)N(T + AI)7!, where we assume A > 0 to
make sure the matrix is invertible and positive-definite. Finally, we let V' be identical to the
diagonal weight matrix V', except with the mth row and mth column of V' removed (so that

¥V and V are both m — 1 x m — 1 and so can be subtracted from each other), and we define:

VA=V -7

The formula that we wish to derive for w — w will be designed to take a special form, such
that it separates into two terms: (1) the direct effect that label y,,, feature vector X™ and
corresponding weight v, have on the change in solution coefficients when we drop the mth
point, and (2) a term independent of the point being dropped except due to the indirect
effect of the weights on all other points changing when we drop this point. Applying the

relation w = RXVy, we get:

~ ~ o~

w—w=RXVy—RXVy
— (RXV7Y — RXVy) + (RXVy — RXV7Y)

— (RXV7Y — RXVy) + RXVA}.
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Now
m—1

)N(Vﬂ = Z Vi X"y = XVy — vy X ™ Yim.

i=1

Furthermore

~ e T ml -1
R=(XVX +AI)™'= ( 3 XX )J) — (XVXT 4+ M — g, X X7~
i=1

RX™X™R
1 —v, X"TRX™

= (R =0, X"X™) ' = R+,

by the Sherman-Morrison formula, as long as v, X™TRX™ # 1, a condition automatically
-1
satisfied, since v, X"TRX"™ = v, X™T (P + UmeXmT> X™ for a positive definite matrix

P, which means Corollary 1 implies v,, X"TRX™ < 1.

Putting the above expression for R together with the expression for XV, we form an

expression for RXVy, and so can write:

RXMX™R
1 — v, XmTRX™

RXVY — RXVy = (R + o )(va — o X™y) — RXVy
RX™X™R

1 — v, XmTRX™
X"R(XVYy — 0y X" Ypm)

1 — v, XmTRX™ N m)
X"R(XVY — ;X Ym) — Ym (1 — v, XTRX™)

1 — v, XMTRX™ )
o (XTTRXVY — g

= o RX" (T vamTRXm>
B VU RX™
1 — v, XmTRX™

= RXVy — v, RX™y, + U, (XVy — v, X"ym) — RXVy

= vaXm<

- UmRXm(

(XmTw — ym) :
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So far we have shown that our solution coefficients w change by the following amount due to

dropping point z,, = (X, ym):
w—w = v,A,, + B,

where
RX™

m DAY
= 1—’UmeTRXm(X Tw—ym) and B,, = RXV*=y.

A

We next examine the terms of the above equation to see when it will produce a large change

in solution coefficients due to the dropped point being an outlier.

3.6.2 Examining B,,

The term B,, does not contain the dropped point (X™, y,,,), and it does not depend on the
dropped weight, v,,, except for indirectly within V2 = YN/ — V, since this expression accounts
for the other weights v; changing as a consequence of the mth point disappearing. In other
words, B,, is independent of the point being dropped except through this points influence
on the change in weights. We can think of B,, as capturing the stability of the reweighting
function that assigns a weight to each point. As we see in Lemma 1, B,, is bounded, no

matter how extreme an outlier the dropped point is.

Lemma 1 (Bounding B,,). The mazimum value of ||Bpnl||2 is bounded by the following
expression, which does not depend on the label y,, or the feature vector X™ of the point being
dropped.:

sup || Bulla < v2m||RX |||yl
2m=(X""ym)
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Proof. Observe that:

sup || Bplla = sup [|RX(V = V)y|
< [|RX ||y max |V = V|l2]|y[l2
vV

= V/(m —1)2 + m2| RX 2]y

< V2m||RX |2 ||Y]

where we made use of the fact that V' and V are both positive diagonal matrices, with the

former summing to m — 1 and the latter summing to at most m. O

In practice though, a good choice for our reweighting function will keep B,, much smaller
than this bound suggests. At one extreme, one can consider reweighting functions that
weight all points uniformly regardless of the training data, assigning the constant weights
v; =1 and v; = 1. The weights v; and v; each must sum to the number of points, m and
m — 1 respectively, so the diagonal elements of V' are all 1, and therefore so are the diagonal
elements of V. Similarly, the diagonal elements of YN/ are also all one. Hence, for this constant

reweighting function, B,, = 0, since V2 = 0.

At the other extreme, one can consider what happens when the reweighting function assigns
all of the weight to one point (which is not the outlier being dropped), and no weight to any
other points. In this example, when the most extreme outlier is dropped, we assume the

weight switches completely to another point, causing ||V2||2 to achieve its maximum value

of \/ (m —1)2 +m?2. This upper bound reflects a strange and poor choice of reweighting
function, because the weight is all focussed on one point, and which point it is focussed on is

highly influenced by another point (i.e. the one being dropped).
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In a truly ideal case, with an ideal reweighting function, an extreme outlier would be
assigned (essentially) zero weight, and assuming the other points are not outlier-like at all,
they would be equally weighted with all the remaining weight. In this ideal case we have

VAV V= diag(1 — =) = —LI. Therefore, we would have

Except in extreme cases where the label or feature distributions have infinite means,
ﬁ ZZ:I X'y; will approach a constant as m gets large. Note that the quantity that

B,, converges to in this case does not depend on X™ or y,, at all, which means that B,, is

impervious to the outlier being dropped.

Let us generalize this ideal case to one where there are k extreme outliers instead of just
one, and analyze how the solution coefficients change when any one of these k outliers is
dropped. We again assume an ideal situation where each outlier gets assigned 0 weight,
with the remaining weights uniformly distributed between the other points, all of which are

not outlier-like at all. This implies then that V2 = diag(

-1 -1 .
me — ) = — 1. If g is the
fraction of good points, that is, the fraction that are not outliers, then k = (1 — g)m, and

so in this case VA = 1. Therefore, the magnitude of B,, still converges to a constant as

1-1
agm

m gets large, but the value of that constant is larger when the fraction of non-outliers is smaller.
The ideal cases above hint at what to look for in our choice of reweighting function: it

should be such that extreme outliers are assigned very small weights, and points that are not

outlier-like are all given approximately all the same weight near 1.
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3.6.3 Examining A,,

The term A,, is a major problem from the point of view of stability when dropping an
outlier. Unlike B,, it can get arbitrarily large when an arbitrarily bad point is dropped
(specifically, when |y,,| gets arbitrarily large). Intuitively speaking, A,, captures the direct
influence of the point z,, = (X™, y,,) on our solution, rather than how our weights v; change

when the point is dropped, which is captured by B,,.

An important aspect of A, is that it appears with v,, multiplying it, which is the weight
assigned to the point being dropped. Since our goal is to limit how much influence an outlier
can have on the solution coefficients when the outlier is dropped, we need to set this weight

Uy, SO as to limit the effect of A,,.

3.6.3.1 The Outlier Measure and Reweighting Function

With this goal in mind, we now examine a special choice for the weight v,,. First, we

define a measure of how outlier-like the mth point is, given by:

XA, VXMTRX™

dp =
| S G

- A /XmTRXm

|XmTw - ym|

For our weights, we use

U = Joldm)

where g,(d) is chosen to be a non-increasing, continuous function defined on d > 0, with
range [0, 1] and satisfying ¢,(0) = 1. Here, « is a parameter determining how strongly
to lower the weight of outliers, which we will discuss in detail later. This function g,(d)
must be non-increasing as a function of d because we cannot assign more weight to points

that are more outlier-like than points that are less outlier-like. It must be non-negative
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because it represents the weight given to each point, which cannot be negative. We give
it an upper bound, which is also its value for d,, = 0, because we want it to treat non
outlier-like points equally, not to give them arbitrarily large weight which could cause other
useful data points to be ignored. The choice of 1 for the upper bound is arbitrary, since our
weights will ultimately be normalized to sum to the number of points. For now we work with
unnormalized weights v,,, but we will discuss the impact of normalizing them later on. We
choose g,(d) to be a continuous function of d; as a consequence, we will be able to apply a
fixed-point theorem to show the existence of a solution for the weights. We also require that
Ja(d) assigns approximately uniform weights near 1 to all points with d ~ 0. We enforce
this by requiring that when a > 0 the right hand derivative satisfies limgy_,o+ M =0,
which makes g locally a uniform distribution near 0. The reason we want this restriction is
due to the fact that d ~ 0 corresponds to points that are not at all outlier-like. In order for
our Stabilized Ridge Regression algorithm to produce predictions that are very similar to
Ridge Regression in cases without outliers, we need all points with d ~ 0 to be assigned the

same (maximal) weight. It is not desirable to reduce the weight of non-outliers, and doing so

will cause poorer predictions. Finally, we also require that g, has the property:

sup go(d)d <
d>0

°lQ

for some bounding constant C. Note that all of these properties we need for g,(d) make it
conform precisely to the definition of a Parameterized Weight Function (Greenberg et al.,
2016a). There are infinitely many such Parameterized Weight Functions to choose from, but

we use this particular one, v,(z;) = as it is convenient due to (a) its wide region

1
14+(az;)8?
of uniformity near z; = 0 (so that most points can be nearly equal weighted), and (b) its

relatively simple form. In figure 3.1 we show what this function looks like for various a.
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Reweighting Function

1
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Figure 3.1: Our reweighting function for various values of «.
3.6.3.2 Bounding A4,,

With the above properties of g,(d) in mind, we can write:

A, A 1—vm§()fnn:RXm (X "Tw — ym)
l—UmeTRXm ym

Xm
gal )
VX PTRX™

SigIl(XmTw - ym)
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Therefore:

C |RX™|,  C [XmTRX™

A L — =
[vmAmll2 < O/ XTTRX™ aV XmTRXm
c
=~ Amax[R]_
«
1 C 1 C 1 C
= <

Ve XVXT A @ A XVXT Fra — VAa

Hence, by varying o we can change the bound on the magnitude of v,,A,,, which is precisely
what we need to prevent large outliers from greatly affecting our solution coefficients. Recall
that B,, is not only bounded, but even more importantly, does not depend on the dropped
point (X™, y,,) at all except through its influence on how dropping this point changes the
weights of other points. It is A,, that will blow up due to an extreme outlier, and it is

precisely our choice of weight v,, that allows us to control this.

3.6.3.3 Impact of Normalizing the Weights

Let us again consider the quantity ||v, A, |2, which we took care to bound previously.
This quantity does not yet take into account the normalization that will occur on the v; to
cause them to sum to the number of points, m. Because of our property that the right hand
derivative of g,(d) evaluated at d = 0 must be 0, our bound on ||v,,A,,||2 will not explode
once normalization has been taken into account in realistic situations. Most points will not
be very outlier-like, which means they will be assigned weights close to 1. The normalization
constant that we divide every weight by is % Yo va(1). If at least a fraction q of our points

have a weight of at least 1 — € for some positive €, then the normalized weight satisfies

Um Um Um

TS S Tgm(l—¢)  qd—¢)
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Even in a really extreme case where only half the points are not outlier-like (i.e. ¢ = %) and
where not being outlier-like is defined very broadly to include any point with weight at least %
(i.e. € =1) we get a very moderate bound after normalization, with % < 4v,,. Hence
we see that the property of assigning non-outlier like points a weight close to 1 is essential for
keeping our bound small once normalization is taken into account. When « gets very large,
this property is lost, since essentially all data will be considered an outlier. But we need not
worry about the high « case since that case corresponds to ignoring virtually all of our data,
which means we will not predict accurately and so our stabilized k-fold cross-validation will
not select such an a due to bad out of sample predictions. This also tells us that we need
not try arbitrary high a values during cross-validation. When performing iterations for a
specific «, if we ever find that too many points have too little weight (before normalization)
we can simply stop and not try any « larger than the current one. In practice, we find that
if more than half of the points have an unnormalized weight of less than % that is good
enough grounds not to try higher «. Using this criteria also implies that the bound on v;A;

can’t grow by more than a factor of 4 once we normalize the weights, which is also desirable.

Allowing arbitrary large « prevents us from maintaining such a bound.

3.6.3.4 Relation to Other Work

Consider the quantity we used in the derivation above for measuring outlier-ness,

d _ VXMTRXmM

m = Tt | X W—"Y,|. This is close to the square root of Cook’s distance (Chatterjee

and Hadi, 1986), though normalized differently. Cook’s distance is sometimes used in the
statistics literature as a means to detect outliers so that they can be removed as part of a
pre-processing step. The difference is that Cook’s distance uses no regularization parameter
A, has no weights v;, and is not used as part of an iterative algorithm. Furthermore, we do

not use d,, directly, but pass it first through our function g,(d,,) to produce a weight.
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3.6.3.5 Changing the Dropped Point

In the above derivation for d,, we assumed it was the mth point that was dropped. But
of course, we care about the influence of all points. So generalizing the work above for all
points, and normalizing the weights so that they sum to the number of points, we will assign

to the ith point a final normalized weight of the following form:

v = goc(di)
% Z;nzl 9o (d;)

where
VXITRX?

di =12 0, X 1T RX

[ XTw — yil.

We note that this is a recursive equation for v;, since the weights occur on both sides, including
within the definitions for R and w. This is why Stabilized Ridge Regression is an iterative
algorithm. We begin with uniform weights v; = 1, which is analogous to Ridge Regression,
then use that to compute R and w which are used to estimate what the weights should be,

then the whole process is repeated until we converge closely enough to a final set of weights.

3.6.3.6 The Existence of a Solution

Since the weights must each be non-negative and they must sum to m, the set of possible
weight vectors v is an m-1 dimensional closed simplex. Our weight vector v is ultimately
defined using an equation of the form v = F(v), where F is a function that maps this compact
convex simplex into itself. Since g,(d) is defined to be continuous, F is continuous as well, so
we can apply the Brouwer fixed-point theorem, which tells us that there exists a point vy
satisfying vy = F'(vp). That means there is at least one solution for our weight vector. In
our empirical tests of Stabilized Ridge Regression, we have found that the iterations of the

algorithm converge quite rapidly to a solution for the weights, usually within 40 iterations,
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but typically much faster. Intuitively, we can see why iteratively applying F' to a starting
weight vector will converge to a solution. The presence of an outlier tends to make that outlier
seem less outlier-like than it really is. Once we detect it as an outlier, the next iteration
its weight will be reduced, so it will seem more outlier-like than it did before. This process
continues with the weight of the outlier progressively falling until either it converges, or the
process stops when the outlier’s weight becomes indistinguishable (from a machine precision
perspective) from 0. The story can be more complicated due to the fact that outliers can
mask each other. One large positive label outlier can make a moderate positive label outlier
seem like it isn’t an outlier at first, until the larger outlier has sufficiently reduced weight
(after a few iterations). Another case is where a large feature outlier in one direction makes a
moderate feature outlier in the opposite direction seem like more of an outlier than it really is
until the weight in the first outlier has been reduced. A number of iterations can be necessary

therefore for the weights to resolve themselves.

3.6.3.7 Interpreting d,,

The quantity d,, is a measure of how outlier-like a point is. The left factor %
measures how much of a feature outlier that point is. It utilizes X™TRX™, which (when the
features are mean centered) serves the purpose of a multi-dimensional z-score, measuring how
far the point X™ is from the other points. The denominator (1 — v, X""TRX™) causes our
measurement of how outlier-like a feature outlier is to spike up to infinity as it overwhelms

the effects of all other points. This is desirable because it means that as a feature outlier

approaches being maximally problematic, its score for how outlier-like it is approaches infinity.

Looking now at the right factor of the equation for d,,, we see that it measures how much
of a label outlier the point in question is by looking at how much we mispredict that point.

Putting both factors together, d,, measures how much of an outlier the point is capturing
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both the notion of a feature outlier and a label outlier. Note that if a point is not at all a
label outlier (i.e. prediction error is 0) then d,, is 0, which makes sense because such points
do not change our solution coefficients at all when dropped. Similarly, if a point is not at all
a feature outlier (i.e. X™TRX™ = 0, where we have no constant term, so our hyperplane
must pass through the origin) then again d,, = 0 as expected, because here too dropping the

point can’t effect our solution coefficients.

3.6.3.8 Interpreting «

There are at least three valid interpretations for the parameter « in g,.

1. The parameter « reflects how aggressively we reduce the weight of outliers. A priori,
there is no exact dividing line between outliers and non-outliers. By setting a via
stabilized k-fold cross-validation we are learning from the data the magnitude at which
outliers start having a detrimental impact on prediction performance. When o = 0
we do not penalize outliers at all, but as a grows we assign progressively less weight
to even fairly innocuous points. Generally, we will not select a reweighting function
that separates points starkly into outliers and non-outliers by assigning 0 weight and
maximal weight respectively. But if we were to make such a choice, o would be the

determinant of how many points are deemed outliers.

2. Additionally, a reflects a tradeoftf between bias and variance. The lager the value of
«, the more data we are ignoring or at least partially ignoring. Inevitably, some of
this data may have been useful, and so we are potentially biasing our solution. But
the data that we are ignoring is the most extreme data, which had a large impact on
our solution coefficients. So by throwing this data away, we reduce the variance of our
algorithm’s learning process. When a = 0 we minimize bias but accept the possibility

of huge variance (stemming from outliers), and as « grows we reduce our variance by
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reducing the effect of those points that are most extreme.

3. Finally, o controls the maximum size of A; and B; for each data point, (X, y;). A;
reflects the change in solution coefficients caused by dropping (or equivalently, by
adding) the ith point that is directly due to the label and feature vector that point. On
the other hand, B; accounts for the change in solution coefficients caused by changes
in weights that occur when this point is dropped. For a = 0 we weight our points
uniformly, which forces B; to be 0, because dropping the point causes no change in
our weights beyond normalization. But this choice @« = 0 means that A,, can grow
unboundedly, making the algorithm highly sensitive to outliers. On the other hand, as
a gets larger we constrain A; (in fact, A; falls like é), but now B; can become larger

since our weights become more sensitive to the data.

We note that « is quite separate in its effects from the standard free parameter A in Ridge
Regression, and hence supplements it rather than replacing it. The parameter A acts on the
features, helping us handle cases where there are too many or they are highly correlated,
whereas a acts on the points, helping us handle cases where there are extreme points that
could impact our prediction performance. While both A and a make the algorithm more
“robust” in an intuitive sense, they provide very different types of robustness that protect us

from different problems.

3.7 Empirical Results

We now consider applying the Stabilized Ridge Regression algorithm to empirical data,
and compare its out of sample accuracy to that of Ridge Regression and Ordinary Least
Squares on synthetic examples where outliers are present. For Stabilized Ridge Regression we

use A = 0 since in the synthetic cases being used the features of the training data are uncor-
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related (so no A regularization is needed), and we use use 10-fold stabilized cross-validation
to select a. For Ridge Regression we do what is typically done, using 10-fold cross-validation
to select A. For Stabilized Ridge Regression our k-fold stabilized cross-validation tries forty
values of a growing exponentially (by a factor of about 2) from 1E-6 to 1E6, and for Ridge

Regression we have the k-fold cross-validation try these same forty values for A .

Here, we consider two types of outliers: label outliers, where an unreasonably large
label is assigned to one of the pre-existing features, and feature outliers, where a feature
of unreasonably large magnitude is assigned to one of the pre-existing labels. In each of
the figures we use 250 training points and 50 features. The features are generated from an
isotropic multi-variate normal distribution, and the labels are a random linear combination
of the features plus noise. We calculate out-of-sample performance on a test set of 10,000
points that are withheld from training. We use R?> =1 — <7 as our measure of performance,
where err is the average squared prediction error, and var is the variance of the set set labels.
With this choice 1 is the best possible performance and 0 means that our accuracy is only
as good as predicting the average test set label for all points (i.e. it is the performance of
the best possible constant predictor). By this definition, a negative R? implies performing

worse than the best constant predictor. We can interpret this performance measuring as the

fraction of the label variance that our prediction method has accounted for.

In the first plot in Figure 3.2, we consider what happens when one point in the train-
ing set has its label replaced with an outlier of increasingly large magnitude. As this
magnitude increases, Stabilized Ridge Regression is essentially unaffected, whereas both
Ridge Regression and Ordinary Least Squares have their performance completely destroyed.

Ridge regression outperforms Ordinary Least Squares slightly in this case, but only in
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regions where both perform terribly, so this outperformance has little benefit. However,

Ridge Regression at least prevents the R? from going negative, unlike Ordinary Least Squares.

In the second plot in Figure 3.2, we consider what happens when one label in the training
set has its feature replaced with a feature outlier of increasing magnitude. For simplicity we
choose the outlier feature to be a vector where every element has the same value. As the
magnitude of this vector increases, Stabilized Ridge Regression is again essentially unaffected,
whereas Ridge Regression has its performance destroyed rapidly. Ordinary least squares loses
a significant amount of accuracy, but performs much better than Ridge Regression in this
case. As we have discussed, this is due to Ridge Regression’s use of k-fold cross-validation,

which is itself not robust to outliers.

In the third plot of Figure 3.2, we consider what happens when many label outliers of
moderate size are including in the training set by replacing the labels of a number of training
points with numbers generated uniformly at random with moderately large variance compared
to the natural variance of the labels. As the number of such outliers increases, we have the
expected effect: the performance of all algorithms in negatively impacted. But Stabilized
Ridge regression has much slower decline in performance than Ridge Regression and Ordinary

Least Squares.

These three plots in Figure 3.2 tell the same fundamental story. Not only is Stabilized
Ridge Regression impervious to the impact of outliers in all three cases, but Ridge Regression
and Ordinary Least Squares have their prediction performance severely impacted by outliers.
It will surprise some to see that Ridge Regression does not perform significantly better in the
presence of outliers than Ordinary Least Squares in these cases, and in one of these cases it

actually performs worse. One might think that the flexibility to choose A would help Ridge
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Regression be significantly more robust in the presence of outliers. But the fact that k-fold
cross-validation is generally used to select the A\ parameter presents a unique problem when
outliers are present. As we have mentioned, the usual k-fold cross-validation is itself not
robust to outliers, causing Ridge Regression to do a poor job of selecting A. For instance, if
there is one extreme outlier, the A parameters will mainly be selected to minimize the error
on that single outliers in the one k-fold cross-validation fold where that point is withheld.

Hence, X\ will depend almost entirely on the outlier, not on the rest of the training data.

3.7.1 Case Study

As a case study, we demonstrate the result of applying Stabilized Ridge Regression to the
Computer Hardware data set (Ein-Dor and Feldmesser, 1987) from the UCI Machine Learning
Repository (Lichman, 2013). This data set reflects characteristics of different computer CPU’s,
with the goal of predicting the relative performance of each processor. Outliers are most
problematic in smaller data sets, since then each point has a greater influence on the final
predictions. And the Computer Hardware data set is indeed small, with 209 points and 6
features to use for prediction (called MYCT, MMIN, MMAX, CACH, CHMIN and CHMAX).
The goal is to predict the label PRP. As before, we measure prediction performance using R2.
We use Stabilized Ridge Regression to train on 80% of the data (selected one time at random),
and test on the remaining 20%. We find that the algorithm assigns all points essentially
equal weights (of about 1.01), except for three points. The point with the most extreme label
is modestly underweighted, with a weight of 0.60. The algorithm considered this point to be
only somewhat outlier-like, despite its large label. The point with the second most extreme
label is assigned a much lower weight, 0.002, because it appears to have elements of both
a label and a feature outlier, and is considered sufficiently outlier-like overall to reduce its

weight dramatically. Finally, the point with the third most extreme label is assigned a weight
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of 0.02. On the out-of-sample data Stabilized Ridge Regression achieves an R? of (.87 which
compares positively to Ridge Regression and Ordinary Least Squares, which both achieve an

R? of only 0.73.

3.8 Conclusion

We showed that Ridge Regression and n-fold cross-validation perform poorly in the
presence of outliers. We introduced a new algorithm, Stabilized Ridge Regression, which
modifies Ridge Regression in order to make it inherently robust to outliers. This new algorithm
performs similarly to Ridge Regression in the absence of outliers, but it automatically reduces
the weight of outliers when they are present. This approach to stabilizing an algorithm
(iterative reweighting with weights based on the change in solution coefficients when a point
is dropped, which are passed through a parameterized weight function) can be generalized to

other cases beyond ridge regression, which we intend to explore in subsequent work.

3.9 Python Code

import numpy as np

from numpy import multiply as mult #element-wise matrix multiplication operator

def stabilized(X, y, alpha, lambd=0, maxIters=50, weightDeg=6, prec=1E-8, singMin=1E-12):
"""Returns the column matrix of solution coefficients for stabilized regression.
X : the n x m matrix of training points with 1 point per column, 1 ft. per row
y : the m x 1 matrix of training labels with one point label per row
alpha >= 0 : how strongly to penalize outliers (alpha=0 gives ridge reg.)

lambd >= 0 : how strongly to penalize large coeffs (ridge reg. regularization)
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maxIters > 1 : the maximum number of iterations before terminating

weightDeg > 1 : the point weights will vi = 1 / (1 + (alpha * zi) “weightDeg)
prec > O : will halt if root mean square change in coeffs is less than this
singMin > O : when solving lst. squares problems singular values are set to O

if their ratio to the largest singular value is less than singMin

X = np.matrix(X) #make the feature matrix into a matrix object

y = np.matrix(y) #make the label vector into a column matrix object

if len(y.T) != 1: raise RuntimeError("Label vector y needs exactly one column!")
if len(X.T) != len(y): raise RuntimeError("y row count != X col. count!")

numFeatures = len(X) #assume feature mat. has 1 point per col. and ft. per row
numPoints = len(y) #assume label mat. is a col. vector with 1 pt. label per row

v = np.matrix(np.ones((numPoints, 1))) #the weights we assign to each point

lastc = None #solution coefficients from the last iteration

regularizer = lambd * np.eye(numFeatures) #regularizing mat. lambda*I of ridge reg.

ones = np.matrix(np.ones((numFeatures, 1))) #column vector of all 1’s

for iterationNum in xrange(maxIters):
RX = np.linalg.lstsq(X * mult(v, X.T) + regularizer, X, rcond=singMin) [0]

¢ = RX * mult(v, y) #solution coefficients using the current weights

if (lastc is not None) and np.sqrt(np.mean(np.square(c-lastc))) < prec:

return c

absE = np.abs(X.T * ¢ - y) #abs. value of the label prediction errors

d = (ones.T * mult(X, RX)).T #di = [X"i’ R X"i]_i

weightedDRatio = np.sqrt(d)/(1.0 - mult(v, d)) #sqrt(di) / (1 - vi di)

v =1.0/ (1.0 + np.power(alpha*mult(weightedDRatio, absE), weightDeg))
v *= numPoints/float(np.sum(v)) #normalize weights to sum to num. of pts.

#stop if > half of pts. have weight < 0.5
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if np.sum(v>0.50) < numPoints*0.50:
if lastc != None: return lastc #if have a valid solution

else: return c #otherwise, return what we have
lastc = c #save the last solution coefficients

return c
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3.11 Chapter Notes

Lemma 2. For any column vector b, any positive definite matriz P, and any real number o,

we have:
obTP~1b

O'bT(P + O'bbT)ilb = m

Proof. By the Sherman-Morrison formula (for the inverse of a rank-1 update to a matrix),

we have
M lyoTM1

M nl_ -t = 7"
(M +wT) 1+oTM-1u

so long as 1 +vTM~'u # 0. This implies that for any column vector ¢:

14+4q7q 1+ qTq 1+qiq

_ qq’ q"qq"q  q"q(14+4q7q) —q"qq"q q'q
q"(I +qq") lqqu<I— )qz Tq— =
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Now, since our matrix P is positive definite, it has a unique positive definite square root P/?

with PY/2PY2? = P_ If we let ¢ = P~'/2b\/o, then applying the formula above, we can write:

obT (P + obbT) b = obT (PV?(1 + o P~ /24T P~/ P1/2) 1

= \/EbTP_1/2(I—|—P_l/zb\/E\/EbTP_l/2)—1P_1/2b\/E
_ \obTPTV2pT /o
" 1+ /obTP-12P- 12/
obTP~1h
1+ obTP~1b’

which completes the proof. O

Since the right-hand side of the identity of Lemma 2 is always less than 1, the following
holds.

Corollary 1. For any vector b, any positive definite matriz P, and any positive number

o >0, we have:

obT(P + obbT) b < 1.
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Stabilized Ridge Regression Performance

Impact on R”~2 of one label outlier of increasing magnitude (250 points, 50 features)
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Figure 3.2: How does Stabilized Ridge Regression perform when there are outliers? We examine how the
R? is affected by a single very large label outlier (top figure), a single very large feature outlier (middle figure)
and many moderate sized label outliers (bottom figure). These results are compared to the those of Ordinary
Least Squares, and of Ridge Regression.
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Chapter 4

Safe Statistics

In Chapter 3 we developed an approach to eliminating the negative effects of outliers
in the context of Ridge Regression. In this chapter, we consider the more generic problem
of detecting outliers in an arbitrary vector of real numbers, and how to calculate common
statistics without having to worry about them being heavily distorted by outliers. Solutions
to this problem can also be applied in a machine learning context, for instance to remove
or clip outliers in the training labels, or to pre-process each feature in advance of learning.
Hence, the solutions proposed here could be helpful in the outlier examples that we used to

break Ridge Regression in Chapter 1.

In some ways, the univariate outlier detection that we address here is harder than that
of Chapter 3. Since that was in the context of a supervised learning problem, we had an
objective function that we hoped to minimize, and we were able to use that objective function
to set the strength of outlier penalization. In the setting we consider in this chapter though
there is no clear objective function that we can leverage. On the other hand, in some ways
the setting analyzed in this chapter is significantly easier, since we consider only univariate

data, which removes the possibility of feature outliers and avoids complicated questions about
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the right way to measure the distance between points. In univariate data, our outliers are
expected to be greater than or less than all the other values. The real trick is in figuring out
how large or small a value needs to be such that we should declare it an outlier, and then

deciding how to handle the values that we claim are outliers.

4.1 Introduction

Suppose that we are given a vector v of m real numbers, with each number drawn inde-
pendently from some fixed distribution. We would like to compute statistics on v, for instance
to estimate the mean or standard deviation of the distribution from which its values were
drawn, or to use v as the training labels for a machine learning algorithm. But how can we
do so safely if extreme outliers may be present? It could be that human error, measurement
error, or data corruption has altered some of these values or inserted extra irrelevant ones,
so that what we have access to does not truly come from the distribution of interest. Or it
could be that our data really does come from the distribution of interest, but bad luck has
simply caused an unusually extreme value that could heavily distort our calculations. In this
chapter, we introduce two simple algorithms for detecting and handling outliers in univariate
data for situations like these. These algorithms are designed so that, once applied, statistics

can be calculated safely, without the fear of extreme outliers corrupting the results.

The first algorithm we propose, MAD Removal, is appropriate when we have strong reasons
to think that our data should have been drawn from a specific probability distribution, but
data corruption or other errors may have caused some extreme values that do not fit this
distribution, and furthermore, the location and scale parameters of the theoretical probability
distribution are not necessarily known. For instance, we may have strong reason to believe

our data should come from a normal distribution, but human error may have corrupted
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some of our values, and we do not know the mean and variance of the normal distribution in
advance. What makes such scenarios tricky is that we must robustly estimate the location
and scale parameters from values that may contain extreme outliers, while making sure that
the interpretation of the resulting algorithm does not depend on the sample size, even though
the reliability of our location and scale parameter estimates will inevitably be sample size
dependent. In this context we can think of an “outlier” as a value that is far out in the tail of
the known distribution, where there is a very low probability of finding a value more extreme

than that.

The second algorithm we propose, Impact Clipping, does not require any known distri-
bution, and is for cases where we would like to protect ourselves from any one value in our
data impacting a statistical calculation too much. For instance, we may have a set of values
for which we need to compute the standard deviation, but we may be concerned that extreme
outliers could lead to just one or two values dominating the standard deviation calculation,
making it unreliable. What makes scenarios like this tricky is that we cannot simply look
at the sensitivity of the statistic of interest to each value, since with such an analysis one
outlier can mask the existence of another, or cause a non-outlier to seem like an outlier. In
this context we can think of an “outlier” as a value which, when left unaltered, will have an
excessive influence on the calculation of our statistic of interest, regardless of the presence or

absence of other extreme outliers.

For both algorithms, it is extreme values that are of concern, because values near the
center of the distribution, even if erroneous, are unlikely to cause significant issues for nearly

any application, unless appearing in very large numbers.

We will begin the chapter by discussing some common causes of outliers, followed by some
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existing outlier handling methods from the literature, and then briefly introducing each of
our two proposed algorithms. We will then discuss in Section 4.4 how they excel in two
substantially different settings for handling outliers, followed by a discussion in Section 4.5 of
how big an outlier needs to be to distort the sample mean and standard deviation. After that,
in Section 4.6 we will introduce a list of traits that we would ideally like any outlier handling
algorithm to satisfy, which these two algorithms were designed to do. And finally, in Sections
4.7 and 4.8 we will finish the chapter by discussing MAD Removal and Impact Clipping in
greater detail. All of the Python code from this chapter, including implementations of MAD

Removal and Impact Clipping can be downloaded at the URL found in the footnote below!.

4.2 Causes of Outliers

Outliers, which we can informally define as “data points that are unlike the rest of our

data”, can be caused by many different phenomena. Common causes include the following.

1. Human input error, for instance someone reversing two digits or making a typo

during data entry.
2. Machine error, such as a malfunctioning measurement device or a corrupted data file.

3. Accidental inclusion of wrong data, such as when data from one source is mistak-

enly mixed with data from another source.
4. Bad luck, when a very unlikely extreme event really occurs.

5. Heavy tailed distributions, such as the distribution of company sizes in the United

States.

! http://www.spencergreenberg.com/code/safe_statistics_code.zip
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For the purposes of this chapter, we do not need to detect which sort of outlier has occurred
in our data. In the case of MAD Removal, we simply wish to remove data that is unlikely to
have come from the true distribution that we expect, and in the case of Impact Clipping, we
simply want to protect statistics that we calculate from being excessively distorted by any

single extreme value.

4.3 Some Techniques in the Literature

Many outlier handling techniques exist, ranging from the simple to the complex. Some
techniques involve visualizing the data, such as the popular box plot method (Laurikkala
et al., 2000), which visually displays the median, lower quartile, upper quartile, largest value
less than the upper quartile + 1.5 IQR, lowest value greater than the lower quartile - 1.5
IQR, and all individual values that fall outside of these boundaries, where IQR stands for
the interquartile range. When a researcher has the time to visually inspect the data, and
enough domain knowledge to make the call about what is and is not an outlier, this can
be a useful method for outlier removal. But when automation is required, or sufficient
domain knowledge is not available to make such a determination in a non-subjective fashion,
visualization techniques may be undesirable. Other classic methods, including Dixon’s Q
test (Dean and Dixon, 1951) and Grubbs’ test (Grubbs, 1950), have problems being applied
or interpreted in the presence of multiple outliers, as we will discuss later on. Some other
common methods do not apply in the unsupervised context that is the focus of this chapter,
since they required a training set for our algorithm to learn from (in which previous outliers
or pervious non-outliers have been labeled as such), the so called “type 2” and “type 3”
methods in the categorization of Hodge and Austin (2004). Still other techniques, which are
designed for multi-dimensional data, make little sense to apply to univariate data, such as

those based on the convex hull, factor analysis, or k-means clustering. The convex hull of
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one dimensional data is useless, factor analysis has no effect on one dimensional data, and
k-means clustering is more suitable for finding inner regions in univariate data that have low
probability, rather than determining which extreme values are too extreme. But only extreme
values are important here, since they are the only values that are likely to mess up analysis
performed on one dimensional data. Another approach, “Distance-based Outliers” as defined
by Knorr et al. (2000b), asks whether at least a specified fraction of points in our data lie at
least a specified distance away from each point under consideration. In the case of univariate
data however, this approach may be a step in the wrong direction, since all we really need to
do is discover cutoffs to determine what values are too extreme, yet this approach introduces
two new parameters (the fraction of data to be considered, and the distance threshold) that
seem as difficult to determine as cutoffs are if not more so. A similar issue occurs when we
define outliers as the n points that have the greatest average (or maximal) distance to their
k nearest neighbors (Niu et al., 2011), as the hard work is then in setting n and k, which
may be as hard or harder to set than a one dimensional outlier cutoff value, which we focus

on in this chapter.

4.3.1 Introduction to MAD Removal

The first algorithm we propose, “MAD Removal”, is appropriate when we have strong
reason to believe that our data should have been drawn (at least approximately) from a
specific probability distribution, but that some fraction of our values may be erroneous or
may have been corrupted. The location (e.g. mean) and scale (e.g. standard deviation) of

this a priori distribution do not have to be known to apply MAD Removal.

The purpose of the MAD Removal algorithm is to ensure that any erroneous or corrupted

values do not substantially distort the conclusions we draw from the data. It works simply
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by removing any values that lie too far from the center, but using a very robust approach to
determine what “center” and “too far” mean. Specifically, it removes values that are too many
median absolute deviations (i.e. MADs, as defined in Equation 4.1) from the median, and the
cutoff threshold is chosen so that, for our known a priori distribution, only about a fraction p
of values will be removed on average. By setting p to a small value, for instance p = 0.001,
we ensure that applying MAD Removal is safe, in the sense that if our data has no corruption
and simply comes from the expected distribution, there is virtually no cost to applying the
algorithm. On the other hand, if there really are erroneous values or corruptions in the data,
the MAD Removal can save us from drawing wrong conclusions based on extreme outliers.
Note that we are only concerned here about extreme values, because although non-extreme
values may also be the result of data corruption or errors, unless they are extremely common
such values will have little impact on relevant statistics that we calculate from the data. Note
also that the median and MAD here are particularly appealing statistics when outliers may
be present. They each have a breakdown point of 50% (Rousseeuw and Croux, 1993), which

is the highest breakdown possible, and which is twice the breakdown of the interquartile range.

In this chapter, we focus on applying MAD Removal to the case where the data is known
to have approximately a normal distribution (except for possible data corruptions), since
that is am extremely common case of interest, and because the central limit theorem implies
that variables that are linear combinations of nearly independent other variables will tend
to produce gaussian distributed data. But in principle the same techniques apply to a very
wide range of possible distributions. The only aspect of the algorithm that hinges on the
distribution is the function that maps sample size into an appropriate cutoff value (i.e. how
many MADs away from the median we consider an outlier) such that only a fraction p
of values will be removed, on average, when the values really are all drawn independently

from that theoretical distribution. In Algorithm 3 we explain our empirical approach for
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fitting this function. A significant benefit of fitting this function empirically is that the
method can then be applied to non-normal distributions easily, plus it avoids potentially
very complicated theoretical analysis of probability distributions. For random variables
X1,...,X,, whose values are drawn independently from some distribution, the quantity

(X; — mediang(X}))/madg(Xy) can be tricky to study analytically.

4.3.2 Introduction to Impact Clipping

The second algorithm that we introduce in this chapter,“Impact Clipping”, is appropriate
for situations where we have no a priori knowledge of what the distribution that generated our
data is, but we are concerned that extreme outliers could corrupt our statistical calculations.
This is an especially worrisome issue when sample sizes are small, or when values come from

a poorly understood source.

The purpose of the Impact Clipping algorithm is to make sure that our statistic of in-
terest are not impacted too greatly by any one extreme value in the data. It is premised on
the idea that if the decision of whether or not to clip (i.e. limit the magnitude of) a single
value in our data makes a large difference to our estimate of a statistic, then that value is
risky to include unaltered as it is likely to greatly increases the variance in our estimation

process. Therefore, its magnitude should be clipped.
The Impact Clipping algorithm starts by calculating an initial safe and conservative es-

timate of the statistic of interest, as well as a “safe” mean estimate. It does so by sorting the

values and then clipping (i.e. winsorizing) any value that is not within the middle F fraction
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of values. So values smaller than all those in the middle F fraction are set to the smallest of
the middle values, and values greater than all those in the middle F fraction are set to the
largest of the middle values. The algorithm then examines the non-middle values one by one,
starting with the closest to the (safely estimated) mean. For each, it considers how much the
current estimate to the statistic of interest would be altered if, instead of clipping that value,
we include that value in the middle set of unclipped values. If the statistic of interest changes
by more than a fraction Z, then we leave that value clipped and stop trying to include values
from that side (i.e. either the left of the sorted vector or the right), since the other values in
that direction are even more extreme. If the statistic of interest does not rise by more than
fraction Z then we unclip the current value being considered, add it to the set of middle (i.e.

unclipped values), and adjust our estimate of the mean and standard deviation accordingly.

In this chapter, we use the standard deviation as our statistic of interest for Impact Clipping.
This is a good choice for many purposes, since it is the least robust statistic that is commonly
calculated (and therefore will be conservative when the statistic of interest is a somewhat
more robust statistic like the mean). Additionally, the standard deviation can be updated in
constant time from a previously known value when one value in our data goes from being

clipped to being unclipped, which is desirable from an efficiency standpoint.

4.4 Two Settings for Handling Outliers

The appropriate way to handle outliers depends on context. In this chapter we consider

two different contexts for outlier handling, both of which arise frequently.

123



4.4.1 Case 1: Known Distribution With Possible Corruption.

We may, for theoretical reasons or based on passed experience, have good reason to believe
that our values were drawn from a distribution that approximately matches some known
distribution, yet still have to consider the possibility that some of the values are erroneous or
have been corrupted. For instance, a psychologist may have good reason to believe that the
amount of a certain behavior is normally distributed in the population, but have to contend
with the possibility that some participants in their study mistakenly entered unrealistically
high values. Or to give another example, a physicist may have theoretical reasons to believe
that a variable that is measured electronically should follow an exponential distribution, but

be wary of occasional machine failures that yield very large measurement error.

It is in cases like these cases that our MAD Removal algorithm applies. As mentioned,
in this chapter we focus on the case where the theoretical distribution is a normal distribu-
tion, but the same process will apply to a wide range of distributions, so long as they are
parameterized only by a parameter of location (like the mean) and a parameter of scale (like

the variance).

4.4.2 Case 2: Unknown Distribution With Possible Extreme Val-

ues.

In some cases we do not have a priori knowledge of what distribution our data will be
generated by. However, if our use for the vector v is such that an extreme outlier could cause
high variance in our estimates or inaccurate results, we may want to reduce outliers. For
instance, a financial analyst may want to estimate the standard deviation of transaction
prices, but worry that there could be a few extreme prices that dominate the calculation. Or

an economist may be performing regression analysis, and be concerned that the prediction
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variables (i.e. training labels) may have extreme values that would distort the solution
coefficients. For cases like these where no known theoretical distribution can be assumed,
and where the main concern is preventing extreme values from having too great an influence
on our calculations, we recommend outlier clipping (i.e. winsorizing) rather than outlier
removal. One advantage of outlier clipping is that it create less bias than outlier removal.
But additionally, in this case we cannot be confident that extreme values do not truly come
from the distribution of interest, since we do not know that distribution. All that we can say
is that extreme values increase the variance of our statistical calculations, and may cause
them to be unreliable. Hence removing values completely may be discarding genuine value,

whereas clipping is a more moderate approach that simply limits the influence of such values.

It is this sort of situation that Impact Clipping algorithm was designed for. The algo-
rithm is based on the fact that in these cases our main worry is that our statistics will be
overly influenced by any one value. Hence, the algorithm is designed to clip extreme values
in such a way that the impact any such extreme value can have on a statistic of interest
(in terms of percentage change caused by including that value unclipped) is limited. As
mentioned, we focus in this chapter on the standard deviation because it is generally the

least robust statistic of common interest.

In the next section, we consider how large a value an outlier must be in order to create

problems for some common statistics.
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4.5 Qutlier Impact on the Mean and Standard Devia-
tion

The sample mean and standard deviation can be arbitrarily corrupted by a single suffi-
ciently bad outlier. Let us consider how big an outlier value has to be to increase (i.e. distort)
the mean and standard deviation by a given amount d > 0. Without loss of generality, we
assume that the last value of our vector v, i.e. the mth value, is our outlier, and we denote
the value of this outlier z = v,,. Let u,, be the sample mean calculated using all m values (i.e.
including the outlier value z), and let p,,_; be the mean when calculated using just the first
m-1 values (i.e. with the outlier omitted). Similarly, let o,,, be the sample standard deviation

with all m values, and o,,_1 be the standard deviation when the outlier is omitted. Hence:

2%;% uml_—zvz

m m—

Om = ﬁ Z(vz - um)Q Om—1 = Z - Hm— 1

i=1 i=1
We now would like to figure out how big z will have to be to cause different distortion
fractions, d, to each statistic. For the sample mean, we therefore would like to solve for the

outlier value z such that:
Hm
,Umfl

—1+d

Solving for z in terms of pu,, 1 yields

2= fm—1+md iy

so the size of the outlier depends linearly on the mean of the non-outlier values, the vector

size m, and the distortion factor d. In particular, as m gets larger, the size the outlier needs
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to be to distort the mean a fixed amount grows proportionally. So for example, using data
which (without the outlier value) has mean p,, ;1 = 1, the mean will be distorted by 20%

when z =1 + 0.2m.

For the standard deviation, we similarly want to solve for the outlier value z > g, 1
such that

Im_ — 144
Om—1

which gives us

2= | =T (= 1) (@ 12 = Do,

which grows linearly in p,,—; and o,,_;. For m large, we can approximate this formula as:

28 i1+ VmA/d(2+d) o1

So for instance, if the data without the outlier has a mean pu,,_; = 0 and a standard
deviation o, 1 = 1 then the outlier distorts the standard deviation by 20% when z & 0.66/m.
Comparing this y/m dependence to the m dependence that we witnessed for the mean makes
it clear why the standard deviation is much less robust to outliers. For m reasonably big, the
outlier value will need to be much larger to corrupt the mean than to corrupt the standard

deviation.

4.6 Desired Traits for Outlier Detection Algorithms

We now propose a list of traits that it is usually desirable for any method of handling

outliers (in univariate data) to satisfy. MAD Removal and Impact Clipping are designed to
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have these traits.

1. Has the ability to handle multiple outliers. Since in real data we cannot be
confident that there will be at most one outlier, the ability to detect just a single outlier
is usually of limited usefulness. The classical Dixon’s @ test (Dean and Dixon, 1951),
based on an assumption of normally distributed data, which involves subtracting the
value of a possible outlier to the sample value closest to it and dividing by the range of
the data, is an example of a simple method for detecting outliers that is only designed

to detect one outlier per data set.

2. Causes little bias / loss of efficiency on data from “nicely behaved” distri-
butions. If a distribution is nicely behaved, we expect it to very rarely have outliers
worth worrying about. In such cases, we ideally want any outlier handling algorithm
applied to such data to cause very little bias or loss of efficiency on average. Thanks to
the central limit theorem, sums of independent or nearly independent random variables
tend to produce data that is normally distributed, so normally distributed data occurs
commonly in practice. Furthermore, normally distributed data has “thin tails”, meaning
that it is very unlikely to produce extreme outliers by chance alone. It is therefore
the quintessential case of a random process that is essentially free of extreme outliers,
and so for most purposes serves as a good model of a “nicely behaved” distribution
that we expect a good outlier handling method to affect very little. When this is
the case, we are safe applying the method to data that we have strong reasons to
think should be normally distributed, as there is little cost to doing so if it really is
normally distributed as we expect, but if there are extreme outliers due to errors or data
corruption, the outlier handling algorithm should help. As an example of an algorithm
that violates this mandate, consider winsorization. As usually applied, it means that

for some percentile ¢, the values below the qth percentile are set to the qth percentile,
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and the values above the (100-q)th percentile are set to the (100-q)th percentile. If we
apply this process to independent, normally distributed values when the sample size is
large then we underestimate the standard deviation by about 9% for ¢ = 5%, 18% for
q = 10%, and 36% for ¢ = 20%. Even more distortion occurs if, instead of winsorizing,
we simply remove values below the gth percentile and above the (100 — ¢)th percentile.
In that case, we underestimate the standard deviation by about 21% for ¢ = 5%, 34%
for ¢ = 10%, and 54% for ¢ = 20%. Any algorithm that removes or clips extreme
values will have a bias towards reducing the standard deviation, but this level of bias is
unacceptably large for many applications. The main exception, where we would not
care whether our outlier handling algorithm causes significant bias or a substantive loss
of statistical efficiency on normally distributed data, is when we have strong reasons to
believe that our data was generated by some specific other distribution. In such cases,

it is the performance on that specific distribution that is of interest.

. Uses an outlier criteria which does not depend on the extremity of more
extreme outliers. When we are trying to tell whether one particular point is an
outlier, our answer should not hinge on the level of extremeness of another, even more
extreme outlier. Otherwise, our decision procedure for determining what is an outlier
is not itself robust to outliers! When the criteria for detecting an outlier is impacted
by the extremity of other outliers, it leads to the two very unappealing phenomena of
“masking”, where one large outlier hides another, and “swamping”, where the presence
of an outlier will make a non-outlier seem like an outlier. For an example of masking,
suppose that our outlier handling criteria is to simply remove every value that is more
than 4 standard deviations away from the mean of the values. This presents a problem
because the standard deviation calculation is highly sensitive to the extremeness of

any outliers that our present. Therefore the presence of one very extreme outlier may
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prevent us from removing another, somewhat less extreme outlier, due to the first
outlier making the standard deviation artificially high. To be specific, suppose we have
100 values that are generated from a standard normal distribution with mean 0 and
standard deviation 1, and then we add two outliers, one with the value 100, and the
other with the value 1000. Due to the presence of the outliers the mean and standard
deviation end up being about 11 and 99, meaning that the smaller outlier value of 100
is only about 0.9 standard deviations from the mean, even though it would have close
to a 0% chance of having been drawn from a standard normal distribution! In other
words, the larger outlier makes the smaller outlier look like a non-outlier due to the

masking effect.

. Has a meaningful interpretation for its outlier cutoffs. Ideally, we should be
able to meaningfully interpret the cutoffs used by any univariate outlier handling
algorithm in its determination of what is and is not deemed an outlier. Having such
an interpretation can help us conclude whether the outlier handling procedure is
appropriate to use in our particular case. As an example of an outlier detection method
that lacks a meaningful interpretation, consider Grubbs’ test (Grubbs, 1950), which
assumes that the values of interest were drawn from a normal distribution. It evaluates
each potential outlier by performing a significance test at significance level a. It does
so by using a random variable which is constructed to be the variance of the sample
without that potential outlier included, divided by the variance of the sample when
that potential outlier is included. This test can be applied for each extreme value in
decreasing order of extremeness. Whenever a value fails the test, it can be removed
from the sample and then the process can be repeated. Now, if the data were in fact
normally distributed with exactly one potential outlier added, then the cutoff for the

test would have precisely the intended interpretation, calculating the probability of
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getting a change in variance at least this extreme by including the potential outlier
compared to excluding it, under the null hypothesis that the remaining values were
drawn from a normal distribution with no outliers. The problem is that when there
are multiple outliers this intuitive interpretation fails, potentially in a large way, since
the remaining data will not in that case be normally distributed. Hence, the cutoff for
the test statistic does not have a meaningful interpretation in the presence multiple

outliers, since its interpretation is based on an assumption that we know to be violated.

4.7 Details of the MAD Removal Algorithm

We now discuss the MAD Removal Algorithm in greater detail.

In some cases we have a strong theoretical reasons to believe that our data should be
drawn from a particular distribution, but with the possibility of data errors or corruptions. In
such a case, values lying much further from the center than is typical with that distribution
are suspicious, and are likely to be the result of human error, measurement error, or data
corruption, rather than truly having been drawn from the distribution of interest. It is
precisely such a situation that the MAD Removal algorithm is designed for. For each value,
this algorithm simply looks at how many median absolute deviations (i.e. MADs) that value

lies from the median, where MADs are defined as:
mad(v) = median(|v — median(v)|). (4.1)

with the absolute value and subtraction applied element-wise. Note that for the normal
distribution, one MAD is equal to about 0.67 standard deviations. In the MAD Removal

algorithm, any value that lies too many MADs from the median is removed. But how many
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MADs is too many? We set the cutoff so that when applied repeatedly to vectors of m values
drawn from our known theoretical distribution, only a fraction p of those values is removed,
on average. Note that this is not quite the same as saying that each individual vector element
has a probability p of being removed when drawn from the theoretical distribution, since we
are looking at the average number of elements removed across many random draws of such

vectors, not within each such vector.

The reason that we remove data in MAD Removal rather than clip (i.e. winsorize) it
is because, due to our strong expectation about the true distribution that generated the data,
and a small value for p (such as p=0.001), outliers have a substantial chance of being bad or
corrupted data, rather than being regular values that are merely far from the center due to

unlikely chance events.

If we have strong reasons to expect our chosen theoretical distribution, the MAD Removal
algorithm can be applied safely, with virtually no cost. If the data actually was all drawn
from this distribution, then the algorithm will scarcely alter the values at all, so statistics of
interest will be essentially unaltered. On the other hand, if there are extreme outliers that
are due to corruptions or mistakes, these will generally be removed by the algorithm. And,
in fact, the MAD Removal algorithm will generally have little to no effect on data drawn
from distributions that are even “nicer” than our theoretical distribution. For instance, if we
use the normal distribution as our theoretical distribution, a very small fraction of values
will be removed on average from data that accidentally comes from a uniform distribution or
symmetric triangular distribution instead of a normal distribution. Hence, the algorithm will
behave nicely even if our assumptions about the theoretical distribution are wrong, as long
as they are wrong in the sense of us overestimating the distribution’s likelihood of extreme

values rather than underestimating it.
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The MAD Removal algorithm is designed to satisfy all of our desired traits from Section 4.6
for an outlier detection algorithm. It easily handles multiple outliers. It has almost no bias
and very high efficiency when applied to normally distributed data (when p is chosen to be a
small number such as p = 0.001, and when the theoretical distribution is as nicely behaved
or less nicely behaved than a normal distribution, as will usually be the case). Additionally,
our determination of what is deemed an outlier is highly robust, because both the MAD and
median are themselves highly robust, insensitive to the extremeness of all values except the
least extreme 50% of the data. What is more, the MAD Removal algorithm has a meaningful
interpretation for its cutoff value, which is that it is set to remove only a fraction p of values

on average when the data comes from our theoretical distribution.

The idea of using MADs from the median to determine what is an outlier is of course
not a new concept. However, typically static cutoffs have been recommended for what
is deemed to be too far from the center, for instance 2.5 or 3.0 MADs from the median
(Rousseeuw and Croux, 1993). Other recommendations include forming so-called “modified

z-scores” for each value v;, given by,

|v; — median)|

.= 0.674
z; = 0.6745 VAD

where the constant in front is the MAD of a standard normal distribution, and then we
discard values when these z-scores are bigger than 3.5 (Iglewicz and Hoaglin, 1993). But any
static cutoff like this lacks a meaningful fixed interpretation, as the interpretation changes
with both the sample size and the underlying distribution that we expect. The challenge we

are faced with is setting the cutoff in a meaningful, sample size independent way.

133



Once we have assumed a particular theoretical distribution for our data (but with the
possibility of data corruption or errors), it is non-trivial to construct a function that maps
sample size into a cutoff such that a fraction p of values will be removed, on average, for
values sampled independently from our theoretical distribution. We introduce a procedure
for learning such a mapping, which we find through a process of numerical estimation and
curve fitting. Details of this process are shown in Algorithm 3, under the assumption that
the theoretical distribution is a normal distribution. However, the approach can easily
be modified for a wide range of theoretical distributions, so long as the distribution has
no unknowns other than a location parameter (such as the mean) and a scale parameter
(such as the standard deviation) which the algorithm accounts for automatically. The only
changes in the procedure that are needed are (a) randomly sampling from the theoretical
distribution instead of from the normal distribution, and (b) setting the asymptotic constant
o, so that it corresponds to the number of MADs from the median one needs to include
such that a fraction p of values from the theoretical distribution are included in the limit
as the sample size goes to infinity. Once the appropriate map from sample size to a cor-

responding cutoff is fit, it can be used as in Algorithm 4 to apply the MAD Removal procedure.

Note that in the special case where our sample size is large, and the underlying probability
distribution is a symmetric one, the MAD removal algorithm becomes very simple. It tells us

to remove any value that is outside of the range [median — o, * M AD, median + o, * M AD],

F1(1-5)-F~1(1/2)
3(F1(3/4)—F~1(1/4))’

our assumed distribution. When p = 0.001, and the underlying data is normally distributed,

where oy, = and F'~!(p) is the inverse cumulative distribution function of
we get oy, ~ 4.87854. Using this asymptotic approximation rather than the more reliable
complete algorithm leads to underestimating the outlier cutoff by about 20% when m = 42,
as well as 3% when m = 220, and 1% when m = 600. For p = 0.01 on the other hand, we

have «,, ~ 3.81893, and for p = .0001 we have «, ~ 5.7682.
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Those accustomed to null hypothesis testing may be tempted to use p = 0.05, but this
is not small enough, and defeats the purpose of this algorithm. The choice of p, which
determines on average how many values will be removed when your data really is generated
by your distribution of interest, needs to be set so that very little data is removed when
no outliers are present. This is so that the outlier removal method is safe to use with very
little cost, meaning that applying it when there are no outliers will have almost no impact
on subsequent analyses performed. The choice p = 0.05 will remove 5% of data when there
are no outliers, which is often too much (e.g. when subsequently calculating the standard
deviation). We recommend p = 0.001. Smaller values of p can of course be chosen to be
even more cautious, but there are diminishing returns for using smaller p’s, and we would
only recommend them when subsequent calculations that will be performed on the data are
extremely sensitive to missing values, or if the theoretical distribution of interest has very

heavy tails.

Once the MAD Removal algorithm has been applied, we can compute the statistics that
we like on our vector of interest. For instance, we can compute the “MAD Mean”, pyap,
which is just the sample mean of a vector after MAD Removal has been applied, or the
“MAD Standard Deviation”, oy;4p, which is just the sample standard deviation after MAD
Removal has been applied. These statistics are of course far more robust to outliers than

their ordinary counterparts.

It is important to emphasize that the MAD Removal algorithm is only intended for cases
where there are strong reasons to believe that the data was generated by our chosen theoretical
distribution (plus possible data errors or corruptions), or another distribution that is even

more nicely behaved than our chosen one. Only in such cases can values that are extreme
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reasonably be viewed as errors or corruptions rather than simply legitimate values that lie far
from the center. If such an assumption cannot be made, and the data in fact may be truly
drawn from a thicker tailed distribution, we do not recommend applying MAD Removal.
For instance, if we choose the normal distribution as our distribution of interest, then when
MAD Removal is applied to a log-normal distribution, 5% — 10% of the largest values may be
removed by the algorithm, which will substantially distort its subsequently estimated mean

and standard deviation.

What makes the MAD Removal algorithm particularly unsuitable for situations where
the expected distribution is unknown is that, in the limit as the same size goes to infinity, the
algorithm will continue to produce a bias estimate of statistics like the standard deviation,
even though in that limit an outlier (no matter how big) has no impact on the result. The
reason is because MAD Removal is designed to remove data that is unlikely to have come
from the distribution of interest, rather than to produce an unbiased estimate if the data
comes from other, thicker tailed distributions. In cases where there is no strong reason to

expect a particular distribution, the Impact Clipping algorithm is preferred.

In Figures 4.1 and 4.2 we plot the fraction of values that MAD Removal (using a nor-
mal distribution as the underlying theoretical distribution) ends up removing, on average,
when applied to data drawn from various distributions, for three different choices of p. The
straight horizontal lines achieved in the normal case at the top of Figure 4.1 shows pre-
cisely what we expect, that when applied to values that actually were drawn from a normal

distribution, a fraction p of values are removed on average.
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4.7.1 Implementing MAD Removal

To implement MAD Removal, we begin with a minimum and maximum vector size, t; > 3
and ty >> t; respectively, to be used in constructing the model (we recommend ¢; = 4 and
to = 120). We also need to select a number, p > 0, which reflects the fraction of the data that
we desire the algorithm to remove when values are independent and drawn from a normal
distribution (we recommend p = 0.001). Finally, we need to select and a number of samples,
s, to use in our simulations for each size of vector (since we will be fitting a part of our the
model empirically). We recommend s = 90,000 but more can be used for increased accuracy

in the constructed model.

The details of how we approximate the map from the sample size into the appropriate
outlier cutoff is shown in Algorithm 3, which focusses on the normal distribution case. Note
that when curve fitting during this algorithm, we fit the cases where m is even separately
from the cases where m is odd, since the median behaves quite differently in each (i.e. it
averages the middle two values in the former, and selects just the lone middle value in the
latter). That means that there will be two sets of numbers for a,b,c,d (see Algorithm 3) and
the cutoff function r(m) = f(m,a,b, c,d) will use one such set of a,b,c,d when m is even,
and the other when m is odd. The resulting cutoffs from this curve fitting procedure, in
comparison to the empirical cutoffs these curves are fit against, are show in Figure 4.3. The

magnitude of the error of the fit curves versus the empirical values is shown in Figure 9.1

The cutoff function that we fit during this process is then applied in Algorithm 4. And the
corresponding Python code for applying MAD Removal for a previously fit cutoff function is
shown in Section 4.11. The implementation given has running time on the order of mlog(m)

since it relies on sorting the values. However, if a fast selection algorithm like Hoare’s selection
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algorithm is used to compute the median and MAD, it will have running on the order of just

m.

4.7.2 Extensions of Mad Removal

In principle, the MAD Removal concept may be generalizable to higher dimensions, though
doing so does present challenges. Rather than a vector of values v, in the multidimensional
context we have a matrix V with one point V* per column, and one feature V; per row. We
assume that each feature of each point is drawn independently from some known distribution,
except with possible corruption or errors. Then, one potential approach for applying MAD
Removal in this context is to define a robust alternative to the covariance matrix, for instance

the matrix D where:

Dl = \/median((Vi — median(V;)) = (V; — median(‘/})))

*

where * is the element-wise multiplication operator, and the differences are also taken

element-wise. Note that this is a multi-dimensional generalization of the MAD), since

D! = \/median((Vi — median(‘/;))2> = mad(V}).

Then, we can measure each point’s natural distance to the center of the distribution using:

dist; = \/ (Vi — medians)TD=1(Vi — medians).

where medians is a vector where the jth element is the median of the jth feature of V. This
quantity dist; generalizes to multiple dimensions the notion of “number of MADs from the

median”.
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One would then empirically, for each dimension n and each number of points m, find
the cutoff such that when each feature of each point is drawn independently from the chosen
theoretical distribution, on average only a fraction p of them would have a dist value larger
than that cutoff. Points with dist values greater than that would be discarded. This approach
seems to naturally generalize the univariate one, but it has challenges, including the difficulty
of accounting for both m and n (rather than just m as in the univariate case). Furthermore,
the matrix D would need to be investigated to make sure it is always positive definite. And
finally, there is the question of how well this method would work in the case where the
features of each point really do come from the chosen theoretical distribution, but where
they are not drawn independently. We leave these questions open as a potential future line

of inquiry.

Note that MAD Removal, as defined here, is most appropriate when the underlying theoreti-
cal distribution that we have reason to believe our data comes from (though with possible
corruptions) is at least reasonably symmetric. While the MAD statistic does not apply just
to symmetric distributions, it operates by calculating a symmetric range around the median
within which 50% of the data lies (Rousseeuw and Croux, 1993), making it most suitable to
symmetric situations. For highly non-symmetric distributions, the MAD Removal algorithm
could be modified so that the MAD is replaces with the interquartile range, and rather than
finding a single cutoff such that only a fraction p of our data is removed when it comes from
our theoretical distribution, we could instead find two cutoffs, one to the left of the median
and one to the right, such that when our data is drawn from our theoretical distribution a

fraction p/2 will be removed on average from each side of the median.
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Algorithm 3 Preprocessing For the MAD Removal Algorithm (Normal Distribution Example)

1:

2:

For each vector size, m, from t; to t,

Generate s vectors v° of length m, with each entry independent and normally
distributed (i.e. drawn from our theoretical distribution of interest) with mean 0 and
standard deviation 1.

v'—median (v’ .
Wi)()‘. We Wlu

For each such vector v* calculate the vector z¥ = O%
P

use the notation erf™ to mean the inverse of the erf function, which itself is defined as

erf~1(1—p)
erf_l(%)

erf(z) = \/%T foz e~ dt, where the constant apy = > 0 is the asymptotic adjustment

factor (for the normal distribution) handling the case of large m (i.e. the asymptotic
number of MADs from the median to remove a fraction p of values when they are

drawn from our theoretical distribution as m — o0). For all symmetric distributions

FA-5)-F'(1/2)

_1 . .
103/ 4= F1(1/2))" where F'~*(p) is the inverse

the asymptotic adjustment factor is o, =
cumulative distribution function.
Assemble all the 2 into a size sm one dimensional vector g = (z1,...,2™).
Define u,, to be the (1 — p)th percentile value of g, so that approximately a
fraction p of values in g are larger than u,,. Note that there is one u,, per vector size m.
even

dd _ —
Form the vectors ¢°® = (us,, ug, 12, Uty +4, - ) and ¢ = (g 41, Upy 43, Uty 45, - - )

Solve for the optimal parameters a,b,c, and d in the function

1

ma
log(m)©

flm,a,b,c,d) =1+
—a

to
m=t1

to minimize the sum of squared errors > . 2_, (f(m,a,b,c,d) — Gm_¢,+1)> using the

Levenberg-Marquardt algorithm with 5000 iterations and starting pointa =b=c=d =1,

°dd " oiving us two sets of a,b,c.d.

first for ¢ = ¢°¥°" then for ¢ = ¢
The MAD Removal algorithm will remove values outside of median(v) £ cutoff(m) mad(v)
where cutoff(m) = a,r(m) = oy, f(m, a,b, ¢, d) and a,b,c,d are the optimal constant values

even

found in our prior step (taking care to use the a,b,c,d fit to ¢ if m + t; is even, and
the values fit to ¢°d if m + ¢; is odd). On average about a fraction p of those values will

be removed when the data is normally distributed. Note that lim,, ,., r(m) = 1.
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Algorithm 4 The MAD Removal Algorithm (applying the previously created model)
1: If v.size < ty: return v unaltered.

2: if mad(v) = 0: return v unaltered.
3: cutoff = oy, r(m)

4: boundary = cutoff * mad(v)

5. If mode = “remove outliers”:
6: For each v; > median(v) 4+ boundary: remove v; from wv.
7 For each v; < median(v) — boundary: remove v; from v.

8: Otherwise, if mode="“clip outliers”:
9: For each v; > median(v) + boundary: set v; = median(v) + boundary.

10: For each v; < median(v) — boundary: set v; = median(v) — boundary.

4.8 Details of the Impact Clipping Algorithm

In situations where we do not have a strong theoretical reason to expect a particular
underly distribution, the MAD Removal algorithm is not appropriate. Hence, we introduce
the Impact Clipping algorithm. The idea in this case is that we want to make sure the
calculations we perform on our vector v are not overly influenced by any single value in the
vector. For instance, if our sample standard deviation was altered by 50% based on the
decision whether or not to clip the value of one particularly extreme value in our vector, then
we should view the result as suspect. In such a case, the variance of our standard deviation
estimation procedure itself may be unacceptably high. The Impact Clipping algorithm
therefore is designed to limit the amount that any one value can impact our statistics, while
additionally satisfying the criteria for an outlier removal algorithm from Section 4.6. In
particular, the algorithm was carefully designed so that the criteria for whether a value is
determined to be an outlier (and therefore, whether that value is clipped) does not depend

on the level of extremeness of outliers more extreme than the value under consideration. This
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prevents the swamping and masking problems that plague many outlier handling techniques.

In principle, for Impact Clipping any statistic of interest could be used when setting the
maximum amount that a single value is allowed to change the result. For our implementation
in this chapter though, we choose the standard deviation because it is the least robust statistic
that is commonly of interest. Hence, Impact Clipping, as described here, is designed to limit
the impact of any one value in the vector v on the standard deviation that we estimate using
v. If it turns out that what we are most interested in is another statistic, like the mean,
which is less sensitive to outliers than the standard deviation, then this procedure will still
work fine as implemented here. It will simply clip values more aggressively than is strictly

required to limit the impact of any one value on the mean.

Impact Clipping has two parameters. To understand these parameters, it is easiest to
think about u, which is a copy of v that has been sorted in ascending order, and which is
0 indexed, so that u = (ug, ..., un_1). The first parameter is F, which is the approximate
fraction of the values at the middle of u that we we want to be certain not to alter with the
algorithm. We recommend setting F = 0.90, since it is unlikely that more than 5% of values
on either side of u will be extreme outliers. However, in cases where a larger rate of extreme

values may occur, a smaller F can be used, such as F = 0.80.

The second parameter of Impact Clipping is Z, which is the fractional amount that a value is
allowed to increase our current estimate of the standard deviation (when we go from clipping
it, to no longer clipping it) such that we are willing to allow that value to be unclipped. Our
algorithm will start off treating as clipped any value outside of the middle F fraction of values

of u. This means that, to start, values less than that of the left edge of the middle F values of
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u are set to the value at the left edge of the middle, and values greater than that of the right
edge of the middle F are set to the value at the right edge of the middle. We then proceed to
try adjusting our clipping so that it starts instead one value to the left, or one value to the
right. We try the values closest to our original (clipped) estimate of the mean first. We only
accept a clipping change (i.e. shift which value we start clipping on either side at) when doing

so does not cause our current (clipped) standard deviation estimate to increase by more than Z.

We recommend setting Z = 0.20, meaning that a value will only be unclipped if doing
so increases the standard deviation by less than 20%. If this sounds high, keep in mind that
when a value is unclipped, it raises the clipping of the other potential outlier values (on its
same side from the middle that are more extreme than it) to precisely its own value. So
the amount the standard deviation changes depends not just on the value itself, but on the
amount that unclipping it raises the clipping of other values. In other words, the change in
standard deviation is based on raising the clipping of all values this extreme to the value
under consideration. Using Z = 0.05 is too small for most purposes, and Z = 0.50 is too
large. Note that for F = 0.90 and Z = 0.20 when m = 30 only about 1 in 1000 values will be
clipped on average when our data comes from a normal distribution, as shown in Figure 4.5.
Having little impact on normally distributed values is desirable, as explained in Section 4.6.
It is also important to note that for small 7 = 0.90 a somewhat larger Z should be used, since
when there are fewer values in the middle unclipped region, changing the clipping impacts

more values at once and so is expected to cause a somewhat larger standard deviation increase.

Note that in cases where we might apply Impact Clipping to estimate quantities like the
mean and standard deviation, one may be tempted to instead simply replace them with
alternative, more robust statistics, such as swapping the mean with the median and the

standard deviation with the interquartile range. In some cases, the median and interquartile
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range are no less appropriate for achieving our particular goals than the mean and median,
and so this substitution is perfectly reasonable. But in other cases, what we actually want
is an outlier robust estimate of the mean and standard deviation, not just any measure
of location and scale. In such cases replacing (for instance) the sample mean with the
sample median can be misleading, as the two can differ substantially even when outliers are
not present, and even in the limit as the sample size goes to infinity. An example of this
phenomena is shown in Figure 4.7. Hence, if what we truly care about is the mean, then
we should estimate it in an outlier robust way, not switch to an alternative statistic like the

median.

In Figures 4.5 and 4.6 we plot the fraction of values that Impact Clipping (using the
standard deviation as our statistic of interest) ends up removing, on average, when applied to
data drawn from various distributions, for three different choices of Z. Notice that while the
fraction of values clipped generally decreases with m (since the bigger m is, the less influence
each value has on the standard deviation), there are occasional discontinuities where the
fraction clipped jumps up. This is caused by the discrete nature of the operation of taking
the middle fraction F of values. We are constrained in our selection of middle values by three
requirements: (1) the number of middle values must be at least one, (2) we must keep an
equal number of values on either side of the middle so as to avoid directional bias, and (3)
the number of middle values must be an integer even though Fm usually is not an integer.
To satisfy all these constraints, our initial guess for how many values the middle (i.e. initial
unclipped set) should have is either Fm or 2 (whichever is bigger), and then we round down
either by one or by two, whichever leaves us with an equal number of values on both sides of
the middle. With F = 0.90 this leaves us with a jump at m = 21, where we go from having
one value on each side of the middle to two values on each side of the middle, with the next

jumps happening at m = 41, m = 61, etc. As the sample size gets larger the jumps become
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less impactful, since going from 1 value on each side of the middle to 2 is a much greater

change than, for example, going from 9 on each side to 10.

4.8.1 Implementing Impact Clipping

For integers s > 0 and e < m, we define the clipped mean . of a zero-indexed vector

u = (ug, U1, - .., Uy, 1) of real numbers, whose values are sorted in increasing order, to be:

1 €
o= |su, . —e—1)u,|. 4.2
s, m(su +ZZ:;U + (m—e )u) (4.2)

This is just the mean that we would get if the values less than ug in u were all set to ug, and
the values greater than u, were all set to u.. In other words, we have winsorized u and then

taken its mean. Analogously, we define the clipped mean of squares:

m

1 e
pil = — (su? + Zuf + (m—e— 1)ug) (4.3)

which is the same as the clipped mean, except with each element of u being squared. Finally,

we can define the clipped sample variance as:

m

2 o= —(pf— ). 4.4
Us,e m — 1<:U’s,e Ms,e) ( )

where the factor —- is needed because an unbiased sample mean normalizes by ﬁ, unlike
the mean which normalizes by # This formula is simply the usual one for writing the
variance in terms of the mean and mean of squares, but applied to the clipped mean and

clipped mean of squares.

The quantities p, . and pg% have the convenient property that they can each be updated in
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constant time when s decreases by one or e increases by one. Therefore, o2, shares the same
property, since it is merely a function of js. and pg%, as shown in its definition above. In

particular, we can efficiently update these quantities as s decreases by one or e increases by

one by writing:

S
Hs—1,e = Hs,e + E(usfl - us) (45)
e = i — (e — ) (4.6)
s—1l,e s,e m" s s
and
m—e—1
Hse+1 = Hse + T(ue-‘rl - ue) (47)

s s m—e—1
:us:]e—i-l = :us?e + T(ug-i—l - ug) (48)

With this notation in place, we can explain the Impact Clipping algorithm in detail. We
start with a vector v that we want to handle outliers in, make a copy u, which we sort in
increasing order. We then begin our process with a fraction p of values (in the middle of u)
that we want to leave unmodified, giving us 7 unmodified values in the center (which is at
most p m), ensuring an equal number of values to the left and right of those middle values.
We then set s to the index of the smallest of the middle 7 values, and e to the index of the
largest of the middle 7 values. We next get an initial estimate of the mean jip = ps . and
compute the standard deviation o, using Equations 4.2, 4.3 and 4.4. At this stage, we are
treating all values to the left of s and to the right of e as being clipped in our calculation
of the standard deviation. We will progressively try unclipping them, in order of how close

they are to pg, so that we handle the least extreme values first. If the corresponding new
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standard deviation (which will either be o, .41 if we're unclipping a value from the right, or
0s-1 if we're unclipping a value from the left) is not more than a fraction Z bigger than the
previous standard deviation o5, then we permanently unclip that value and decrease s by
one (if the value was to the left) or increase e by one (if the value was to the right). However,
if this allowed fraction Z to increase the standard deviation is exceeded, we will no longer
attempt to unclip values any more from the corresponding side. Eventually the algorithm will
end, either because both sides have had a value which, when unclipping, exceeds the allowed
standard deviation increase, or because the ends s = 0 and e = m — 1 are reached. We now
return our original vector v, except that values less than u, are set to us, and values greater
than u, are set to u., where here s and e are the final values of these variables (which indicate
where the last unclipping occurred). The details of this algorithm are shown as Algorithm 5,
and Python code for the algorithm is given in Section 4.11. This implementation has running

time on the order of mlog(m) since it relies on sorting all of the values.

4.9 Differences Between MAD Removal and Impact
Clipping

The Impact Clipping algorithm is designed to behave very differently than MAD Removal
in the limit as the number of values goes to infinity. Since MAD Removal is premised on the
idea that we should have a certain underlying distribution for the data, but that the values
may be corrupted for some reason, it makes sense to remove bad seeming data even when the
number of values is very large. But Impact Clipping makes no such assumption. In its case,
our concern is with not letting any single value impact the standard deviation too much. But
as the number of values grows, each individual one has less effect on the standard deviation,

so we become increasingly willing to leave values unclipped. Therefore, unlike MAD Removal,
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Algorithm 5 Impact Clipping

1:

10:

11:

12:

13:

14:

15:

16:

Create a zero-indexed copy of the vector v, called u, and sort the values of u in ascending
order.

Select the middle 7 values of u (which will be left unclipped), where 7 is set to F m after
rounding it down to the nearest integer, or to the integer beneath that one, whichever
leaves 7 with at least one element and puts an equal number of values to the left of 7 as
to the right of 7.

Define two integers, the start value s = (m — 7)/2 and end value e = (m +7)/2 — 1,

which are the left most and right most of the middle 7 values.

: Save our original mean estimate p = s using Equation 4.2.

Set continueLe ft = True and continueRight = T'rue, which signify that we have not
yet stopped trying to add back into our standard deviation calculation the values to the
left of s and to the right of e respectively.

If s = 0 then set continueLe ft = False, and if e = m—1 then set continue Right = False,
indicating that there are no more values left to try in the corresponding direction (i.e. to
the left of s or to the right of e).

If continuelLeft = False and continueRight = False then finish and return a copy of v
with every value less than u, set to u,, and every value greater than u, set to ..

If continueLeft = True and (continueRight = False or |us_1 — po| < |tes1 — pol), then:

Efficiently calculate i,y and p3?, , and o?_, , using Eq. 4.5, 4.6 and 4.4.
If 05-1¢/0se —1> T, then set continueLe ft = False
Otherwise: set s -+ s —1

Otherwise:
Efficiently calculate is11 and p3%,, and o7, using Eq. 4.7, 4.8 and 4.4.
If 05611/0se —1 > T, then set continueRight = False
Otherwise: set e — e+ 1

Return to Step 6.
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Impact Clipping is asymptotically unbiased.

Another substantial difference between Impact Clipping and MAD Removal is that, in
the former, we clip values without removing them, whereas in the latter we remove values
completely. The reason for the difference is that, in the former case, we have no particular
reason to believe that data is corrupted or invalid, since we know nothing about our data’s
underlying distribution. We simply want to protect ourselves from extreme values that might
excessively distort our statistics. Clipping is a way to protect ourselves while introducing
less bias than would occur with outlier removal. On the other hand, for MAD Removal, a
value that is way outside what is expected from our assumed theoretical distribution can
reasonably be said to be a corrupt or erroneous value, and so removing it makes sense, and is

not expected to introduce significant bias.

4.10 Conclusion

We have introduced two methods for handling outliers in data. The first, MAD Removal
is appropriate when the data should have been generated by a known distribution, but may
have been corrupted or contain errors. The second, Impact Clipping, is appropriate when the
underlying distribution is unknown, and we are concerned with limiting the impact that any

one value in our data can have on statistics of interest, such as the standard deviation.
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4.11 Python Code

import math

import numpy as np

def MAD_Removal(values, mode="remove outliers", normalFractionAffected=".001"):
""nClips (i.e. Winsorizes) or removes potential outliers from values (a list
or 1d numpy array of real numbers). Identifies a lower and upper cutoff such
that if the elements of values are independent and normally distributed
then on average only about a fraction normalFractionAffected of elements
will not lie between the cutoffs. Cutoffs are based on the probability of
normal values being that many median absolute deviations (i.e. MADs) away

from the median, given the length of values.
Elements not within cutoffs are clipped or removed based on mode setting.

If mode=’clip outliers’ then winsorize by setting values below lower cutoff

to lower cutoff, and values above the upper cutoff to the upper cutoff.

If mode=’remove outliers’ then values not falling between lower and upper

cutoff will be removed completely from the returned copy of values.

normalFractionAffected must be one of these text strings:

’>.0001’, ’.001, ’>.01’

Never modifies values, always returns a copy.

values = np.array(np.copy(values)).flatten() #copy as 1d flat numpy array
if len(values) <= 3: return values #don’t modify if less than 4 values

median = np.median(values)
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mad = np.median(np.abs(values - median)) #the median absolute deviation
if mad <= 1E-16: return values #if middle 50% all the same, just return
#allowed distance from median is sample size dependent multiple of MAD
cutoff = madAdjustment(len(values), normalFractionAffected)

boundary = mad * cutoff

if mode == "clip outliers": #set large and small values to the cutoffs

values[values>median + boundary] = median + boundary #clip big values

values[values<median - boundary] = median - boundary #clip small values
return values
elif mode == "remove outliers": #completely remove large and small values
#keep only values within boundary of median
return values[np.abs((values-median)/float(boundary)) <= 1]
else:

raise ValueError("mode must be ’clip outliers’ or ’remove outliers’")

def madAdjustment (sampleSize, normalFractionAffected):

"""gives the number of MADs from the median to achieve only a fraction

normalFractionAffected outside of median +- cutoff*mad when the data

really does come from a normal distribution."""

m = sampleSize

even = (m % 2 == 0) #true if and only if sampleSize is even

#standardize the format of normalFractionAffected as a string

normalFractionAffected = str(normalFractionAffected).lstrip("0") .rstrip("0")

if normalFractionAffected == ".0001":
asymptoticMultipier = 5.7682 #=InverseErf[1-.0001]/InverseErf[0.5]
#handle even and odd cases separately, using numerically fit parameters
if even: r = correction(m, a=0.670852, b=0.160374, c=1.87124, d=1.52869)
else: r = correction(m, a=1.06162, b=0.275104, ¢=2.17383, d=1.5079)

elif normalFractionAffected == ".001":

asymptoticMultipier = 4.87854 #=InverseErf[1-.001]/InverseErf[0.5]

151



if even: r = correction(m, a=0.858321, b=0.242921, c=1.45477, d=1.36824)

else: r = correction(m, a=1.59485, b=0.468591, c=1.85156, d=1.35865)
elif normalFractionAffected == ".01":

asymptoticMultipier = 3.81893 #=InverseErf[1-.01]/InverseErf[0.5]

if even: r = correction(m, a=1.50225, b=0.538382, c=1.27693, d=1.24351)

else: r = correction(m, a=1.16243, b=0.338736, c=0.894065, d=1.21593)
else:

raise ValueError("normalFractionAffected must be one of these text\

strings: ’.0001’, ’.001’, ’>.01°")

return asymptoticMultipier * r

def correction(m, a, b, c, d):
noan

"""the correction to adjust the asymptotic cutoff for sample size m

return 1.0 + 1.0/float(b * ((m ** d) / (math.log(m) ** c)) - a)

def impactClipping(values, initialFractionToInclude=0.90, maxStdDevIncrease=0.15):
"""An outlier clipping method that returns a copy of values (in the original
order), where we first compute the variance and mean of the middle
initialFractionToInclude of the values, clipping (i.e. winsorizing) the others
and try unclipping each of the unclipped values one at a time in order of how
close they are to the original clipped mean. If adding one back ever raises
the standard deviation (that we have so far) by more than a maxStdDevIncrease

fraction then we stop unclipping values from that side.
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sortedValues = np.array(np.copy(values)).flatten() #copy as 1d flat array
sortedValues.sort() # sort ascending
m = len(sortedValues)
numToInclude = m*initialFractionToInclude
maxInTheMiddle = int(math.floor(numToInclude)) #rounded down
if maxInTheMiddle <= 2: maxInTheMiddle = 2
#make sure that the number of values to the left and right are the same
if (m % 2 == 0) == (maxInTheMiddle % 2 == 0): numToInclude = maxInTheMiddle
else: numToInclude = max(maxInTheMiddle - 1, 0)
#set so that approximately initialFractionToInclude are in the middle
numberOnEachSide = int (round((m-numToInclude)/2.0))
start = numberOnEachSide #left edge of the middle (i.e. unclipped) values
end = m - numberOnEachSide - 1 #right edge of the middle values
#calculate initial stats clipping values left of start and right of end
mean = (start*sortedValues[start] + np.sum(sortedValues[start:end+1])\

+ (m - end - 1)*sortedValues[end])/float(m)
avgSq = (start*(sortedValues[start]**2)\

+ np.sum(np.power (sortedValues [start:end+1],2))\

+ (m - end - 1)*(sortedValues[end]**2))/float(m)
var = (avgSq - mean**2) * (m/float(m-1))
origMean = mean #used to decide order of adding back clipped values
continuelLeft = True #we stop trying values left of start when False
continueRight = True #we stop trying values right of end when False
while True:

if start == 0: continueleft = False

if end == m - 1: continueRight = False

if (not continuelLeft) and (not continueRight): break

newMean = mean

newAvgSq = avgSq
newStart = start

newEnd = end
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#smallest dist. to original clipped mean decides if next is left or right
if continueleft and ((not continueRight)\
or abs(sortedValues[start-1]-origMean)\
< abs(sortedValues[end+1]-origMean)):
mult = start/float(m)
newMean += mult * (sortedValues[start - 1] - sortedValues[start])
newAvgSq += mult \
* (sortedValues[start - 1]1**2 - sortedValues[start]**2)
newStart -= 1
else:
mult = (m - end - 1)/float(m)
newMean += mult * (sortedValues[end+1] - sortedValues[end])
newAvgSq += mult * (sortedValues[end+1]**2 - sortedValues[end]**2)

newEnd += 1

newVar = (newAvgSq - newMean**2) * (m/float(m-1))
#check if the standard deviation increased too much
#change to another statistic if the std dev is not the stat of interest
condition = math.sqrt(newVar/float(var)) - 1.0 > maxStdDevIncrease
if condition:
if newStart == start - 1: continueleft = False
else: continueRight = False
else: #otherwise, keep the new values for each variable
mean, avgSq, var = newMean, newAvgSq, newVar
start, end = newStart, newEnd
valuesCopy = np.array(np.copy(values)).flatten()
valuesCopy [valuesCopy<sortedValues[start]] = sortedValues[start]
valuesCopy [valuesCopy>sortedValues[end]] = sortedValues[end]

return valuesCopy
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MAD Removal - Fraction of Values Removed (Normal, Uniform, Bimodal)

Fraction of Normal Values Affected
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Figure 4.1: The average fraction of values that are removed by the MAD Removal algorithm (using a
normal distribution as its underlying theoretical distribution) when applied to a large number of vectors of
varying sizes, where the vector elements are independent and identically distributed and drawn from (1) a
normal distribution, (2) a uniform distribution, and (3) a bimodal distribution (consisting of two normally
distributed bumps of equal standard deviation, with their means 6 standard deviations apart). Each dotted
line corresponds to a different value of p, the fraction of values expected to be removed when the values are
independent and drawn from a normal distribution.
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MAD Removal - Fraction of Values Removed (Log Normal, Cauchy, Exp)

Fraction of Log Normal Values Affected
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Figure 4.2: The average fraction of values that are removed by the MAD Removal algorithm (using a
normal distribution as its underlying theoretical distribution) when applied to a large number of vectors of
varying sizes, where the vector elements are independent and identically distributed and drawn from (1) a
log normal distribution, (2) a Cauchy distribution and (3) the exponential distribution. Each dotted line
corresponds to a different value of p, the fraction of values expected to be removed when the values are
independent and drawn from a normal distribution.156



MAD Removal - Cutoffs Via Simulation Versus Fit To Those Values
Cutoff
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Figure 4.3: This figure shows the empirically determined cutoff values at different sample
sizes m and for difference choices of p. We compare these empirically derived values to the
values of the function cutoff(m) = a,r(m) = o, f(m, a, b, ¢, d), where a,b,c,d have been fit via
a least squares minimization (as described in Algorithm 3) to match the empirical values.
Note that for a given p there are in fact two sets of parameters a,b,c,d, as one set is used
when m is even, and another is used when m is odd, but for easy viewing in the figure we
choose the appropriate such function for each m to make the plot seamless, as though it is
just one function. As can be seen in the figure, our curve fitting procedure is able to closely
fit the empirical cutoff values. Note that as m gets large these curves asymptote to o, which
gives 3.82, 4.88, and 5.77 MADs from the median for p equal to 0.01, 0.001, and 0.0001
respectively. Furthermore, note that the cutoffs are decreasing as m increases, meaning that
the larger the sample size, the less lenient our cutoffs are. At m=100 we have a cutoff that is
4.5%, 7.4% and 10.2% higher than the m — oo asymptote for p equal to 0.01, 0.001, and
0.0001 respectively
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Differences Between Cutoffs Via Simulation Versus Fit To Those Values
|Fit Cutoff — Simulated Cutoff|
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Figure 4.4: This logarithmic plot shows the same information as Figure 4.3, but now we
have taken the the absolute value of the differences between the empirically determined
cutoff values and the fit values cutoff(m) = a,r(m), rather than looking at the raw (i.e.
non-difference) values. As can be seen in the chart, the fit overshoots the empirical values
slightly, but the difference is so small as to have no practical significance.
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Impact Clipping - Fraction of Values Clipped (Normal, Uniform, Bimodal)
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Figure 4.5: The average fraction of values that are clipped by the Impact Clipping algorithm when applied
to a large number of vectors of varying sizes, where the vector elements are independent and identically
distributed and drawn from (1) a normal distribution, (2) a uniform distribution, and (3) a bimodal distribution
(consisting of two normally distributed bumps of equal standard deviation, with their means 6 standard
deviations apart). Each dotted line corresponds to a different value of Z, the fraction by which the standard

deviation is allowed to increase in order for us to be willing to unclip a previously clipped value.
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Impact Clipping - Fraction of Values Clipped (Log Normal, Cauchy,
Exponential)
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Figure 4.6: The average fraction of values that are clipped by the Impact Clipping algorithm when applied
to a large number of vectors of varying sizes, where the vector elements are independent and identically
distributed and drawn from (1) a log normal distribution, (2) a cauchy distribution, and (3) an exponential
distribution. Each dotted line corresponds to a different value of Z, the fraction by which the standard
deviation is allowed to increase in order for us to be willing to unclip a previously clipped value.
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A Bimodal Distribution Where the Mean and Median Are Far Apart

0.15

0.05

Figure 4.7: The dashed blue line shows the median of this bimodal distribution, and the solid
red line shows the median. Since the bump on the left contains 52% of the probability, the
median lies within the left bump, whereas the mean is nearly equidistant between the two
bumps.
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Chapter 5

Generalized Regularization for Least

Squares Regression

We have already examined one generalization of Ridge Regression in Chapter 3, in the
context of handling outliers. Here we generalize Ridge Regression in a different direction by
modifying its regularization penalty. It is well known that by switching from the Ly penalty
of Ridge Regression, to the L; penalty of Lasso Regression, we can learn sparse solutions.
And as we saw in Chapter 1, on some prediction problems this tendency towards sparsity
allows Lasso Regression to significantly outperform Ridge Regression, such as when the labels
were generated from a linear model that only used a few of the features. That raises an
intriguing question: what do other sorts of regularization terms do to our solution? And
when would we want a regularization penalty that is neither that of Ridge Regression nor

that of Lasso Regression?

In this chapter, we replace the standard L, regularization of Ridge Regression with an
arbitrary positive definite quadratic form. This leads to an optimization problem that is

substantially more general that Ridge Regression, but that is still analytically solvable,
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making possible the closed form analysis of the generalization ability of such an algorithm
when trained on a linear problem. The conclusion from such an analysis is that the best
regularization is one chosen for the prediction problem at hand. In other words, regularization
is a way to encapsulate prior knowledge about our problem. In this way, generalizing the
regularization penalty provides us with a tool for tackling some of the ways that we saw
Ridge Regression perform sub-optimally on empirical cases in Chapter 1. The more prior
information we build into our model, the better we will perform, and generalized regularization

can be a convenient means to do so.

We also discuss in this chapter the case of regularization that depends on the data it-
self, and give examples of how that can be used to change the algorithm’s behavior. Many
common approaches to analyzing the generalization ability of machine learning algorithms
fail if the regularization is data dependent. In Chapter 9 however, we will develop a learning

bound that permits this sort of data dependency.

We will now discuss our approach for generalizing the regularization of Ridge Regression and

(by extension) Ordinary Least Squares.

5.1 Introduction

To prevent overfitting in Ordinary Least Squares regression, and to improve performance
in the presence of co-linearity of features, it is common to introduce an Ly penalty on the

solution coefficients. This results in the Ridge Regression algorithm, which has as its vector
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of feature coefficients the solution to the following optimization problem:

wy = argmin Y (wTX* — y;)* + A|w|3. (5.1)

weR™ i1

Here X is an n X m matrix of training data with one data point X* per column and one feature
X, per row. We use the m x 1 column vector y to represent the labels of our training set, with
one label y; corresponding to each point X* in X. The parameter A > 0 is the complexity
parameter for Ridge Regression which determines the strength of regularization, and therefore
how much the solution coefficients should be pushed towards 0. Hence, we can think of Ridge
Regression as using a one parameter family A||w]||3 of regularization norms, one norm for each
A > 0. In real world implementations, Ridge Regression generally uses data dependent regular-
ization, since \ is generally chosen using the data (e.g. using k-fold cross-validation). This is a

minimal data dependency however, as the training data is used only to select this one constant.

In this chapter we consider what happens when we generalize this regularization 2-norm to a
much broader class of norms, replacing the penalty term A||w]||3 with (w —b)TA(w —b) instead,
and allowing this regularization to depend in significant ways on the training data. Here A
is a real-valued positive semi-definite matrix which we will refer to as the “regularization
matrix” or when useful for clarity, the “feature regularization matrix”, since this matrix
determines how features are treated. The real valued vector b (the “bias” vector) biases
w by pushing our solution coefficients to be more b-like. The restriction that A is positive
definite guarantees that (w — b)TA(w — b) has the finite minimum w = b. This proposed
change of norm leads to what we call in this chapter “Generalized Ridge Regression”, which
we contrast with “Ridge Regression” (referring to the standard Ridge Regression algorithm).

This particular approach to generalizing Ridge Regression, where we let the regularization be
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a quadratic form that may depend on the training data, is appealing because:
1. Tt allows for more flexible inclusion of prior information than Ridge Regression.

2. Tt encompasses a wide range of different algorithmic behaviors, including those that
mimic feature selection, feature extraction, outlier removal, and principal component

analysis.
3. It is usable with kernels for non-linear predictions.
4. Tt still has a simple analytic solution that is easy to compute.

This contrasts with most other ways to modify the Ridge Regression objective function, such

as Lasso Regression, where no simple analytic solution exists.

We will investigate a number of questions that arise from our choice of generalized reg-
ularization. We first discuss the relationship between prior information and regularization,
and proceed to introduce the optimization problem that our regularization generalization
corresponds to. We also discuss how generalization error in ideal linear cases relates to the
choice of our regularization parameters. Then, we investigate how kernels can be used in
this context, and how changing the regularization term relates to modifying the kernel. We
also introduce some one parameter families of regularization matrices which can serve as an
alternative to the one parameter family used in Ridge Regression. We expect these forms to
lead to superior prediction performance for some classes of problems, as they encode different
prior information and make different assumptions than Ridge Regression. Additionally, we
explore how a regularization matrix can perform behaviors that are similar to feature selec-
tion, feature extraction and principal component analysis, and discuss how Ridge Regression

behaves in the context of repeated features.
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Note that in a number of sections of this chapter we use weights v; for each training
point (X, y;), with >, v; = m, and we sometimes write this collection of weights as the
diagonal elements of a diagonal weight matrix V. These weights allow us to count different
data points different amounts, not unlike how a diagonal A matrix lets us count different

features different amounts.

5.2 Regularization and Prior Information

One way to view the penalty term in standard Ridge Regression is as a prior that is being
imposed on the prediction problem, where we assume that each coefficient is more likely to
be small than to be large. The free parameter X is then learned (for instance using k-fold
cross-validation) as a way of setting an appropriate strength for this prior. When the Ridge
Regression penalty is generalized to include a regularization matrix A, this can viewed as
encompassing a much wider range of possible priors.

A simple interpretation of the A matrix can be seen when we write:

(w—b)TA(w =) => > A(w; = bi)(w; — b))

i=1 j=1
1<i<n 1<i<n 1<5<1

Here it is apparent that if A does not depend on the data, then it encodes prior information
about how large we expect each (w; — b;)? and each (w; — b;)(w; — b;) to be. While A = A\I
with b = 0 penalizes all features equally, and while diagonal A with b = 0 gives each feature its
own penalty, a full positive definite matrix for A also assigns each cross term (w; — b;)(w; — b;)

its own penalty Az . Hence, it can capture the possibility that some coefficients w; are more
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or less likely to be large (or far from b; when b; # 0) when other coefficients w; are large (or
far from b; when b; # 0). This could be used, for instance, in image prediction problems
where each feature corresponds to a pixel, where we use b = 0 and we set the off diagonal
element Ag to be negative when i and j are nearby pixels to encode the prior knowledge that
coefficients for nearby pixels should be correlated (while taking care to ensure that A is still

positive definite).

5.2.1 Bayesian Interpretation of A

From a Bayesian perspective, we can think of A as switching from an isotropic gaussian
prior (where the center is at the 0 vector, and the covariance matrix is a multiple of the
identity matrix) to a general gaussian with arbitrary center and covariance matrix. Hence,
our generalized form of regularization allows us to encode more complex prior knowledge

about what sort of coefficients we expect.

To see this in detail, consider the case where our data is truly drawn from a linear model with
additive gaussian noise, where each training point is drawn independently from the others.

Then the label y; for point X* is given by:
n _T XiTw* +e

where € is a gaussian random variable with mean equal to the zero vector, and standard
deviation o. Suppose further that the prior probability we assign to solution coefficient vector

w is given by the multivariate normal probability density function

IS S
(27" |

w—b)TU 1 (w—b)

-1
67(

P(w)
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Then, applying Bayes’ rule, the posterior probability P(w | Z) of a given solution coefficient

w, once we have observed our training data Z = (X, y), is given by:

Pw|z) =L (ng((ZZ) 1) o P) [ P2 | w).

i=1

n .
_ _ (wTx?—y;)?
o e (W=b)TE L (w=b) H‘f%-

i=1

1 - (wTX'—y;)?
— g2 (WOTY Hw=b)-3212, %

— e (=)o (wob) 4 I (w7 X —y)?)

Now, since e2-2" is a monotonic decreasing function of x, we maximize P(w | Z) by solving

min » (w'X" — y;)* + (w — b)TA(w — b),
i=1
where A = 020~ Hence, we see that in this case b reflects the coefficient vector w that we
think is a priori most likely. On the other hand, A reflects both the anticipated level of label
noise (via the constant o), and the ellipsoid describing how a priori likely are all possible

values of w (via the precision matrix U—1).

As an example where prior information is readily available, suppose that we have solved many
very similar regression problems to the one we are interested in now, and view the current
problem as having been drawn as a random sample from the set of all of these problems.
Then, we can use the average solution coefficients of the previous problems for b, and use

the distribution of the solution coefficients in these previous problems to estimate A. In that
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case, b has the simple interpretation of being the mean solution coefficient vector, and A
encodes how much deviation from this best guess we can expect (and in what directions this

deviation is more and less likely).

Of course in general there is no universally “right” prior. The appropriate prior to use
depends on the pre-existing information that we have about the prediction problem, so
different problems will best be solved using different priors. Therefore we should expect that
the standard Ridge Regression regularization norm (corresponding to A = A, b = 0) will
sometimes be an excellent choice, but in other instances we will be much better served by

choosing a different A and b.

In some cases, the most useful choices for A will not be “priors” at all, but rather, will depend
on the training data. Introducing a data dependent regularization matrix A and bias vector b
can cause a wide range of interesting behaviors. As we will see, some such data driven choices
of A can even behave similarly to other algorithms that are usually performed separately
from the regression, such as feature selection, feature extraction, and principal component
analysis. To explore data dependent regularization, and to gain a deeper understanding of
this generalized form of regularization in general, we begin by investigating the Generalized

Ridge Regression solution.

5.3 The Generalized Ridge Regression Optimization

Problem

The following lemma introduces our Generalized Ridge Regression optimization problem,

which includes the feature regularization matrix A, the bias vector b, and the diagonal point
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weight matrix V. We will assume throughout this chapter that the feature matrix X has had
a column of all 1’s appended. This feature plays the role of a constant term in our linear

prediction function, allowing us to treat the constant term just like any other feature.

Lemma 3. The unique solution to the Generalized Ridge Regression problem

weR™

argmin Z v (WT X" —y;)? + (w — b)TA(w — b).
=1

for a real-valued positive definite symmetric reqularization matrix A is

wy = (XVXT+A)H(XVy+ Ab).

Proof. 1t is easily seen than setting the derivative

= i WX )+ = A )

equal to zero yields the result above. Since by construction XV7TX is positive semi-definite

and A is positive definite, the matrix (XV X7+ A) is positive definite, so its inverse exists. [J

We note that lim|jz|—e wa = b. This reflects a prior that locates all of the probability for
the solution coefficients precisely at the vector b. As ||A|| grows, the probability is increasingly

concentrated around b.

5.4 Generalization Error of Generalized Ridge Regres-
sion

Previously, we explored how the maximum likelihood solution relates to the bias vector b

and regularization matrix A. But generally it is not the maximum likelihood solution that
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we care about per se, but rather, achieving a low generalization error. We now investigate
the generalization error (i.e. the average prediction error on new data) under the same
assumptions that we used before, namely, that our data is generated by a linear model
with additive gaussian noise, and that our features were drawn from a multivariate gaussian
distribution.

This setup will allow us to study the way that A and b impact the generalization error in this
context, but also will give us intuition about the role that A and b play in general. There
is no need in this case to introduce a prior distribution over the solution coefficients as we
did previously, since our model is already determined. Recall that our Generalized Ridge
Regression solution coefficients are given by w = R(XVy + Ab), where R = (XVXT + A)~L.
Our first theorem on this topic expresses the generalization error, G, in terms of A (the
regularization matrix), b (the bias vector), € (the vector of additive noise that has corrupted
the vector of labels), w* (the true solution coefficients that generated our data), C' (the true

covariance matrix of the features) and p (the true mean of the features).

Theorem 5. The generalization error of Generalized Ridge Regression, when trained on X
and y that are generated from a linear model y = XTw* + € with €~ Norm(0,0I) and

X ~ Norm(u,C), is given by:

G = ||[ARXVE+ ARA(b — w*)||* + o2

where A = +/C + puT and ||.|| represents the 2-norm of a vector.

The theorem illustrates what impacts the generalization error. First, we see that it helps
to have o, the additive label noise, be very small. When that happens ||€]| will tend to be
relatively small as well, so the main contributor to the error will be ARA(b — w*) which
essentially measures the bias introduced by A and b. As ||A|] — 0 (corresponding to having

less and less regularization) or b — w* (corresponding to our guess for w* being increasingly
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perfect) this bias term disappears as well. So zero generalization error occurs in the limit as
the label noise variance goes to zero, and either ||A|| — 0 or b — w*. If the underlying model
generating the data were non-linear, additional bias would still remain caused by the optimal
linear model differing that the true model.

The other term inside the norm, which is ARX V€, is precisely A times the Generalized Ridge
Regression solution coefficients (with b = 0) that we would have gotten had we trained our
model on the noise vector € (instead of on the labels y). So that term is small when the
regression model would have been able to accurately learn (when trained on labels consisting
of pure mean 0 noise) that the appropriate solution coefficients is something close to the zero
vector. In a sense, this is a measure of the algorithms propensity to overfit the training data,
with more overfitting tending to result in a larger vector RXVe. Of course when the label
noise level is high (i.e. ||€]| is large) it becomes harder for the algorithm to determine that
the coefficients should be close to zero, and hence the generalization error due to this term
will tend to be larger.

As ||Al]| increases, we see a tradeoff between the term ARX V'€, which tends to shrink in mag-
nitude, and the term ARA(b — w*), which tends to grow in magnitude. Hence, ||A|| controls
the tradeoff between variance and bias, which is reflected in these two terms, respectively.
While the magnitude ||€]| is dependent on o, the direction that the vector € points is purely
due to chance in this model, and is equally likely to point in any direction. If we get lucky,
then ARX Vﬁ will be small, and if we get unlucky it will be large. On the other hand,
unlike the vector €, we may have some a priori sense of the direction that b — w* may point.
When that is the case, we can choose A to encapsulate that information, which will make
A(b— w*) small, and tend to improve the generalization error. This reinforces the previous
bayesian interpretation of A. Even in this non-bayesian context, A and b are encapsulating
prior information about what w* might be, and if we select them well the generalization error

will tend to improve.
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The proof of the theorem follows.

Theorem 5. We will make use of Corollary 4 from the chapter notes, which says that for a

vector zg ~ Norm(u,C), we have E,, (zfv)? = ||\/C + puT v||?.
We proceed to analyze the generalization error, G of our Generalized Ridge Regression

solution. For xg ~ Norm(u,C) and yy = xjw* + € with € ~ Norm(0,0) we can write:

G = Eyxy, (xgw - y0)2 =Ex, (xgw - xgw* - 6)2 = Ex,.c (:vg(w —w") — 6)2

= Ex, (75(w — w"))* + Ec€® — 2By [e 2§ (w — w”)]
= Ex, (75(w —w"))* + 0% = ||\/C + 7 (w — w*)[|* + o
= [|A(R(XVy + Ab) — w*) ||*> + o
=||A(R(XV(XTw* + &) + Ab) — w*) ||* + o

— [JAR (XVXT — R™Yw* + XVe+ Ab) || + o7
= ||AR (—Aw* + XVE+ Ab) ||* + o2
= ||[ARXVE+ ARA(b — w")||? + o2

O

Since the vector € is random with € ~ Norm(0, %), we can also consider the expected
value of the generalization error (with respect to €), to see how the average generalization

error varies with respect to b, A and o. We do so in the following corollary.

Corollary 2. The average generalization error of Generalized Ridge Regression, when trained

on X and y that are generated from a linear model y = XTw* + € with €~ Norm(0,c%I)
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and X ~ Norm(u,C), is given by:
E: G = 0’||ARXV [}, + [[ARA(D — w")||* + 0
where A = /C + put™, R=(XVXT+ AL ||.|lrros represents the Frobenius norm of a

matriz, and ||.|| the 2-norm of a vector.

Proof. By applying the preceding theorem, and Corollary 3 from the chapter notes to produce
the trace, we have:

E:G = E¢ ||[ARXVE+ ARA(b — w*)||* + o
= E¢||ARXVE]? + ||ARA(D — w*)||* + Ec 2ETVIXTRTATARA(D — w*) + o
— E:||[ARXVE)? + ||ARA(D — w*)||> + o

=E:EVTXTRTATARXVE+ ||ARA(b — w*)||* + o
= o?Tr[VIXTRTATARXV] + ||ARA(b — w*)||* + o*
= ?Tr[ARXVVTXTRTAT] + |[|ARA(b — w*)||* + o*

= *||[ARXV|[F,q + [|ARA(D — w™)||* + 0*.

O

This formula for the average generalization error has a very clean interpretation. The first
term, o2||ARXV ||%,.,, is the generalization error that is attributable to the label noise in
the training data. In this case, the label noise (whether in the training set or testing set) has
standard deviation . As o goes to 0 this first term disappears, as expected, because then the
training data has no label noise. What’s more, as ||A|| gets large, R tends to shrink, causing

this term to shrink. Hence, ||A|| can be interpreted as the magnitude of regularization, and as
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this magnitude grows, the generalization becomes less impacted by label noise in the training
data. However, even for ||A|| fixed, the exact choice of A is going to influence the size of
this term. Hence, the generalization error can be made smaller by selecting a A that reduces
I[vVC + ppT (XVXT + A) 7L X V|| prop, which means that, in an ideal situation, we would want
A to depend on X as well as the true feature mean p and true feature covariance matrix C.
This provides a glimpse of why we may want A to depend both on our training and our prior

knowledge simultaneously, suggesting the possibility of using data driven choices for A and b.

The second term, ||[ARA(b — w*)||?, is the generalization error attributable to bias in our
model. This is the only term that b, our “bias vector” impacts. If b is perfect and equals
the true solution coefficients w* then this term disappears, as it also does if |[|A|| — 0 (but
typically at the cost of increasing the first term). So A and b both contribute bias, and either
one can (at least theoretically) be chosen so that there is no contribution from this term. The
term can hence be made smaller by a judicious choice of b and A, which might incorporate
prior knowledge about w*, as well as information about X, C' and pu which all appear in this
term. As ||A|| grows larger, this term tends to grow, while the first term simultaneously

shrinks, reflecting the tradeoff between bias and variance.

The third and final term, o2, is the simplest, and reflects the out of sample label noise.
There is nothing that can be done to remove this source of error, other than collecting data in
a manner that adds as little extra noise as possible (e.g. using the most accurate measurement

tools available).

Recall that typically in linear regression settings the choice b = 0 is used, such as is
done for Ridge Regression. But when will an alternative choice for b outperform the choice

of 07 Is there something special about b = 0 that makes it preferable? These questions can
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be addressed by comparing the generalization error when 0 is chosen versus when b takes
its general form. We will have a lower generalization error for a non-zero b occurs precisely

when:

|| ARXV |50 + [|ARA(D — w")|]* + 0 < 0®[|ARXV |3, + [[ARAW"|]* + 0*.
We see that this happens when
[|ARA(b — w®)||? < ||[ARAw*||?

or equivalently, when

(b—w")TQ(b—w") < wTQu"

where ) = ATRTATARA. Hence, we see that b = 0 is not necessarily a good choice, and
in particular we want to choose b to make b — w* small, which b = 0 will only do if w* is
already small. However, the notion of “smallness” here is not a simple 2-norm, but rather it
is smallness as measured by the norm induced by the matrix Q. Sometimes b = 0 will be an
excellent choice, for instance, when it is likely that most solution coefficients are small, but if
we have a way of guessing w*, or estimating it from extra data, we may be much better off

using this guess for b.

5.5 Kernelizing the Optimization Problem

The Generalized Ridge Regression optimization problem from Lemma 3 can be generalized
further if we allow for the possibility that the points X? may each be transformed by some

feature map ¢ before using them for learning (introducing a kernelized form of the algorithm).
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This produces a kernel Generalized Ridge Regression optimization problem:

wy = argmin Y vi(wTo(X") — ;) + (w — b)TA(w — b).

weRM i1
We define the kernel function x which measures the similarity between any pair of points
z1 and zsy:

K(T1, 29) = (1) (72)

and the m x m kernel matrix K whose ith, jth entry K f represents the similarity between
points ¢ and j of X:
K = [s(X", X7)]7"

ij=1-

Finally, we define ® = ¢(X) to be the n x m matrix [¢(X")]™, constructed from applying ¢

to each point (i.e. column) of X, and note that then K = ®To.

Lemma 4. The unique solution to the kernel Generalized Ridge Regression problem

argmin Z vi(WTH(XY) — y;)? + (w — b)TA(w — b).

weR™ iy
s given by
wy =(BVOT + A)~ (BVy + Ab).
Proof. This follows immediately from Lemma 3 and the definition of ®. O
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5.5.1 Point Regularization Matrix

Now we introduce some lemmas which will allow us to rewrite this expression in a form
that converts dot products into kernel point similarity measurements, enabling us to finish
kernelizing the algorithm. Basically, we want to replace our “feature regularization matrix”
A with a “point regularization matrix” {2 that has the same effect when applied to the point
similarity matrix ®T® that A does when applied to the feature similarity matrix ®®7. In
essence, the following lemma tells us that we can pass ® through the inverse that shows up
in the analytic solution for Generalized Ridge Regression, but doing so replaces the feature

regularization matrix A with the point regularization matrix (2.

Theorem 6. For any real matrices ®, A and €, the following relationship holds
+ +
(PPT+A) P =P(PTP + Q)

whenever the equation

AP = OO

is satisfied. Furthermore, when ®®T is invertible, the only A that satisfies this equation is
A = 000"

and when ®T® is invertible, the only € that satisfies this equation is
O =d"AD.

Proof. The relationship

AP = OO
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is equivalent to

(PPT+A)D = (DT + )

which implies that
O = (PPT+ A)TD(PTP + Q)

which finally implies
P(OTD + Q)Y = (PPT+ A)T D

as desired.

Now, in the case where ®®7 is invertible, we have that

AP = OO

implies

APPT = POQPT

which is equivalent to

A = OQPT(BDT) ! = POPT.

On the other hand, when &7 is invertible, we have that

AP = OO

implies

OTAD = OTHN
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which is equivalent to

Q= (PT0) 'PTAD = D AD.

This completes the proof.
m

It is important to note that if we are given A and simply need to pick an €2, and are not

picky about which 2 we get, we can use:

Q=dTAD.

In the case where ®7® is invertible this will be a unique choice, but more generally it will
not as adding a matrix M to €2 that is in the null space of ® will preserve the property that
AD = @0, since then ¢(2+ M) = OQ .

We note that € is not always positive definite, or even symmetric, despite the fact that A is

positive definite by assumption. For instance, consider this case:

. 1 2
0 1
Ot — ol = =
0 1
\ 2 0
0 1
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Q= £ Q7.

It is also interesting to note that in the special case of Ridge Regression (where A = \I),

if we assume that ®PT is invertible, we obtain the positive definite matrix:

Q=0"AD = \OTD = \OT(PPT) ' D,

as one of our solutions. This result may be surprising as we might expect to get 2 = \I,,,
where [,,, is the m x m identity matrix, as it is well known from the process of kernelizing
Ridge Regression that

(DT + \[,,) '@ = (PP + \I,,,) .

But we recall that €2 does not have a unique solution, and Q = ®TA® is simply a useful and
general purpose choice. As noted previously, if we start with a valid 2 we can add to it any
matrix that is in the null space of ® and still have a valid 2. In this case, we observe that
the matrix A([,, — ®T(®PT)~1P) is zero when left multiplied by ® as required, and adding it

to Q = APT(PPT) 1D gives A,

5.5.2 Representer theorem form

We now complete our kernelizing process by showing that we can write our predictions in
a form that explicitly depends on the similarity (as measured by our kernel function) between

each point X* and the point x that we are predicting the label of. This is the form given by

181



the representer theorem (Schlkopf et al., 2001).

Theorem 7. Whenever the matriz ®PT is invertible, the solution to the kernel Generalized

Ridge Regression optimization problem

m

wg = argmin Z(qub(Xi) —yi)* +wTAw
weR™ T

defines a linear function l(z) = wj¢(x) which can be written

= zm: o k(z, X)
i=1

for kernel similarity function k(xq,22) = ¢(x1)Td(z2), @ = (K + Q)_ly, and 2 as defined in

Lemma 6.

Proof. Using Lemma 4 and the fact that A = ®Q&*, followed by Lemma 6, followed by the
definition of the kernel matrix K, we have that the Kernel Ridge Regression optimization

problem is solved by the coefficient vector:

1

=(PDT + A) (Py + Ab)
—(DDT + A) (DY + PQOTD)
=(DPT + A) " D(y + QOTD)

=3(dTP + Q)" (y + Q&)
>

(K +9Q) " (y + Q27D).

Defining the column vector

= (K +9)" (y + Q")
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the prediction that our linear model gives at point x can be written as:

I(7) = ¢(x)Twy =d() (K + Q)" (y + QTD)

=([(, X))

:Zai/{(x,Xi).

i=1
]

Hence we see that whereas A is added to ®®T to regularize the solution coeflicients wy, in
the kernelized formulation the corresponding Q@ = ®TA® is added to K = TP to regularize
the linear point coefficients a. As we have noted, passing from A to €2 is possible when ®®T is
invertible, which requires at least as many points as features. But in the case where there are

more features than points, we can think of the defining equation of our prediction algorithm

as being I(z) = ¢(x)T®(K + Q) Ty, without ever actually needing to reference the quantity
wy = (PDT + A)~H(Dy + Ab).

That corresponds to the previously mentioned case where we define A in terms of €2, instead

of the reverse.

We originally named b the bias because the solution coefficients get biased towards b. But
the equation

wg = (K + Q)" (y + QD)
= (K + Q)" (y + T ADDTD)

= (K + Q)" (y + T ADDT(BDT) 1)
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= (K + Q)" (y + PTAD)

shows that b is a bias in another sense as well. The effect of b is equivalent to simply adding

Q®*h or equivalently of adding ®*Ab to the vector of labels, y.

5.5.3 Regularization as a Change in Kernel

We now show that generalizing the regularization term ||w||3 to wTAw and adding point
weights v; to our optimization are equivalent to solving the ordinary Ridge Regression problem
except with a certain change to our kernel function and transformation to our labels y. In
other words, changes of the regularization matrix A can be thought of as a type of kernel

change.

Theorem 8. The linear function l(z) = wié(z) that solves the Kernel Ridge Regression
problem with positive definite reqularization matriz A, feature map ¢, and point weights v;,

whose linear coefficients are given by:

Wy = argmin Z v (WTH(X") — y;)? + wTAw

weR™ i—1

is identical to the linear function l(x) = w)(x) that solves the Kernel Ridge Regression
problem with standard Lo norm based reqularization, feature map v, and label map n , whose

linear coefficients are given by:

wy = argmin Y (w(X7) = n(y:))* + [[w]]3
i=1

weR™

where (X' = \/u; L'¢(X"), LLT = A and n(y;) = \/0iyi.

Proof. By assumption, the regularization matrix A is positive definite. Hence, there is a
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unique, real, lower triangular matrix L with positive diagonal entries such that
LLT = A (5.2)

which is found via the Cholesky decomposition of A. Note that if A is positive semi-definite
but not positive definite, L will still exist, though it will not be invertible and so will not

work for our purposes.

Now, we perform a change of variables w = (LT) ', writing:

wg = argmin Z 0 (WTH(X") — y;)? + wTAw

i=1
= argmin i v (WTH(X") — y;)® + wT LLTw
w i=1
= argmin ivi(qub(Xi) — i)+ [|LTwl]3
w i=1
= argmin Em: o (L))" (X7) — )" + || LT(LT) w3
v i=1
= argmin i(uT\/?TiL_l(b(Xi) — VoY) + [ulf;
v i=1
—avgmin Y (00 )+l
i=1

So solving the Ridge Regression problem with a full regularization matrix A and weights v;
using feature map ¢ is equivalent to solving the Ridge Regression problem using standard Lo

regularization (with A = 1) under the feature map v and label map 7. O
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5.6 Point Removal

How much flexibility does choosing a regularization matrix give us? Is it enough, for
instance, to effectively remove one of the data points (say, an outlier) from our training set,
without impacting the rest of the point predictions? As we will see, the answer is yes, and
this can be achieved using just a rank-1 update to the regularization matrix. This is very
different than the Ridge Regression case, where the only way to remove the influence of a
point that has a very large feature values is to make A very large, which will have a profound

negative impact on the predictions for the other points.

As we will see in the following theorem, if we have a regularization matrix _/N\, we can
change it to a new regularization matrix A via a rank-1 update such that our predictions are
exactly as though they would have been had one of the points in our data set not been there,
and we had used the regularization matrix A for training on that modified data set (which
lacks that point). We will assume, without loss of generality, that it is the first point in the

data set that is being removed.

Theorem 9. Let w and w be the solution coefficients for two Generalized Ridge Regression
problems, with reqularization matrices A and A respectively, trained on the features and labels
(X,y) and (X,y) respectively, where X is just X with the first point (i.e. column) removed,

~~T

and y is just y with the first point (i.e. row) removed. Furthermore, let C = XX, C = XX |

R=(C+A)™! and R = (6’—1—7\)_1, so that w = RXy and w = IN%)N(Q Then
w=w when Aw= Xy— Cw,

which for n > 1 leaves us an infinite number of choices for A. If we further require A to be

such a choice of reqularization matriz to ensure w = w while minimizing the Frobenius norm
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[|A — A||r, which is the sum of the squared differences between elements of A and A, then we

have a unique solution:

~T
~ uw
A=A+ ~T~
w w

with

u=Xy— (C+MNw

and so A represents a rank-1 update to the matriz A, which is sufficient to completely remove

the effect of one point.

This choice of A ensures that we exactly reproduce the predictions we would have gotten
had we been using A for regularization and had the first point (X!, y;) not in our data set,
while still trying to keep A as close to A as possible to distort the original problem as little

as possible.

Proof. We want to set A so that
w=(C+AN "' Xy=w
That’s equivalent to showing that:
Xy = (C+MNw

or

Aw = Xy — Cw

as required. Now, we want to find the choice of A satisfying the above equation that minimizes
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|[A—A||%. Let us use ¢ = Xy —Cw so that our constraints can be written Aw —¢q = 0. Then,
introducing a vector p of Lagrange multipliers to reflect our constraints, we differentiate the
Lagrangian with respect to the elements of A subject to the constraints and set the result

equal to zero, writing:
d
dArs

= df\l Z Z(Aij - /N\z'j)z + Z Pk<z Aoy — Qk>
e k=1 t=1

i=1 j=1

1A = Al + pT(Aw — g)

~

= 2(A,s — Ays) + prwg = 0.

Hence, we find that:

~ 1 ~
Ars:Ars__r s
g
and so
A /’{ 1 ~T
=A—-puw
2p

which we see is a rank-1 update to A. Now, we need to solve for the Lagrange multipliers p,
so we apply our constraint that Aw = ¢ by multiplying both sides of the equation by w on
the right. This gives us

~ Y~ 1 a1~
q:Aw:Aw—§prw.

which means that

Therefore N
(Xy— (C+Nw)w'

~T ~

w w

A=A+

as required. Note, that the resulting matrix A may or may not be positive definite, depending
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on the training data. However, even if it is not positive definite, the solution coefficients
w based on A can still be defined using w = (C' + A)~! Xy so long as the inverse exists.
Alternatively, we could have chosen a positive definite A to remove the effect of the point in

question, but in that case it may not be representable with a rank-1 update to A. O

5.7 Choices for the Regularization Matrix

As we have seen, generalizing the penalty in Ridge Regression to a full regularization
matrix A provides a lot of flexibility. But what sort of choices for A other than A = A\l might

be useful in practice?

It is often desirable that our regularization matrix has a free “complexity parameter” a > 0,
like the A of Ridge Regression, which allows us to match the strength of our regularization
to the complexity of the problem at hand. Since the right choice of this parameter is very
difficult to derive theoretically, and depends on aspects of the underlying problem like the
noise level, number of features, and sample size, we generally learn this parameter from
the data itself (e.g. using k-fold cross-validation). This parameter « is designed to tradeoff
between bias and variance. When o = 0 we want minimum bias, so generally we will want
our algorithm to become equivalent to Ordinary Least Squares regression. At the other
extreme as a — 0o, we want the solution will depend minimally on the data and there-
fore to have low variance, being driven entirely or almost entirely by some kind of baseline

assumption or prior (e.g. that few features are important or that large coefficients are unlikely).

With this in mind, we will now introduce some families of regularization matrices A, each

containing a free complexity parameter «.
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5.7.1 Diagonal A Based on Feature Badness

When A is a diagonal matrix, its action is to penalize individual features different amounts.
This can be useful when one has a way to determine which features are more likely to be

reliable than others, or which coefficients are less likely to be close to zero than others.

Suppose that for each feature X; we have a measure z; of how “bad” we expect this feature
to be, relative to the other features. This could be reflective of each feature’s estimated
measurement noise, our prior probability on it having a large value, whether that feature is
correlated with the other features, or something else. We call z; the “feature badness” of
the ith feature. Then, we can use a diagonal matrix for A with Ay;; = k,(z;), where &, is a
function that maps the feature badness z; for the ith feature into the penalty that we will be

applying for that feature. Here « is our complexity parameter.

We can think of the two extreme endpoints of a (i.e. a — oo and a = 0) as deter-
mining whether we will only use the most reliable feature (ignoring all the others), or whether
we will treat all features equally (ignoring how bad each feature is, which means we are
using Ordinary Least Squares). When « is between these two extremes we will trust the bad
features less than the better features by penalizing the bad ones more, but all features will get
used. In essence, a prevents us from overfitting by reducing how much we trust potentially
unreliable features. This encompasses the idea of reducing the dimension of our problem by
removing features (i.e. feature selection), but it also includes a soft and more general form
of feature selection. Rather than dropping features, it allows us to trust features different
amounts. Those that seem very bad might end up being almost entirely removed, but all
features may get used to some extent, or all features worse than some cutoff value could be

removed completely. Any traditional feature selection algorithm, as long as it assigns a score
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to each feature based on how bad or useless that feature seems, could be used as the measure

of feature badness in order to apply this approach.

In the simplest case, we will have k,(z;) = a Vi, which reproduces Ridge Regression (using «
in place of the usual A). This corresponds to a prior that larger coefficients are less likely than
small ones, while treating all coefficients equally. A somewhat more interesting choice would
be ko(z;) = az; Vi, where in this simple case we assume the z; are constants independent of
the training data. This would be appropriate when we have a priori knowledge of how likely
each coefficient is to be large, which we encode in the z;. However, it is worth noting that
the unit or scale of each feature matters here, so it is common to first normalize the features
(e.g. by subtracting the training data feature means from each training and testing feature,
and dividing by the training data feature standard deviations). Then the z; do not have to

take into account the scale or units of the features.

In fact, if we assume the features are centered so that each has mean 0, then we can
think of Ridge Regression, after the features have been normalized to have unit variance, as
being simply a case of using a diagonal regularization matrix (without feature normalization).
To see why, note how regularizing the kth feature with the feature dependent penalty U—);% ends
up being equivalent to normalizing each feature by multiplying X} by a constant oy (through

a change of variables r, = wy./oy):

min Y (XTw —y)* +>_ S}
i=1 k

k=1

= nti)n Z(Z Xilwy —y)? + Z %wz
k

i=1 k=1 k=1
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o
i=1 k=1 K k=1
n n
= min g (g akX,zrk—y)z%—)\g r?
T
=1 k=1 k=1

So, in a sense, regularization with a diagonal matrix is very popular, as it occurs im-
plicitly whenever we divide our features by constants to normalize them. It is worth noting
that in Ordinary Least Squares, normalization of features has no effect. When we move to
Ridge Regression, normalizing features only has an impact precisely because it distorts the

penalty of our regularization. This choice of normalization can end up mattering a lot.

Let us consider an extreme example, where the choice of feature normalization (or equivalently,
of an appropriate diagonal regularization matrix) can be essential for achieving adequate
prediction performance. Suppose that the true coefficients of the linear model that generated
our data are equal to 1 for the first n/2 features, and equal to p for the remaining n /2 features,
where p is some large number. Furthermore, suppose that those first n/2 features of our
training data all have standard deviations of 1, and last n/2 features have standard deviations
of 1/p. Finally, suppose that the number of features is large compared to the number of points,
or that the label noise is high, so that a significant amount of regularization will be needed
to prevent overfitting. Now, here’s the conundrum. In this setup, all features contribute to
the final labeling of a point about the same amount (since a huge coefficient multiplied by
values with a correspondingly tiny standard deviation lead to values approximately equal
to 1). If we choose our Ridge Regression regularization parameter A to be large in order to
prevent overfitting adequately, then it wipes out the features with standard deviations equal

to 1/p, since the tiny standard deviation magnifies the impact of regularization. On the other
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hand, if we do not make our regularization strong, then we overfit our sample. We get poor

performance either way.

5.7.2 Feature Penalty Functions

We have previously discussed the idea of introducing a function k,(z) to map a measure
of how bad a feature is (i.e. z) into a regularization penalty for that feature, and we have
introduced very simple cases. But more generally, what properties would we want such a
function k, to have? We propose that it is useful to have such a function satisfy the following

properties, which we use as the definition of a “Feature Penalty Function.”

Definition of a Feature Penalty Function

We would like our choice of function k,(z) to have the following properties. Any function

with these properties we will call a Feature Penalty Function.

1. Kq(2) is defined on the domain z > 0 (since negative badness does not make sense
in this context) and a > 0 (since a negative regularization strength also does not

make sense).

2. Kq(2) should be a non-decreasing function of z, since features of greater badness

should have a penalty at least as large as features of less badness.

3. lim,_,, ka(2) = 00, since an infinitely bad feature should have infinite penalty so

that it is ignored completely.

4. ko(0) = 0, since a feature with no badness should be trusted fully, and therefore

not penalized at all.
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5. limy 00 Ka(2) = 00 when z > 0, since as o goes to oo we maximally distrust all
features, so we have no trust at all (i.e. infinity penalties) for all features that have

any badness at all.

6. Ko(z) = 0, since with @ = 0 we completely ignore how bad each feature is, so
no penalty is given to any point (which means we are performing Ordinary Least

Squares regression).

There are infinitely many possibilities for feature penalty functions, but here we give two

convenient examples.

Lemma 5. The functions

and

are both Feature Penalty Functions.

The proof is trivial, it simply involves evaluating each of these two functions against each
of the relevant properties. We note that for z close to 0 these two Feature Penalty Functions
closely agree, as the second function is the linear taylor series approximation of the first

function.
Note that if our choice of how we measure badness (and therefore, how we define z) does not

naturally cover the range [, 00), it may be beneficial to transform it so that it does cover the

full range.
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5.7.3 Measuring Feature Badness
5.7.3.1 One Dimensional Prediction Error

How can we measure the badness of a feature in practice? One approach is to predict
our labels using each feature on its own (without any of the other features) and use the
prediction error for the ith feature as our value for z;. This makes use of the intuition that
a feature which performs well on its own is more likely to be useful (when combined with
other features) than one which does not. If we think in terms of priors, we have replaced
the Ridge Regression prior (that coefficients are small) with a new prior which says that a
feature is more likely to be useful in our final model if it is useful when it is used alone, and
hence it should receive less penalty than other features. The complexity parameter a > 0
regulates the strength of our prior, just like A > 0 determines the strength of the prior in

Ridge Regression.

In keeping with the above, if we are using linear (i.e. non-kernelized) regression, we could

use the linear prediction error for each feature’s badness. In that case, the badness would be:

. COU(Xi7 y)2

zi = Var(y) Var(X,)

where Var(y) is the variance of a vector y, and Cov(Xj,y) is the covariance between vectors
X; and y. We would then apply a Feature Penalty Function to convert these badness scores
into penalties. However, since the range of the z; is not [0, 00) we might want to transform
first, for instance by dividing by Var(y) to put it into the range [0, 1], which gives simply

1 — Cor(X,y)? and then applying a transformation such as z — ﬁ —1= W —1to
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make the range [0, 00]. Note that in the kernelized case, it is useful to consider non-linear
predictions instead of just linear ones. For instance, in a polynomial case we could fit a one
dimensional kth degree polynomial of the ith feature against our labels, and use the error of

those predictions for our z;.

5.7.3.2 Relatedness to Other Features

Another approach to defining the feature badness is to consider how related each feature

is to every other feature. For example, we can define:

[ &
zi=1- 1 ; |Cor(X;, X;)[P.
were Cor(X;, X;) is the correlation between vector X; and vector X; and p > 0. This
measures how correlated each feature is to all the other features, and assigns a high badness if
the feature is highly correlated to the others. The larger p is, the more the largest correlations
a feature has matters compared to its smaller correlations. Given an equation such as this
one, we might choose to transform it to the range [0,00). Regardless though, we would
then apply a Feature Penalty Function to map the scores into penalties. This choice of how
to measure badness will reduce the reliance on features that do not have a strong linear
relationship to any other features in the data (whether positive or negative). This can be
useful because in some circumstances a feature having little to do with the other features
makes it less likely to be useful in making predictions. For instance, this can occur because
features that are dominated by noise rather than signal will not be strongly related to the
other features, or because features that appear only rarely (e.g. rare words in text based
features) will have low correlations to other features and also be of little use in making
predictions. In other cases information that is important will tend to crop up in multiple

features, and so a feature having low similarity to the other features is a sign of low importance.
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In other situation one might want to define a badness score that is exactly the reverse
of the one above, taking z; — 1 — 2; in the previous formula. This new notion of badness
may be useful in a setting where many features are redundant, and it is important to hone in
on the most unique information, so we want to give unique information the least penalty.
Sometimes high correlation to other features makes a feature more likely to be useful, and in
other cases it makes it more likely to be useless. This illustrates that, inevitably, the choice
of how to define feature “badness” is dependent on the prior information we have. Choosing
the right regularization for a problem is an exercise in asking yourself what you believe you

already know about that problem.

5.7.4 Principal Component Based A

We look now at another special choice of A, one that induces behaviors that have the
flavor of principal component analysis. Consider the singular value decomposition of our

training features matrix X. We write:

X =U%Q

where U and Q are orthogonal matrices and ¥ is a diagonal matrix with all non-negative
diagonal elements. We call U the principal component eigenvectors of X. We are going to
assume that m > n (i.e. there are more points than features) and that ¥ has all positive
diagonal elements. This allows us to make an unconventional choice for the shapes of the
matrices. Namely we choose U and X to both be of size n X n, so U and ¥ are both invertible.

This means that () has size n x m and that () is therefore not invertible.

Theorem 10. Let A, be any positive definite matriz and let the columns of U be the principal

component eigenvectors of X. Assume that the singular values of X are all positive. Then, in
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Generalized Ridge Regression, using the reqularization matrix

A=UAUT

is equivalent to performing Generalized Ridge Regression with regularization matrix A, on a
new set of features, equivalent to the original features in our data set once they have been

projected onto the principal component eigenvectors.

Proof. By definition, the principal component eigenvectors are given by the columns of U,
and the projection coefficients that we get from projecting each point in X onto each of them
is given by UTX = UTUXQ = X(@Q). So performing Generalized Ridge Regression with the
projected coefficients as features, where we use the matrix of eigenvectors U to project the
point zy that we are going to be predicting, would give us the following quantity for the

solution coefficients wy., applied to predict the point z:

ToWpea = ToU (2Q(EQ)T + AO)_l(EQ)y

=2 UUTX(UTX)T + A,) " H(UTX)y
= 2JU(UTXXTU + UTUAUTU) " HUTX)y
= 2fUUT(XXT+ UAU)UUTX )y
= aJ(XXT+UAUT) ' Xy

(X XT+A) ' Xy.

]

Hence, we see that we can choose our regularization to operate on the PCA feature

space instead of the original feature space. And if we choose A, to be a diagonal matrix,
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we can directly control the penalty applied to the PCA eigenvector features. For instance,
applying ideas previously discussed, we can assign a badness to each PCA feature based on
the one dimensional prediction accuracy we can achieve with each PCA feature. Or we can
penalize each of these features based on the corresponding singular values. Larger singular
values in the principal component analysis are associated with greater variance captured by a
feature, so we can, for instance, think of the reciprocal of each singular value as a measure of

badness, and then apply a Feature Penalty Function to map these badness values into penalties.

How does a PCA based approach to regularization differ from Ridge Regression? This
difference becomes strongly apparent when we consider what happens in the presence of fea-
tures that are repeated, or nearly repeated. In the principal component analysis case, nearly
identical features will get collapsed together into a single new feature. We now investigate
however what happens with Ridge Regression in the presence of repeated features, which is

quite different than the PCA case.

5.7.5 Repeated Features in Ridge Regression

We now consider what happens when our data set contains repeated features, and how
the solution coefficients relate to what would have been achieved if those features were not
repeated. As we will see in the lemma, repeated features X; have their Ridge Regression

penalty weakened by a factor Ti compared to if the feature had only appeared once.

Lemma 6. Let X be an n by m matrix of training points, with one point per column and one
feature per row. Let the matriz X be identical to the matriz X, except with each feature X; of

X included exactly r; > 1 times. Therefore r = Z?Zl

r; is the total number of features in X.
Finally, let x be any vector of length n (the point we will be making a label prediction for) and

let & be a vector of length r thats consist purely of values from x but with x; repeated r; > 1

199



times, with each value Ty, being a repetition of x; precisely whenever feature Xy, is a repetition
of feature X;. Then the prediction function that is the solution to the Ridge Regression
problem with training data (X,y) will assign the same predicted label to point T that the

solution to the Generalized Ridge Regression problem with training data (X,y) and diagonal

n

reqularization matrix A = diag(%)izj assigns to point x. In other words, w*' T = w*' x, where
J

w* = argmin Z(u‘ﬂXi — )2+ A Z wy (5.3)
WERT iy k=1
and
w* = argmin Z(wTXi —y)?+ A Z ot Iy
weR? i=1 j=1 Tj

*

Furthermore, w;, = 1:—] whenever the feature Xy, is identical to the feature X;.
J

This means that the linear function solving the optimization problem (5.3) where there
are repeated features is the same one that would have been achieved if each repeated feature
had occurred only once, except that the regularization penalty on each repeated feature is
reduced. The penalty strength is % instead of the usual A due to the feature being repeated
r; > 1 times. So repeated features act just like non-repeated features, except that they are
pushed less strongly towards 0. Hence, if the algorithm needs to push one of the repeated

features to 0 to achieve high prediction accuracy, a larger A must be selected than if the

feature had not been repeated.

Proof. We observe that the Ridge Regression optimization problem (5.3) for training data X
does not change at all if we swap variable w; for variable wy so long as features X; and X,
are identical. What’s more, the final values w} and wj, for these variables must be the same,
due to the complete symmetry of how such variables appear in the optimization problem.

We use the vector w* to represent the subset of variables from w corresponding to only the
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unique features of X, so w; corresponds to feature X 7. which we recall appears r; times in

X. Define the functions F and F:

F(w)=)_ (u‘;TX’i - y) +AY @y
=1 k=1

F(w) = i (wTXi — y@>2 + )\i i
i=1 =1

Exploiting the symmetry for variables corresponding to the same (repeated) feature, and

then applying a change of variables w; = r;w;™, we write:

min F(w :gé f;(wTXi—yi>2+/\iwi

weR™
k=1

= min <Zkali_yi)2+)‘Zwlz
k=

=1 k=1
m n 2 n
= min ( E rjwj+X; —yi> +A E rjwj
wteRr 4 - -
i=1 7j=1 7j=1
2 " w?
_ . A ’LU]
= min < E w; X — yl-> + A E —
weR™ T
=1 j=1 j=1 J
m A 9 n w]g
= min (wTXz — yz> + A E —L = min F(w).
weR” T weR”
=1 j=1 J

This shows us that if @* is the minimizer of F'(w) then w* is the minimizer of F'(w), where
w} = rjw;;, whenever X, is a repetition of the feature X, or using our previous notation, that

wi = rjw+ This relationship implies that for x and Z as defined in the statement of the

lemma:
T n

—xT — ok —
w*ngw,ﬁxk:gmwx] gwx]—wx

k=1 j=1
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This completes our proof. O]

5.8 Conclusion

We have seen that generalizing the 2-norm regularization term ||w||* used in least squares
regression to a full quadratic form (w — b)TA(w — b) provides a flexible, and analytically
tractable way of encoding prior knowledge into regression problems, and encompasses a wide

range of algorithmic behaviors.

5.9 Chapter Notes

Lemma 7. When z is a vector valued random variable that follows a multivariate normal
distribution with mean equal to the zero vector, and covariance matriz equal to the identity

matriz (so each z; is independent of the other z;), then for any matriz M:
E.[2"TMz] =Tr[M)]

where E,[.] is the expected value with respect to z, and Tr|.] is the matriz trace.

Proof.
E.[2TMz] = ZM]zZz] ZMZJEZ[ZlZ]] = ZMZ’EZ[zE]
2

_ZMZVCLT 2] ZMZ Tr[M]].
[

Corollary 3. When z is a random variable that follows a multivariate normal distribution
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with mean p and positive definite covariance matrix C, then for any matriz M:
E,[2TMz] = Tr[(C + puT)M]
Proof.
E.[2"Mz] = E[(z — p+ 1) ™M (z — pu+ p)]
=E;[((z — )T+ p")M(z — p) + ((x — )T + puT) M ]
=E.[(x — p)"M(z — p) + p"™M(z — p) + (x — p) ™M p + p" My
=E;[(z — p)TM(z — p)] + p"Mp
= E,[(C™* (& — p))TCVPMCPC™ 2 (2 — )] + T M p

= E.oorm(o.n[TCMCY2] 4 uTMpu = Tr[C2MCY?) + uT M

=Tr[CM]+ Trip"™Mu) = Tr{CM] + Tr(pp™M] = Tr[(C + pu™)M]
where we have made use of Lemma 7 to introduce the trace Tr[.]. O

Corollary 4. When z is a random variable that follows a multivariate normal distribution

with mean p and positive definite covariance matrix C, then for any vector v:

E, (270)* = |[v/C + ppt o] [*

where \/C' + puT is the positive definite square root of the positive definite matriz (C + puT),

and ||.|| means the 2-norm of a vector.

Proof.

E,(z™)? = E,zTovTz = Tr[(C + pp)vvT]
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= 0T(C + "o = 0T/ C + pupT/C + ppto = [[/C + puT ol

where we have made use of Corollary 3 to introduce the trace Tr[.].
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Chapter 6

Impatient Learning for Least Squares

Regression

We have spent a substantial amount of time so far investigating Ordinary Least Squares
regression, which is probably the most popular prediction algorithm on earth, and Ridge
Regression, which is the most common way to regularize Ordinary Least Squares. As we
saw for empirical examples in Chapter 1, Ridge Regression corrects a number of problems
that can trip up Ordinary Least Squares. Ridge Regression’s biggest advantages are that it
prevents overfitting, handles noisy labels and correlated features well, and can be kernelized

to make non-linear predictions.

However, Ridge Regression also has some drawbacks. Just to form the covariance ma-
trix X XT takes time on the order of mn® (when non-kernelized) which can be too large
for large datasets that have many features. Plus, common implementations that use k-fold
cross-validation require setting the regularization parameter A by training with many different
A values on each of 5 or 10 different folds of data, which increases running time by a factor

of more than 100 compared to Ordinary Least Squares. Another thorny issue is that if our
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grid of A values to test is not fine enough, or not wide enough, then we can end up with an
insufficiently good choice of A\, meaning that practitioner expertise sometimes is drawn upon
to determine which A values to try. What is more, the standard implementation of Ridge
Regression based on solving a least squares problem requires loading all data into memory at
once, making it inappropriate for very large data sets. Finally, the standard Ridge Regression

algorithm is rigid in that it can’t be be adapted to problems with different loss functions.

In this chapter, keeping these issues in mind, we explore an alternative to Ridge Regression
that has many of the same benefits, has no difficult to deal with free parameters that need
tweaking, is potentially much faster for very large data sets, and which can be adapted easily

to changes in loss function.

6.1 Introduction

Ridge Regression is the most popular way to modify Ordinary Least Squares regression
to prevent overfitting. However, the standard implementation of Ridge Regression can be
unacceptably slow when the number of points and features are both large. In this chapter
we consider an alternative approach to preventing overfitting in Least Squares Regression.
We solve the Ordinary Least Squares problem iteratively using gradient descent with early
stopping, which is a well known alternative to regularization that causes a machine learning
problem to have fewer “effective” parameters, with the number of effective parameters in-
creasing as the training time increases (Weigend and Rumelhart, 1992). More specifically, to
decide when to stop we apply the gradient descent procedure in parallel to x different folds of
data (i.e. training x sub-algorithms), each fold with its own mutually exclusive out of sample
data set, an iterative form of k-fold cross-validation. Our predictions then are made by taking

a weighted average of the predictions of these x sub-algorithms, where sub-algorithms with
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more out of sample error get less weight. Combining the sub-algorithms in this way allows us
to use all of our data, rather than needing to sacrifice some of it to form a fixed validation
set. Furthermore, this approach gives us a simple and effective stopping criteria: when the
average out of sample fold error does not improve more than a certain percentage after an iter-

ation of all k sub-algorithms, we stop. We will refer to this procedure as “Impatient Learning”.

We find that this algorithm is generally much faster than the standard implementation
of Ridge Regression with k-fold cross-validation, especially when the number of points and
features is large. But it has some other desirable properties relative to Ridge Regression,
as well. Its only free parameter is easy to set and does not require tuning, it is easy to
adapt to other differentiable, convex loss functions beyond the squared error loss function
of Ridge Regression, and it can be modified to handle very large data sets. What is more,
certain types of prior knowledge can easily be built into the algorithm, such as the knowledge
that certain coefficients must be positive. As we will show, it is also very easy to kernelize

Impatient Learning so that it can be applied to non-linear learning problems.

Our Python code for implementing Impatient Learning is in the public domain, and can be

found at the URL in the following footnote *.

In the next section we will more formally define the Impatient Learning algorithm. To
increase applicability, we introduce the algorithm for arbitrary differentiable loss functions
L, which measure how bad it is to predict the label a for a point when in fact b is the label.
Later, when we want to empirically investigate the accuracy of Impatient Learning compared

to standard Ridge Regression we will use the standard squared loss function L(a,b) = (a —b)2.

http://spencergreenberg.com/code/doctoral _thesis_machine_learning_code.zip
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6.2 Impatient Learning

We define 6 to be a vector of parameters that specify a hypothesis function hy(X). A
hypothesis function maps a matrix of points X (with m points X, one per column, and n
features X, one per row) into a vector of predicted labels for those points or, when it is
convenient to consider functions acting on a single point at a time, maps a point x into a
predicted label for that point. Let 6* correspond to an initial guess, hy-, of what a good
hypothesis function might be. If no guess can be given, #* = 0 can be used, which indicates

that we expect many of our parameters to be 0 or close to 0.

We now define our objective function G(6,5) = L(h¢(X),y) which we will be using our
algorithm to reduce the value of by updating parameter 6. Note that when applied to vectors
of values (rather than individual values) we will typically define L as L(a,b) = Yo Liag, by),
since most common objective functions take this form, but this additive form of loss function
is not required. For the gradient of our objective function with respect to 8 we will write
VG = VeG(6,S5). Let n(0,S,VG) be a function which computes (or approximates) the
optimal step-size to move along the negative of the given gradient VG, for a particular
current training set S = (X, y), to reduce the function G(6,S) as much as possible. Hence

n(.) computes the solution to the one dimensional optimization problem:

n(6,S,VG) = argmin G(6 — n'VGQG).
/'7/
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Note that in some cases we may choose VG independently of S, so it is important to

treat VG as an independent input to the function 7(.).

Our learning algorithm will make use of x sub-algorithms, Ay, A, ..., A, each of which is
solving its own learning problem on a slightly different subset of the data. We will make
copies of our training data S = (X, y), with each copy 51, ..., S, omitting approximately a
fraction % of the training data, chosen so that each data point in S is missing from exactly

one of these copies S;.

Now, we will train our k sub-algorithms in parallel, each on a different S;, measuring
the error E; at each iteration for each algorithm on the data that each algorithm is not
trained on, and sum these errors E = )" | E; to produce an estimate of the true out of
sample error. If after an iteration (of all k sub-algorithms) this out of sample error estimate
has not decreased a sufficiently large percentage, then we halt the entire algorithm. We
generally discard this final step if it made the out of sample error worse, since it may have
caused overfitting. However, as a variant of the algorithm that we can use if we choose, when
the error actually gets worse with the last step rather than simply not improving as much as
is desired, an approach to squeeze slightly more performance out of the algorithm is to take
a final gradient step (after discarding the last regular step), but where we optimize the step
size with respect to the out of sample error for that fold, rather than the in sample error for

that fold. This is important if even one step is too many (i.e. overfitting occurs immediately).

Note that once the entire algorithm finishes, F; serves as an estimate of the reliability of

sub-algorithm A;. Hence, when selecting our weights w; we can use this to our advantage,
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weighting each algorithm’s prediction by a decreasing function of its error F;, and then
normalizing so that the weights sum to 1. Alternatively, we can simply assign each algorithm
A; the same weight, w; = %, which treats all sub-algorithms as equals, but this is throwing
away potentially valuable information about the accuracy of each sub-algorithm. We suggest

calculating the R? of each sub-algorithm, which we’ll denote R?, and then assigning weights

R2

W; = =77, where we define the R? of a prediction function () on an out of sample data
=11

set (X,y) in a slightly idiosyncratic way as:

L(h(X),y)

R2 = 1 B —re—
min, L(c1,y)

when this quantity is positive, and 0 when this quantity is non-positive, where 1 is the vector
of all ones, and ¢ is the scalar constant that minimizes L(c 1, y) for the given loss function L.
In the case of the squared loss function, ¢ is just the mean of the label vector y. Note that
this definition means that R? is the fraction of loss captured by our algorithm, relative to
the optimal constant (out of sample) predictor. We call this “R?” since in the common case
where L is the squared loss function, it simply gives us the fraction of variance captured by
our predictor, and coincides with the typical notion of R%. We set it to 0 in the rare case
where the calculation is negative because this situation implies an algorithm’s predictions are
worse than a constant predictor, which likely means the algorithm learned nothing at all or

overfit, and therefore that we do not want to rely on it.

Using this weighting scheme, a perfect predictor will be assigned a maximal weight of
1 (prior to normalizing the weights so that they sum to 1), and a predictor that is worse
than the optimal constant predictor will be assigned a weight of 0. While theoretically an
algorithm with perfect predictions should receive all the weight rather than an unnormalized

weight of 1, we do not know the true error of any algorithm, only an estimate based on a
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small portion of withheld data. Hence, using a weighting scheme that explodes to infinity as
the error for an algorithm goes to 0 is risky, as 0 error out of sample, while impressive, does

not imply a perfect predictor.

In the Impatient Learning algorithm, the total validation error, F, which is the sum of
errors made by each algorithm on its own validation set, serves as a proxy for the out of
sample generalization error for the whole combined system. In fact though, we expect the
whole system to produce a lower out of sample error than F, since it has the benefit of
combining together all of the different sub-algorithms, each trained on slightly different data,
whereas the components that go into E each use only one such algorithm. A step-by-step

description of the Impatient Learning algorithm is shown as Algorithm 6.

If the total validation error, F, as a function of the number of iterations, has many lo-

Eold_Enew 3
e < &, will stop

cal maxima and minima then the stopping rule suggested above,
at the first local minima, which will generally be too early. But our experiments suggest
that, for the squared loss, this function of E is smooth and does not have problematic local
minima. See page 233 for examples. It is a non-trivial observation that there is typically a
smooth curve, with a unique minimum describing the out of sample error as a function of the
number of iterations, since this makes the stopping criteria much more reliable. Choosing
when to stop in cases where there can be multiple local minimums is a non-trivial problem,

and one generally must resort to one of a variety of heuristics, which may or may not be

reliable in any particular instance (Prechelt, 1998).
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Algorithm 6 Impatient Learning

1:

Impatient Learning can be sensitive to how the labels are centered, so we run an outlier
clipping algorithm (e.g. Impact Clipping or Winsorization) on y to clip any extreme
labels, then compute the mean, and subtract this mean from the clipped labels.

Split our training set S = (X, y) into £ mutually exclusive subsets Vi, Vi, ..., V, with
sizes that are as close as possible to each other. Set V; will be the validation set for
sub-algorithm A;, which we will use to measure A;’s out of sample error.

Make x overlapping subsets of S called Sy, Ss, ..., S, each defined as S, = S — V,. Set
S; will be the training set for sub-algorithm A;.

Make r copies of our starting parameter vector 6*, call these 0, 62, ..., 6%. These
represent the parameters for each of our x sub-algorithms.

For each sub-algorithm A;, update the corresponding parameter vector ¢ via gradient
descent using S° by taking 0 — 6° — VG = 0" — n(6", S;, VaG(6°, S;)) Ve G(6,S;).

For each sub-algorithm A;, record the prediction error E; = G(#°, V;) made on its validation
set V;, and compute aggregated out of sample error estimate F,., = F1 + Fo + ...+ E,.
If it is not iteration 1, compare total out of sample error estimate FE,., to its prior value
Eyg. If % < & stop looping and go to Step 8, since it is not worth continuing,
and further iterations may overfit. In this case, if the error estimate has actually gotten
worse, discard the last iteration since it may cause overfitting. If % > & update
the error setting E,..,, — Eqq, and go to Step 5.

Predict points using a weighted average of the predictions of the individual sub-algorithms.
Hence, our prediction for a point « will be h(z) = wyhg (X) + wahez(z) + . .. + wihex ().
The weights w; can be chosen in various ways (discussed elsewhere in Section 6.2 of
this chapter), but they should be non-negative, sum to 1, and give more weight to the

sub-algorithms A; that have lower out of sample fold error F;.
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6.3 Iterative Least Squares Regression
We now consider the interesting special case of Impatient Learning where our loss function

is the squared loss function, which is used by Ordinary Least Squares and Ridge Regression.

In this case, we have the objective function:

G = Z XM — g)?
i=1
The gradient, which is the vector in the direction we will be stepping along, is then given by:

d‘i} _QZX’X”w u:) _QZXX” 2;)({%

=1 =1

=2XX"w—-2Xy=Dw—>

where

D =2XXT and b= 2Xy.

Then each, gradient descent step, which converts our previous coefficient vector wy_; to our

new coefficient vector wy, by subtracting a multiple of the gradient, is given by:
wg = W1 — M1 (Dwy—1 = b) = (I — pr—1D)wy—1 + Ni—1b (6.1)

where 7 is the step size, which may be chosen to be a different value at each step k. Now,

recursively applying this equation to itself ¢ times, we find that:
wy, = (I = Q1 D)wi—1 + M1

= (I =1 D)((I = M—2D)wi—o + Ni—2b) + ni_1b
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= (I =1 D)((I = 2 D) (I — Mg—3D)wy—3 + N—3b) + N—2b) + M_1b
= (I = e-1D)(I — me—2D)(I — mp—3D)wy_3

+ (I =1 D)L — mg—2D)n—g + (I — M1 D)Mig—2 + np—1)b
= (H([ - 77ij)> Wr—t + Z <1:[([ - Uij)> Ni—s b

Hence, setting t = k we have:

S—

wy, = (H([ - 277ijXT)> wo + Y (H(I - 277ijXT)> Mi—s Xy (6.2)

where wy is our starting guess for the solution coefficients. We notice that this equation for
wy, consists of two terms. The first is simply some matrix (which depends on the number of
iterations) applied to the starting coefficients, wy, which reflect our best a priori guess for
the solution. Often we will use wy = 0, in which case this term will disappear. The second

term is just a matrix (which depends on the number of iterations) applied to Xvy.

To better understand Equation 6.2, consider what happens in the case where the step-

size 7 is a constant, 7 > 0. Then we have

k—1
wy = (I — 29X X" wo + Y 2n(1 — 2 X XT)* Xy

s=0

Under the assumption that X X7 is invertible, and that 0 < n < U%, where 0.y 1S the

largest singular value of X X7, we can write an explicit formula for the right hand sum, which
is:

wy = (I — 20X XT)*wg + 2n(2nX XT) 1T — (I — 2nX XT)F) Xy

— (I = 20X XT)*wo + (XXT) "I = (I — 2pX XT)") Xy
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= (I — 29X X" wo + (XXT) ' Xy — (XXT) NI — 29X XT)F Xy
= (I —2nX X" Fwy — (I — 22X XTF(XXT) ' Xy + (XXT) ' Xy
= (I —2nX X" (wy — (XXT) ' Xy) + (X XT) ' Xy
= (I —2nXX")*(wy — wrs) + wrs

where

wrs = (XXT)ile

is the solution coefficient vector for Ordinary Least Squares regression. As we will see,
(I —2nX XT)* approaches 0 as k increases, so as expected the gradient descent algorithm
(with fixed step-size) follows a path from wy (when k£ = 0) to wrs (as k — o0). In detail, if
we diagonalize X XT writing

XXT=U0XU0T

where U is orthonormal and ¥ is diagonal with diagonal entries o; > 0, which are the singular

values of X X7, then we have:

(I —2nX X" = (I — 2qUXUT)F = (UIUT — 2qUUT)*

= (U(I - 2n2)UTF = U(I — 2n%)*UT

(1—2na)* 0 0
=U 0 0 UrT.
0 0 (1—2no,)k

Now, since X X7 is assumed to be invertible, the o; are always positive by definition. And

as long as wy # wrg, there is no harm assuming 7 is also strictly positive. Therefore

1

Omax

(1 —2n0;)* — 0 as k — oo so long as n <
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In summary, we can think of gradient descent, using the squared loss function with a
constant step-size, as following the path (I — 2nXXT)*(wy — wrs) + wrg, indexed by the
iteration number k, which takes it from starting point wg towards the least squared solution
wrg. We can view this as a form of shrinkage, where for iteration 0 we start at wy and blend
increasingly into wrg as the iterations increase, only reaching wyg in the limit of an infinite
number of iterations. If we think of wy as our best a priori guess for the solution coefficients
w, this also explains why early stopping can prevent overfitting. The fewer iterations, the
closer our solution coefficient will generally be to our starting guess wy, much like with Ridge

Regression where the greater the A, the closer our solution coefficients are to the zero vector.

6.3.0.1 Locally Optimal Step Size

While using a constant step size 7, = n makes the gradient descent algorithm easy to
analyze, there is an advantage to choosing 7 more carefully so as to achieve faster convergence.
Early stopping means that we generally will not have to convergence all the way to the
solution of interest, but it is still desirable to get to convergence quickly. Hence, we consider
the locally optimal step size to take when performing gradient descent with the squared error
loss function. For the moment, assume that we will be stepping in the direction —AG by a

step size 1, where the gradient of our loss function at the current point is

AG =2(XXTw— Xy) =2X(XTw—y) =2Xe

and € is the vector of prediction errors ¢; given by:

_ 3T
6 =X"w—vy;.
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We also define the scalar a; = X'TAG = 2X" X¢, which will simplify our formulas. Then we
take the derivative of the squared loss function with respect to 7, evaluated at the updated

solution coefficient w — nAG, and assign it equal to 0 to solve for the optimal 7, yielding:

d iT  d iT iT 2

A — — — Y
dn;o( (w —nAG) — ;an w—nX"TAG — ;)
Zm:a% ;— na;) —_QZ — na;)a Z——2262a1+2n2a =0
=1

Therefore, solving for the locally optimal 7 to minimize the loss, we have:

)= i1 €0 _ 2 6 XTAG
NP O GINE

=1 "

B T XTAG

- AGTXXTAG
B 1 €X7Xe B 1 e7Ke
2T XTXXTXe 26TK2

where in a linear context K = XT7X. This leads to the locally optimal solution coefficient

update
e"Ke
eTK2¢

Wy = Wr—1 — M—1AG = wj_1 — €.

We note that in the special case where eTKe = 1" €;a; = 0, we get the locally optimal
step size n = 0, even if the denominator eTK2e = 0 as well. This should be added to the

implementation of this algorithm as a special case.

We will now discuss the speed of Ridge Regression, and compare it to the speed of Im-

patient Learning.
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6.4 Ridge Regression Speed

How fast is Ridge Regression? When the complexity parameter A\ of Ridge Regression is
fixed, the solution coefficients w, can be solved for analytically, so the algorithm is usually

implemented using a linear solver to find the solution to:
(XXT+ AN)w, = Xy, (6.3)

where X has one training point X* per column and one feature X; per row, y is a column
vector of the training labels, and I is the identity matrix. Usually a column of 1’s is adding

to X to represent a constant term in our resulting linear equation.

The process of forming the matrix X XT has running time on the order of mn?, where
m is the number of points and n is the number of features. Solving the linear equation of
Equation 6.3 using commonly applied methods has running time on the order of n3. This
leads to a total running time on the order of n? max(n, m). When the number of features is
larger than the number of points, this running time can be improved by introducing a linear

version of the kernel matrix, defined in this case as K = XT7X. We write:
wy = (XXTH+ M) ' Xy =X(XTX +A)ly=X(K+ )y

It takes time on the order of m?n to form the kernel matrix, and time on the order of
m3 to invert (K + M) using typically applied methods. Hence, the total running time is
on the order of m?max(n, m). Hence, when Ridge Regression is implemented with speed
in mind, forming X XT when m > n and forming K = X7X when m < n, it has run-
ning time on the order of min(n? max(n, m), m* max(n, m)) = max(n, m) min(n, m)?. Since

max(n, m) min(n,m)? > min(n,m)® we are in trouble when min(n,m) is large. The worst
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case scenario is when m =~ n which gives us a running time on the order of m?3, which for some
applications will be unacceptably slow. For m = 5000, m? is more than one hundred billion. In
the 3rd part of Figure 6.3 we see a comparison of the number of seconds to train Ridge Regres-
sion against this theoretical model on the randomly generated learning problems discussed in

Section 6.5, where for simplicity we only use the X XT based Ridge Regression implementation.

Another source of slowness for Ridge Regression, as it is typically implemented, is in selection
of the A\ parameter. Typically, one uses k-fold cross-validation to test a wide range of A
values, selecting the one that yields the lowest out of sample error. This can significantly
slow our learning process, even though the slow down is only by a constant factor. Let us
consider a specific case where m > n. If we are using 10-fold cross-validation, we will have to
train 10 models, each on 90% of our data points, which will increase our training time by a
factor of approximately 9. If we are trying, say, 30 values of A that exponentially increase
from 107% to 10, that will increase our training time by another factor of 30. In total, it will
take about 270 times longer to train this model than it does to train Ordinary Least Squares,
which may be unacceptably long. We could, of course, reduce the number of folds or the
number of A values tried, but if the number of folds is too small or the grid for our lambda
values is not fine enough or does not span a wide enough range, we may make a poor choice
for \. An alternative which can be faster is to use a method for approximating the k-fold
cross validation error or the leave one error error, such as the “Generalized Cross-Validation”

method (Golub et al., 1979), but we do not consider such approaches in this chapter.

6.5 Impatient Learning Speed

It is known that gradient descent is often a slow algorithm for function optimization, as it

is typically inefficient for computing a high number of decimal points of accuracy unless we
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have strong convexity of our objective function. With convexity, but not strong convexity, to
get an accuracy within A of the optimal value we need a number of iterations on the order of
1/ A, whereas with strong convexity we only need iterations on the order of log(1/.4) (Gordon
and Tibshirani, 2012). Strong convexity is sometimes lacking in least squares problems (e.g.
whenever the number of features is greater than the number of points, or when a feature is
duplicated), and even when it is satisfied, convergence may still be slow in practice if the
condition number is high, even though asymptotically the gap between the current solution

and the optimal solution falls exponentially fast.

Optimization algorithms have the goal of finding, to high precision, the input that maximizes
or minimizes the value of a function. Most machine learning algorithms can be recast as
optimization algorithms. Machine learning involves searching a given space of parameters
or functions to find one that minimizes an objective function. These observations naturally
point us in the direction of using optimization algorithms to solve machine learning problems,
which is widely done. However, the goals of mathematical optimization and machine learning

differ in two important ways:

1. Optimization algorithms try to efficiently find the input minimizing a function to many
digits of accuracy, whereas machine learning algorithms should try to efficiently find
a single input (e.g. parameter vector representing a hypothesis) that has close to
optimal out of sample prediction accuracy. Usually the latter does not require resolving
parameters to many digits of accuracy, and doing so wastes time. The seventh or even

fifth digit of our parameters is usually irrelevant in machine learning.

2. Optimization algorithms take for granted that the function they are minimizing is the
actual function one is trying to minimized, whereas in machine learning the objective

function is not actually the function one hopes to minimize. Empirical loss functions
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are defined over a finite sample of training data, and minimizing this function (i.e.
approaching producing zero loss) is generally undesirable, as it may imply substantial
overfitting. When a regularization term is added to correct the overfitting problem, the
objective function still does not directly measure the goal one hopes to achieve (i.e. out
of sample accuracy). Regularization merely serves as a convenient way of incorporating
a priori knowledge (such as a preference for small coefficients over large coefficients),
or of making our objective function more closely (but still imperfectly) representative
our actual goal. The fact that our training labels have random noise means that no

function of our training data will ever perfectly represent our true goal.

For these reasons using a method like gradient descent, which is known to be slow for
optimization, is not necessarily dumb in a machine learning context. The hope is that stopping
early makes this slow optimization algorithm into a fast machine learning algorithm. As we
have discussed, high precision is unnecessary in most machine learning applications, and in
fact is wasteful. By stopping as soon as further iterations are useless, the Impatient Learning
algorithm speeds up the gradient descent process, sometimes dramatically. Furthermore,
stopping early takes into account the fact that it is not the objective function per se that we
are truly interested in minimizing, but rather the generalization error. The objective function

is merely a proxy for this goal.

So how fast is linear Impatient Learning with a squared loss function? Examining Sec-

tion 6.3.0.1, we see that at each iteration we have to compute the point error vector

eTXTXe

WX ¢ for each fold. If we perform this calculation

€ = XTw — y and the update vector
efficiently we will always be multiplying a matrix by a vector (never a matrix by a matrix) so
it can be done in time on the order of mn, which is the number of points times the number

of features. Hence, if Z is the number of iterations, then the total running time for impatient

221



learning is given by kmnZ, where recall that « is the number of folds. But how many
iterations does the algorithm take? Intuitively, the faster that overfitting begins to occur,
the sooner the algorithm will stop. Since higher levels of noise mean more overfitting, we
therefore would expect to find that Impatient Learning is faster when there is more noise,

which as we shall see, is indeed the case.

To empirically investigate the running time of Impatient Learning (with the squared error
loss function and locally optimal step size) as a function of the number of points, the number
of features and the label noise, we conduct experiments on synthetic linear learning problems.
The results are shown in Figures 6.2 and 6.3. For these experiments we generated 2241 linear
learning problems. Of these, 5 were removed due to Ridge Regression taking an excessively
long time to train for unknown reasons, leaving 2236 learning problems. FEach used an
underlying linear model with each coefficient generated from an independent unit gaussian,
and a gaussian additive constant term. Additive gaussian noise was then added to each label.
Points were drawn independently from an isotropic gaussian (i.e. using unit variance and zero
correlation between features). The number of training points, number of training features, and
signal to noise ratio (of the noise added to the labels) for each learning problem were drawn
uniformly and independently at random from the ranges [50,3000], [20,500], and [0.0,1.0]
respectively. Impatient Learning with the squared error loss function and Ridge Regression
were both applied to each learning problem using 10-fold cross validation. Ridge Regression’s
10-fold cross-validation tested 30 lambda values spanning exponentially from 1076 to 10°. For
Impatient Learning, we used £ = 0.000005, indicating that we would stop once an iteration
failed to improve the average out of sample error estimate by at least 0.0005%. There is little
reason to select £ smaller than this, but an £ that is 10 or even 100 times bigger can be chosen
for faster stopping in slow cases. Our usual recommendation is & = 0.0001. We chose a smaller

value for our empirical test cases simply so that we could explore how many iterations Im-
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patient Learning would take when there is very little restriction on its ability to converge fully.

The Impatient Learning algorithm typically finishes in remarkably few iterations on these
test cases. The median number of iterations was only 5, and the median absolute deviations
of the number of iterations was just 2. The minimum was 1 iteration, but there were many
large outliers, with the maximum being 900 iterations. The mean was 11.7, and the standard
deviation 38 due to these outliers. As can be seen in Figure 6.2, the number of features and
the number points seem to have little relationship to the average number of iterations, though
there are more extreme outliers in problems with smaller numbers of points or greater number
of features. There was a fairly strong relationship involving the noise to signal ratio A/, which
is the standard deviation of the additive noise applied to the labels divided by the standard
deviation of the labels before noise is applied. We found that the number of iterations was
roughly related to \/LN In some cases, when the noise was very low a very large number of
iterations was used. This makes sense intuitively because when there is little noise machine
learning looks more like function optimization, since noise is a major cause of overfitting
and of why our objective function does not match our true goal. Without overfitting and
noise to worry about, grinding out many digits of accuracy in our optimization may actually

be beneficial, and so Impatient Learning starts to show its warts as an optimization algorithm.

In Figure 6.3 we can see that the total training seconds for Impatient Learning on these
synthetic cases is reasonably well modeled using a power of the quantity f}—% While the
power shown in the curve fit in the figure is less than 1, the curve appears to undershoot
somewhat for large values of the x-axis, so for large numbers of features and points may
actually be closer to 1. Note that a log-log plot is shown, meaning that monomials of the

form ax® appear as straight lines.
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In our implementations of Impatient Learning and Ridge Regression the latter was gen-
erally much slower. The median of the ratio of the training times showed Ridge Regression
to be 8.25x slower, and Ridge Regression was slower in 99% of cases. These numbers are not
particularly telling though, since they will vary with the learning problem, as well as with
the details of how each algorithm is implemented and even the programming language used.
Overall though, our empirical investigations suggest that Impatient Learning is substantially
faster than Ridge Regression, and that the size of this benefit will be greater when there is
more noise, and when the number of points and features is large. It is worth also noting that
the variability of training time for Impatient Learning can be substantial. Depending on the
setting for &, the algorithm can occasionally run for many iterations with little gain, even

though it is usually fast and usually needs few iterations.

But what about the accuracy of Impatient Learning? While intuitively we expect it to
avoid overfitting due to the trick of estimating test set error after each iteration, it is not
obvious that the predictions it makes will be that similar to those of Ridge Regression, or
even that the accuracy will be similar. They both push the solution coefficients towards

zero (if we initialize 8* = 0) relative to Ordinary Least Squares, but they do so in different ways.

On our synthetic test cases, we considered the R? of Impatient Learning minus the R?
of Ridge Regression. The average of this quantity was -0.0033 with a median of -0.00040,
reflecting a slight average reduction in accuracy using Impatient Learning. The standard
deviation of this quantity was 0.012. We found that 72% of the time Ridge Regression was
more accurate, even though these accuracy differences were usually very small. When N
was small, Impatient Learning almost never outperformed Ridge Regression by a meaningful
amount, probably due to the “optimization like” nature of these cases, where high precision

has value. What’s more, as the number of points grew, the likelihood of large differences in
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performance between the two algorithms shrank considerably, and Impatient Learning seemed
to perform somewhat better relative to Ridge Regression in these cases as well compared to

when there were fewer points.

Overall, our empirical investigation suggests that Impatient Learning tends to be substantially
faster, but slightly less accurate than Ridge Regression, with Impatient Learning gaining
the biggest speed advantage when the number of points and features is large, and doing the
worst (along both the dimensions of speed and accuracy) when the label noise is low. Results
will, of course, vary from data set to data set, and what is true on these synthetic test cases
will not hold for all problems. But these results suggest that Impatient Learning can be a
desirable alternative to Ridge Regression when a small accuracy loss would be worth trading
for a large speed gain, assuming it is not a machine learning problem with low label noise. In
other words, Impatient Learning can be better than Ridge Regression when you are, well,

impatient.

6.5.1 Kernelizing Iterative Least Squares Regression

Let us now consider what happens when we kernelize Impatient Learning by applying a

vector valued transformation function ¢ to each data point X*, which gives us the matrix

® = [p(X")]L,

with one transformed point per column. As we will see, this will lead to an extremely simple
formula that we can use for learning functions that are non-linear in the original variables.

We define the kernel (i.e. point similarity) function

KX, X7) = ¢(X')Tp(X7)
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where we use the kernel matrix
K =070 = [p(X") (X))

This is a non-linear generalization of our previous definition for K. We consider a new point
20 (represented as a column vector), which we would like to make a prediction for, and its

transformation by ¢ into our new space, which is given by

G0 = ¢($o)-

Finally, we define the column vector of similarities between x, and all the points X* as
= o0 ® = [K(wo, X)Ly

Then, we will predict that the label for the point ¢q is yo by applying Equation 6.2 to the
new features ® instead of the original features X. By passing ® from the right through to
the left, this yields:

k k
Yo = OF (H — @@T)) POT(ODT) g+ ¢ D (H - anjcp@T)) s Dy

Jj=1 s=1

—

k s—1
= k] ( (- 2?7kj<1>“1>)> OT(DDT) Mwg + K] D ( (- 277ijDT(D)> 2—s Y
Jj=1 1

s=1 \j=

(H — 2M—j ) uo + k5 Y (1:[(1 - 277ij)> 2—s Y

J=1 s=1 \j=1

=K ((H([ — znij)) u+ Y <1:[(I — 277ij)> Mke—s y) (6.4)

J=1 Jj=1
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T
o Uk

where we have defined a new starting parameter vector

uy = OT(PDT) g

which takes the place of our previous starting coefficients wg, and a corresponding kth

iteration of this vector given by wuy.

The object u; reflects a new type of solution coefficient vector. Unlike w;, which acts
on feature vectors (i.e. individual points) such as xg, instead uy acts on point similarity
vectors, like ¢y, which measure how similar a point is to every other point. We now note
that the intermediate Expression 6.4 above for yq is identical to Equation 6.2 once it has
been left multiplied by the point 2°, except that Xy is now replaced with 3, X XT is now
replaced with K and 2° is now replaced with Eo. Since wy, satisfies the recurrence relation of

Equation 6.1, which is

wr = (I =21 X XT) wi—1 + 2m_1 Xy

that immediately implies that

up = (I — 21 K) ug—1 + 2mp—1y.

Hence, we now know how to perform gradient descent on this problem in a kernelized fashion
to produce Kernelized Impatient Learning. We simply start with our best guess for our
solution coefficient vector, which is given by wug (comparable to our previous wy), and then we

iterate according to the above formula for uy, which expresses it in terms of u;_;. Predictions
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are made by taking dot products with u,, not against points such as g, but against vectors

of how similar each point is to every other point, such as ky = [K (2o, X*)]7;.

We note now that the recursive relationship for wy can also be better understood by writing
it as

W = W—1 — Nh—1 (Dwi—1 — b) = wp—1 — 201 X (XTwp—y — y)
= w1 — 21 X €1

where we define €, to be the vector of training set prediction errors (on each point X*) made
by the algorithm after iteration k. In other word, at each iteration, the algorithm is adjusting
wg_1 by the matrix X applied to the vector of errors made at each point, to produce wy. But

the recursive relationship for u, is even more intuitive. We have:

up = (I =21 K) up—1 + 21y

= Uk_1 — 27]k—1<Kuk71 - Z/)

But since Kuy_q is the vector of predictions for each point after £ — 1 iterations, that means
that the vector of point prediction errors after k-1 iterations is given by €, 1 = Kuy,_1 — y.

Hence:

Up = Up—1 — 2Np—1€—1.

So at each iteration, the kernelized form of the algorithm simply adds to the coefficients a
multiple of the prediction errors at the previous iteration! Hence, we have an extraordinary
simple implementation of the kernelized form of gradient descent for the squared error loss

function. We simply start at ug and subtract a multiple of the error each time.
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We note that our final kernelized update formula only depends on the error, so despite
this derivation holding only in the case of the squared error loss function, one could simply
replace the definition of error by using a different loss function to compute €, to produce a
different algorithm (though it would not necessarily correspond to the standard regression
objective function with that loss function, except in the squared error case). Finally, we note
that this form of the algorithm gives us a way of reducing the impact of outliers on the final
solution, should we choose to do so. The only way that a point can corrupt our coefficients
is if the corresponding entry of €,_; is large. Hence, before subtracting a multiple of €,_;
from the coefficients, we can simply apply any 1-dimensional outlier removal algorithm to
the vector €,_1, and either assign 0 for any value deemed an outlier, or winsorize that value

so that it can’t be more than a fixed amount.

What is the locally optimal step size in the kernelized case? Well, we replace X with
®, and K = 79, so the locally optimal step size is still just

B 1 eTKe

= 2T K2

and our complete update becomes

e"Ke
eTK2e

Up = Up—1 — 2Np—1€ = Up_1 — €.

Hence, the formula for performing gradient descent based kernel regression with a squared
loss function is shockingly simple, even simpler than the standard linear case. The drawback
is that we can no longer avoid matrix to matrix multiplications as we could in the linear case.

We are forced to form the kernel matrix K all at once, which takes time on the order of nm?.
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6.6 Subsampling

The Impatient Learning approach has a natural extension to work with very large data
sets. Rather than computing the gradient from all points with each set 5;, we could use
some random subsample of points from each S; (e.g. 1000 randomly selected points for each
gradient calculation). If the number of points is large enough, we should still expect to
produce a smooth and convex relationship between the validation error £ and the number of
iterations, which is important for being able to easily select the appropriate stopping time.
But it is hard to know how large is large enough. When subsampling, an alternative variation
is to (when taking the gradient step) compute the optimal step size on both the subsample
of randomly selected points, as well as on the out of sample test set for that fold. We then
only take a step if the two step sizes agree in sign, and if they do, then the step size we
use is whichever has a smaller magnitude. This ensures that the fold test set error never
decreases, even if the the gradient calculations are not very accurate, which may happen in

high dimensions.

By choosing a subsample of points for gradient computation, we no longer have to load all
points in memory, allowing the possibility of working with files that are larger than available
RAM. What is more, we now gain some of the benefits of stochastic gradient descent (Gardner,
1984), in particular, if there are many redundant points they will no longer slow down our

processing time, and the algorithm may become much faster for large sample sizes.

6.7 Prior Knowledge

The Impatient Learning algorithm encodes a best guess of the solution coefficients, given

by 6%, as the starting parameters. This can be thought of as a way of encoding prior
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knowledge about what the solution might be, or it can simply be set to * = 0 in cases where
no reasonable guess can be made. However, the Impatient Learning algorithm can also be
easily extended to encode other prior knowledge of the practitioner. Any linear equality or
inequality constraints on the parameter vector can be captured by projecting the gradient
onto these constraints before calculating the step size. So for instance if one has reason to
believe that certain coefficients are positive, or bounded, this knowledge can be encoded by
projecting the gradient accordingly. Doing so, however, may slow down convergence of the

algorithm.

6.8 Conclusion

We have defined Impatient Learning, a simple alternative to Ridge Regression based on a
k-fold cross-validated form of gradient descent with early stopping, which does not require
regularization. We have also derived a very simple formula for kernelizing Impatient Learning,
so that it can be applied to non-linear problems. Testing the linear form of Impatient Learning
empirically on linear synthetic cases, we found that it is generally substantially faster than
k-fold cross-validation based Ridge Regression, especially when the number of points and
features is large, though it is slightly less accurate, making it appropriate when the user is
impatient. In our tests, Impatient Learning performed its worst, both in terms of speed and

accuracy, when there was a low amount of label noise.

Impatient Learning has a handful of other advantages over the standard implementation of
Ridge Regression, beyond just speed. Its one free parameter is a single number £, which
can usually just be set to 0.0001, requiring no tuning. Ridge Regression, on the other hand,
requires a vector of A values to test, which can be more difficult to choose appropriately. What

is more, Impatient Learning is easy to adapt to other differentiable, convex loss functions

231



beyond just the squared loss, and to situations where there are linear constraints on the
coefficients, unlike the standard implementation of Ridge Regression. Finally, Impatient
Learning can easily be modified to use subsamples of the data for each gradient calculation,

so that it can be applied to extremely large data sets, even ones that do not fit in memory.
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Impatient Learning Convergence
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Figure 6.1: Impatient Learning convergence when using a linear prediction function with squared error (i.e.
L) loss function, trained on synthetic linear data with gaussian additive label noise and points drawn from
an isometric multi-variate gaussian. The blue bold line shows R? for the Impatient Learning on an entirely
withheld test set, the dashed green line shows the total validation set error E (which is smooth and concave
as desired), the dashed-and-dotted purple line shows the in sample error made by the entire learner, and the
thin red horizontal line shows Ridge Regression performance (with automatic leave-one-out cross-validation
parameter selection), which is approached by the blue bold line as desired.
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Impatient Learning Number of Iterations
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Figure 6.2: These charts show log plots of the number of iterations used by the Impatient Learning
algorithm with a linear prediction function and squared error loss function, trained on many synthetic data
sets, constructing from a linear model with random coefficients, gaussian additive label noise, and points
drawn from an isometric multi-variate gaussian. The number of training points, number of features, and
noise to signal ratio for the synthetic cases (which are used as the x-axes) were chosen at random in each
test case, so that these three variables are statistically independent. The red lines show “best fit” monomial
curves that were fit to the data, and the equations and R? values for these curves is shown as well. Only the
top chart admits a meaningfully strong 1re1ationship.2



Impatient Learning and Ridge Regression Training Time
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Figure 6.3: Using the same randomly sampled learning problems from Figure 6.2, these log-log plots show
(a) the number of training seconds for Impatient Learning vs. points times features, (b) the number of
training seconds for impatient Learning vs. points times features divided by the noise to signal ratio of the
additive label noise, and (c) the number of training seconds for Ridge Regression vs. points times the square
of features.
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Chapter 7

Relative Deviation and Unbounded

Loss Bounds

Our work in Chapters 3 and 4 on outliers points to an interesting theoretical question: if
extreme outliers can destroy the performance of algorithms like Ridge Regression, could just
the possibility of such outliers ruin our ability to prove that algorithms can learn effectively?
Examining common approaches to bounding the prediction error in terms of the training error
does not give one hope, since as we will see they generally assume bounded loss functions.
Worse still, this bound on the loss function generally enters into the resulting inequality, so if

it is too large, the inequalities derived may be vacuous.

Fortunately, this limitation is not fundamental. In this Chapter we investigate how one can
successfully analyze the ability of machine learning algorithms to generalize when a bounded
loss function cannot be assumed. Our approach, using relative deviation bounds, fills in a

number of gaps in existing proofs in the literature.
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7.1 Introduction

Most generalization bounds in learning theory hold only for bounded loss functions. This
includes standard VC-dimension bounds (Vapnik, 1998), Rademacher complexity (Koltchinskii
and Panchenko, 2000a; Bartlett et al., 2002a; Koltchinskii and Panchenko, 2002; Bartlett and
Mendelson, 2002) or local Rademacher complexity bounds (Koltchinskii, 2006; Bartlett et al.,
2002b), as well as most other bounds based on other complexity terms. This assumption is
typically unrelated to the statistical nature of the problem considered but it is convenient
since when the loss functions are uniformly bounded, standard tools such as Hoeffding’s
inequality (Hoeffding, 1963; Azuma, 1967), McDiarmid’s inequality (McDiarmid, 1989), or
Talagrand’s concentration inequality (Talagrand, 1994) apply.

There are however natural learning problems where the boundedness assumption does
not hold. This includes unbounded regression tasks where the target labels are not uniformly
bounded, and a variety of applications such as sample bias correction (Dudik et al., 2006;
Huang et al., 2006; Cortes et al., 2008; Sugiyama et al., 2008; Bickel et al., 2007), domain
adaptation (Ben-David et al., 2007; Blitzer et al., 2008; Daumé III and Marcu, 2006; Jiang
and Zhai, 2007; Mansour et al., 2009; Cortes and Mohri, 2013), or the analysis of boosting
(Dasgupta and Long, 2003), where the importance weighting technique is used (Cortes et al.,
2010a). It is therefore critical to derive learning guarantees that hold for these scenarios and
the general case of unbounded loss functions.

When the class of functions is unbounded, a single function may take arbitrarily large
values with arbitrarily small probabilities. This is probably the main challenge in deriving
uniform convergence bounds for unbounded losses. This problem can be avoided by assuming
the existence of an envelope, that is a single non-negative function with a finite expectation
lying above the absolute value of the loss of every function in the hypothesis set (Dudley,
1984; Pollard, 1984; Dudley, 1987; Pollard, 1989; Haussler, 1992), an alternative assumption
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similar to Hoeffding’s inequality based on the expectation of a hyperbolic function, a quantity
similar to the moment-generating function, is used by Meir and Zhang (2003). However, in
many problems, e.g., in the analysis of importance weighting even for common distributions,
there exists no suitable envelope function (Cortes et al., 2010a). Instead, the second or some
other ath-moment of the loss seems to play a critical role in the analysis. Thus, instead, we
will consider here the assumption that some ath-moment of the loss functions is bounded as
in Vapnik (1998, 2006b).

This chapter presents in detail two-sided generalization bounds for unbounded loss
functions under the assumption that some ath-moment of the loss functions, a > 1, is
bounded. The proof of these bounds makes use of relative deviation generalization bounds
in binary classification, which we also prove and discuss in detail. Much of the results and
material we present is not novel and the chapter has therefore a survey nature. However, our
presentation is motivated by the fact that the proofs given in the past for these generalization
bounds were either incorrect or incomplete.

We now discuss in more detail prior results and proofs. One-side relative deviation bounds
were first given by Vapnik (1998), later improved by a constant factor by Anthony and
Shawe-Taylor (1993). These publications and several others have all relied on a lower bound
on the probability that a binomial random variable of m trials exceeds its expected value
when the bias verifies p > % This also later appears in Vapnik (2006a) and implicitly in
other publications referring to the relative deviations bounds of Vapnik (1998). To the best
of our knowledge, no actual proof of this inequality was ever given in the past in the machine
learning literature before our recent work (Greenberg and Mohri, 2013). One attempt was
made to prove this lemma in the context of the analysis of some generalization bounds (Jaeger,
2005), but unfortunately that proof is not sufficient to support the general case needed for
the proof of the relative deviation bound of Vapnik (1998).

We present the proof of two-sided relative deviation bounds in detail using the recent
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results of Greenberg and Mohri (2013). The two-sided versions we present, as well as several
consequences of these bounds, appear in Anthony and Bartlett (1999). However, we could
not find a full proof of the two-sided bounds in any prior publication. Our presentation shows
that the proof of the other side of the inequality is not symmetric and cannot be immediately
obtained from that of the first side inequality. Additionally, this requires another proof
related to the binomial distributions given by Greenberg and Mohri (2013).

Relative deviation bounds are very informative guarantees in machine learning of inde-
pendent interest, regardless of the key role they play in the proof of unbounded loss learning
bounds. They lead to sharper generalization bounds whose right-hand side is expressed as
the interpolation of a O(1/m) term and a O(1/y/m) term that admits as a multiplier the
empirical error or the generalization error. In particular, when the empirical error is zero,
this leads to faster rate bounds. We present in detail the proof of this type of results as well
as that of several others of interest (Anthony and Bartlett, 1999). Let us mention that, in
the form presented by Vapnik (1998), relative deviation bounds suffer from a discontinuity at
zero (zero denominator), a problem that also affects inequalities for the other side and which
seems not to have been rigorously treated by previous work. Our proofs and results explicitly
deal with this issue.

We use relative deviations bounds to give the full proofs of two-sided generalization
bounds for unbounded losses with finite moments of order «, both in the case 1 < a < 2
and the case a > 2. One-sided generalization bounds for unbounded loss functions were first
given by Vapnik (1998, 2006b) under the same assumptions and also using relative deviations.
The one-sided version of our bounds for the case 1 < a < 2 coincides with that of (Vapnik,
1998, 2006b) modulo a constant factor, but the proofs given by Vapnik in both books seem

to be incorrect.! The core component of our proof is based on a different technique using

n (Vapnik, 1998)[p.204-206], statement (5.37) cannot be derived from assumption (5.35), contrary to
what is claimed by the author, and in general it does not hold: the first integral in (5.37) is restricted to
a sub-domain and is thus smaller than the integral of (5.35). Furthermore, the main statement claimed in
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Holder’s inequality. We also present some more explicit bounds for the case 1 < a < 2 by
approximating a complex term appearing in these bounds. The one-sided version of the
bounds for the case o > 2 are also due to Vapnik (1998, 2006b) with similar questions
about the proofs.? In that case as well, we give detailed proofs using the Cauchy-Schwarz
inequality in the most general case where a positive constant is used in the denominator to
avoid the discontinuity at zero. These learning bounds can be used directly in the analysis of
unbounded loss functions as in the case of importance weighting (Cortes et al., 2010a).
The remainder of this chapter is organized as follows. In Section 7.2, we briefly introduce
some definitions and notation used in the next sections. Section 7.3 presents in detail relative
deviation bounds as well as several of their consequences. Next, in Section 7.4 we present
generalization bounds for unbounded loss functions under the assumption that the moment
of order «a is bounded first in the case 1 < a < 2 (Section 7.4.1), then in the case o > 2

(Section 7.4.2).

7.2 Preliminaries

We consider an input space X and an output space ), which in the particular case of
binary classification is ) = {—1,4+1} or Y = {0, 1}, or a measurable subset of R in regression.
We denote by D a distribution over Z = X x ). For a sample S of size m drawn from
D™, we will denote by D the corresponding empirical distribution, that is the distribution
corresponding to drawing a point from S uniformly at random. Throughout this chapter, H

denotes a hypothesis of functions mapping from X to ). The loss incurred by hypothesis

Section (5.6.2) is not valid. In (Vapnik, 2006b)[p.200-202], the author invokes the Lagrange method to show
the main inequality, but the proof steps are not mathematically justified. Even with our best efforts, we
could not justify some of the steps and strongly believe the proof not to be correct. In particular, the way
function z is concluded to be equal to one over the first interval is suspicious and not rigorously justified.

2Several of the comments we made for the case 1 < o < 2 hold here as well. In particular, the author’s
proof is not based on clear mathematical justifications. Some steps seem suspicious and are not convincing,
even with our best efforts to justify them.
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h € H at z € Z is denoted by L(h, z). L is assumed to be non-negative, but not necessarily
bounded. We denote by L(h) the expected loss or generalization error of a hypothesis h € H

and by Es(h) its empirical loss for a sample S:

L(h) = E [L(h,2)] Ls(h) = E [L(h,2)). (7.1)

z~D 2~D

For any o > 0, we also use the notation La(h) = E._p[L%(h, z)] and L,(h) = E, 5L*(h, 2)]
for the ath moments of the loss. When the loss L coincides with the standard zero-one loss

used in binary classification, we equivalently use the following notation

R(h)= E  [lyw)z] Rg(h) = E  [Ln@myl- (7.2)
z=(z,y)~D z=(z,y)~D
We will sometimes use the shorthand z7* to denote a sample of m > 0 points (z1,...,z,) €

X™. For any hypothesis set H of functions mapping X to Y = {—1,+1} or Y = {0,1} and
sample x7", we denote by Sy (z7") the number of distinct dichotomies generated by H over

that sample and by I1,,(H) the growth function:

Sy (2™) = Card ({(h(:cl), o h(zm): he H}) (7.3)
I (H) = nax, Su(z7"). (7.4)

7.3 Relative deviation bounds

In this section we prove a series of relative deviation learning bounds which we use in the
next section for deriving generalization bounds for unbounded loss functions. We will assume
throughout the chapter, as is common in much of learning theory, that each expression of the

form supj,cp|...] is a measurable function, which is not guaranteed when H is not a countable
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set. This assumption holds nevertheless in most common applications of machine learning.
We start with the proof of a symmetrization lemma (Lemma 9) originally presented by
Vapnik (1998), which is used by Anthony and Shawe-Taylor (1993). These publications and
several others have all relied on a lower bound on the probability that a binomial random
variable of m trials exceeds its expected value when the bias verifies p > % To our knowledge,
no rigorous proof of this fact was ever provided in the literature in the full generality needed.

The proof of this result was recently given by Greenberg and Mohri (2013).

Lemma 8 (Greenberg and Mohri (2013)). Let X be a random variable distributed according
to the binomial distribution B(m,p) with m a positive integer (the number of trials) and

p > % (the probability of success of each trial). Then, the following inequality holds:

IP[X > IE[X]} > 2, (7.5)

o |

where E[X] = mp.

The lower bound is never reached but is approached asymptotically when m = 2 as p — %
from the right.

Our proof of Lemma 9 is more concise than that of Vapnik (1998). Furthermore, our
statement and proof handle the technical problem of discontinuity at zero ignored by previous
authors. The denominator may in general become zero, which would lead to an undefined
result. We resolve this issue by including an arbitrary positive constant 7 in the denominator
in most of our expressions.

For the proof of the following result, we will use the function F' defined over (0, +00) x
(0,+00) by F: (z,y) — ({/ﬁ By Lemma 12, F'(z,y) is increasing in x and decreasing

in y.

Lemma 9. Let 1 < o < 2. Assume that me=—1 > 1. Then, for any hypothesis set H and
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any T > 0, the following holds:

Pg..pm {sup —Sh > e} < 4Pg g1pm {sup fts(h) — Rs(h) > €.

ner {/R(h) +7 vl ¢ [1[Rs(h) + R (h) + 1]

Proof. We give a concise version of the proof given by (Vapnik, 1998). We first show that

the following implication holds for any h € H:

~

R(h) — Rs(h) 5 5
D Z W o ) A (Re(h) > R(h)) = F(Rg(h), Rs(h)) > e. 7.6
(aR(hHT (Bs () > R(h)) = F(Rs (h). Rs(h) (76)
The first condition can be equivalently rewritten as Rg(h) < R(h) — e(R(h) + 7)&, which
implies

and  ea1 < R(h), (7.7)

Q=

Rs(h) < R(h) — eR(h)

since Rg(h) > 0. Assume that the antecedent of the implication (7.6) holds for h € H. Then,

in view of the monotonicity properties of function F' (Lemma 12), we can write:

~

F(Rg/(h), Rs(h)) > F(R(h), R(h) — eR(h)=)  (Rg(h) > R(h) and 1st ineq. of (7.7))
R(h) — (R(h) — eR(h)7)
{/sRR() — cR()* + 4]

> R(h)- (2nd ineq. of (7.7))
{/S2R(R) — e + L]

> _eR(h): . (me>T > 1)
U/ 3[2R(R)]

which proves (7.6). Now, by definition of the supremum, for any n > 0, there exists hg € H

such that
sup R(h) — Rs(h) _ R(ho) — Bs(ho) _ 0 (78)
hed /R(h)+T VR(ho) + 7

244



Using the definition of hy and implication (7.6), we can write

Ml {4 [Rs(h) + Re(h) + 1]

Rs/(ho) — Rs(ho)
$/MRs(ho) + R (ho)

> Pg g1 pm { > e} (by def. of sup)
+ ]

R(ho) — Rs(ho) o
> Pg g1 pm ( R i . > e) A (Rsl(h[)) > R(h0)> (implication (7.6))
=Ps.p R(ahoé(;oj)%i(zo) > e] Pgiwpm [Rg(ho) > R(ho)] (independence).

We now show that this implies the following inequality

Ry (h) — Rs(h
]P’S,S/NDm{Sup s(h) s(h) >e] >
+4]

h
— — sup Sl e +nl,
vl 1R (h) + R (h)

hed {/R(h)+ T

Ps.pm

1
4

m

(7.9)
by distinguishing two cases. If R(hg) > ea—1, since ea-1 > < by Theorem 8 the inequality
Pgipm [Rs(ho) > R(ho)] > }l holds, which yields immediately (7.9). Otherwise we have

R(hy) < ea~1. Then, by (7.7), the condition R(ho)_Rs(ho) ¢ cannot hold for any sample

S ~ D™ which by (7.8) implies that the condition sup,y R(h—Rs(r)

/R(h)+r
any sample S ~ D™ in which case (7.9) trivially holds. Now, since (7.9) holds for all n > 0,

> € + n cannot hold for

we can take the limit 7 — 0 and use the right-continuity of the cumulative distribution to
obtain

Rg/(h) — Rg(h
]P’S,S'NDm[SUP s (h) s(h) > 6] >

heH V%[ﬁs(h) + Ro(h) + )

which completes the proof of Lemma 9. O

Note that the factor of 4 in the statement of lemma 9 can be modestly improved by
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Figure 7.1: These plots depict P[X > E[X]], the probability that a binomially distributed
random variable X exceeds its expectation, as a function of the trial success probability

p. The left plot shows only regions satisfying p > % whereas the right plot shows only

regions satisfying p > % Each colored line corresponds to a different number of trials,

m = 2,3,...,14. The dashed horizontal line at % represents the value of the lower bound
used in the proof of lemma 9.
changing the condition assumed from ea-1 > % to a1 > % for constant values of k > 1.

This leads to a slightly better lower bound on Ps/..pm [Rs(ho) > R(hg)], e.g. 3.375 rather

than 4 for k = 2, at the expense of not covering cases where the number of samples m is less

than - ak% . For some values of k, e.g. k = 2, covering these cases is not needed for the proof of
our main theorem (Theorem 11) though. However, this does not seem to simplify the critical
task of proving a lower bound on Pg/..pm [Rg(ho) > R(ho)], that is the probability that a
binomial random variable B(m, p) exceeds its expected value when p > % One might hope
that restricting the range of p in this way would help simplify the proof of a lower bound on
the probability of a binomial exceeding its expected value. Unfortunately, our analysis of this
problem and proof (Greenberg and Mohri, 2013) suggest that this is not the case since the
regime where p is small seems to be the easiest one to analyze for this problem.

The result of Lemma 9 is a one-sided inequality. The proof of a similar result (Lemma 11)

with the roles of R(h) and Rg(h) interchanged makes use of the following theorem.

Lemma 10 (Greenberg and Mohri (2013)). Let X be a random variable distributed according
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to the binomial distribution B(m,p) with m a positive integer and p < 1 — % Then, the
following inequality holds:
(7.10)

where E[X] = mp.

The proof of the following lemma (Lemma 11) is novel.> While the general strategy of
the proof is similar to that of Lemma 9, there are some non-trivial differences due to the
requirement p < 1 — % of Theorem 10. The proof is not symmetric as shown by the details

given below.

Lemma 11. Let 1 < a < 2. Assume that mes—1 > 1. Then, for any hypothesis set H and

any T > 0 the following holds:

Re(h) — Rs(h
>e] §4IP’S,S/NDm[sup s(h) s(h) > €

heH C\Y/%[Es(h) + Ro(h) + )

Py o {Sup Rs(h) — R(h)
hel 3/ Rs(h) + 7

Proof. Proceeding in a way similar to the proof of Lemma 9, we first show that the following

implication holds for any h € H:

Rs(h) — R(h)
\ Es(h) + T

~ ~

Se| A (R(h) > fzs,(m) = F(Rs(h), Ro(h)) >e.  (7.11)
The first condition can be equivalently rewritten as R(h) < ﬁs(h) - €(ﬁs(h) + 7)=, which
implies

~ a ~

R(h) < Rg(h) — eRg(h)s  and  ex1 < Rg(h), (7.12)

since ﬁs(h) > 0. Assume that the antecedent of the implication (7.11) holds for h € H.

3A version of this lemma is stated in (Boucheron et al., 2005), but no proof is given.
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Then, in view of the monotonicity properties of function F' (Lemma 12), we can write:

F(Rs(h), Rg(h)) > F(Rs(h), R(h)) (R(h) > Rs/(h))
> F(Rs(h), Rs(h) — eRg(h)=) (1st ineq. of (7.12))

s(h) — (Rs(h) - Eﬁs(h)é)
¢/1[2Rs(h) — eRg(h)= + 1]

Qm

> R(h)- (2nd ineq. of (7.12))
{/S2R(R) — e 4 1]

> R =€, (mea—1 > 1)
V/3[2R(h)]

which proves (7.11). For the application of Theorem 10 to a hypothesis h, the condition
R(h) <1-— % is required. Observe that this is implied by the assumptions és(h) > ea-t

and mea-1 > 1

5 Jy 1 o 1
R(h) < Rg(h) — e{/Rg(h) <1 —eeat =1—¢aT <1——.
m
The rest of the proof proceeds nearly identically to that of Lemma 9. n

In the statements of all the following results, the term E,2m _p2m [Sg(27™)] can be replaced
by the upper bound Ily,,(H) to derive simpler expressions. By Sauer’s lemma (Sauer, 1972;

Vapnik and Chervonenkis, 1971), the VC-dimension d of the family H can be further used

to bound these quantities since Ily,,(H) < (2””) for d < 2m. The first inequality of
the following theorem was originally stated and proven by Vapnik (1998, 2006b), later by
Anthony and Shawe-Taylor (1993) (in the special case o = 2) with a somewhat more favorable
constant, in both cases modulo the incomplete proof of the symmetrization and the technical
issue related to the denominator taking the value zero, as already pointed out. The second

inequality of the theorem and its proof are novel. Our proofs benefit from the improved
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analysis of Anthony and Shawe-Taylor (1993).

Theorem 11. For any hypothesis set H of functions mapping a set X to {0,1}, and any

firted 1 < a <2 and T > 0, the following two inequalities hold:

2(a—1)

R(h) — Rs(h) (—m o e2>
Pg.pm | su >e|l <4 E[S exp | ———
P Leg RO Batzee | e

(h) — R(h)>6:|<4]ESH( )]exp(#)'

Pg.pm [sup
heH of [ )+ 7

Proof. We first consider the case where mea—1 < 1, which is not covered by Lemma 9. We

can then write

2(a—1)

-m €2 -1
4E[SH(I%m)] exXp {T] > 4E[SH(I§m)] exp [QQT} > 1,

[e3

for 1 < a < 2. Thus, the bounds of the theorem hold trivially in that case. On the other hand,

when mea—1 > 1, we can apply Lemma 9 and Lemma 11. Therefore, to prove theorem 11, it

is sufficient to work with the symmetrized expression sup;,cy e [IZS/( ))Jrgs ((h)) el , rather than
S s/

R(h)—Rs(h)

working directly with our original expressions sup;cy /R and sup,cy M To

R(h)+7'
upper bound the probability that the symmetrized expression is larger than e, we begin by

introducing a vector of Rademacher random variables o = (01, 09, ...,0,,), where the o; are

independent, identically distributed random variables each equally likely to take the value +1
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or —1. Using the shorthand z%™ for (z1,...,z2y,), we can then write

Ps gnpm [SUP f% A0 _Aﬁ o e
hell %[Rs(h) + Rgi(h) + 4]
[ 5 S (hlwms) —h(z) }
heH c\y/Lm[zm (i) + h(2)) + 1]
1 Z:” 1 ai(h(l’mﬂ') (J?z))
= P2mpom o | SUp —2 -
[heH c\v/ﬁ Do (M@pgs) + h(z;)) + 1] }
LS i (M(@ngi) — B(x:))
= E _|P,|sup —2=L
e o2 /() + b)) + 1

- Px%m,\,D%n

> €

xfm] } |

L s (M @mas)—h(z; .
Now, for a fixed 2™, we have E, mlzizl i(h(@m i) hzi) = 0, thus, by Hoeffding’s
/5 Ty (@) +h(:))+1]

inequality, we can write

<

exp (_[Zfﬂﬁ(h(fﬂmﬁ) + () + 1)am ™ 62)
25 S (@) — h(:))?
2(a—1) 9

[ (W) + hl:)) ] am ™ e
< ex +2 .
- ( 2% Z£1<h<xm+i) - h(l’i))2 )

Since the variables h(x;), i € [1,2m], take values in {0,1}, we can write

h(@ppi) + h(25) — 20(@pqi) B ()

=
S
3
+
N
|
=
8
e
Il
(]

i=1 =1
< D W) + bl < [ 3 Womis) + )]
=1 i=1

where the last inequality holds since a < 2 and the sum is either zero or greater than or
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equal to one. In view of this identity, we can write

> €

2(a—1) 9
om < —m o €
X1 S eXp 2@# .

We note now that the supremum over A € H in the left-hand side expression in the statement
of our theorem need not be over all hypothesis in H: without changing its value, we can
replace H with a smaller hypothesis set where only one hypothesis remains for each unique
binary vector (h(xy),h(x3),...,h(x2,)). The number of such hypotheses is Sy (2?™), thus,
by the union bound, the following holds:

2imy Uz(h(ﬂfm+z) h(z:))

_mZ(a 1) 62
sup >e|22™| < Sy(z™)exp <T>

e At 1 A0 :

The result follows by taking expectations with respect to 2™ and applying Lemma 9 and

Lemma 11 respectively. [

Corollary 5. Let 1 < a <2 and let H be a hypothesis set of functions mapping X to {0,1}.

Then, for any & > 0, each of the following two inequalities holds with probability at least 1 —d:

. N logE[S + log 4
R(h) — Rs(h) < 2% {/R( \/Og Hm 1] 83

Proof. The result follows directly from Theorem 11 by setting J to match the upper bounds

at2 log]E SH ] 1 4
R(h) — Rs(h) < 2% {/R(h \/ m o

and taking the limit 7 — 0. O
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For a = 2, the inequalities become

R(h) — Rs(h) < 2\/ R(h) logE[SH(xim)] +log (7.13)
Rs(h) — R(h) < 2\/ R E[SH(xim)] tlog (7.14)

with the familiar dependency O ( %). The advantage of these relative deviations is

clear. For small values of R(h) (or R(h)) these inequalities provide tighter guarantees than

standard generalization bounds. Solving the corresponding second-degree inequalities in

VR(R) or v/ R(h) leads to the following results.

Corollary 6. Let 1 < a <2 and let H be a hypothesis set of functions mapping X to {0,1}.

Then, for any 0 > 0, each of the following two inequalities holds with probability at least 1 —¢:

3 ~ log E[Sy (2™ loo 4 log EIS 1 (2™ loo 4
R(h)SRs(h)+2\/RS(h) g ESu(21™)| +logs  logE[Su(a™)] +log

m m
[2) log B[Sy (2™ loo 4 log EIS 4 (2™ loo 4
Rs(h) SR(h)Jrz\/R(h) og E[ H(x;L )]+ 0g 5 4 og E| H(:U;L )]+ Oga'

Proof. The second-degree inequality corresponding to (7.13) can be written as

2

R(h)” —2y/R(h)u — Rs(h) <0,

m og 4 . . 3 . .
with v = \/ng[sH(x% I log 5 , and implies /R(h) < u+ 1/u? + Rs(h). Squaring both sides

m
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gives:

R(B) < [utyfu2 + Rs()] =2+ 2u\Ju2 + Rs(h) +u® + Rs(h)
<u?+ 2u<m+ \/f:g(h)) +u® + Rg(h)

= 4u? + 2un/ Es(h) + és(h)

The second inequality can be proven in the same way from (7.14). ]

The learning bounds of the corollary make clear the presence of two terms: a term in
O(1/m) and a term in O(1/4/m) which admits as a factor ﬁg(h) or R(h) and which for small
values of these terms can be more favorable than standard bounds. Theorem 11 can also be
used to prove the following relative deviation bounds.

The following theorem and its proof assuming the result of Theorem 11 were given by

Anthony and Bartlett (1999).

Theorem 12. For all0 < e <1, v > 0, the following inequalities hold:

- R(h) —]?Zs(h) ) 22 e —muve?
P [heg R+ R +v ] < AESu (o)) exp (2(1 —62>)

Rs(h) — R(h) o —mye
Pspm LSLEE R(h) 1 O > E} < A4E[Sy(zi™)] exp <—2(1 — 62)).

Proof. We prove the first statement, the proof of the second statement is identical modulo
the permutation of the roles of R(h) and Rg(h). To do so, it suffices to determine ¢’ > 0 such

that

o | sup 20— Bis(h)
neH Y/ R(h)+T

heg R(h) + R(h) + v

since we can then apply theorem 11 with @ = 2 to bound the right-hand side and take the

limit as 7 — 0 to eliminate the 7-dependence. To find such a choice of ¢, we begin by
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observing that for any h € H,

R(h) —Aﬁs(h) <ese R(h) < Lt eﬁs(h) +
R(h) + R(h) +v

V. (7.15)

—1—c€ 1—c¢

R(h)—Rs(h)
R(h)+T1

¢\/R(h) + 7. We will prove that this implies (7.15). To show that, we distinguish two cases,

Assume now that < ¢ for some € > 0, which is equivalent to R(h) < Rg(h) +

R(h) + 7 < p?e? and R(h) + 7 > p?e?, with u > 1. The first case implies the following:

The second case R(h) + 7 > u?e” is equivalent to ¢ < RLhHT

and implies

R(h)+ T ~
€ < Y——~ = R(h) < Rg(h) + ——— .
. (h) < Rs(h) . 1 1

Observe now that since ﬁ > 1, both cases imply

noo5 T 2
< — : :
R(h)_u—lRS(h)+u—1+ME (7.16)

We now choose € and p to make (7.16) match (7.15) by setting -t = 1te and I T e =

1—e

€
1—e

v, which gives:
le—i—e 6,2:262@—27')'
2¢ 1— e

With these choices, the following inequality holds for all h € H:

R(h) — Rs(h) _ ,_ _R(h) — Rs(h)

R(h)+1 R(h) + R(h) + v

<

which concludes the proof. O
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The following corollary was given by Anthony and Bartlett (1999).

Corollary 7. For all e > 0, v > 0, the following inequality holds:

Bsepn | sup R = 1+ 0)Rs(h) > ¢] < 4EBnlet"exp (7505 )

Proof. Observe that

R(h) — Rg(h) 5 ~ e 1+ex v
R(h)+§(h)+u>€@R(h> Rs(h) > (R(h) + R(h) + v)e & R(h) > . i

To derive the statement of the corollary from that of Theorem 12, we identify i—fi with

1 4+ v, which gives €(2 4+ v) = v, that is we choose ¢ = and similarly identify -“~ with

v v
2407 1—e

P
€, that is € = 2*v = v, thus we choose v = %e’. With these choices of ¢ and v, the
2+4v

coefficient in the exponential appearing in the bounds of Theorem 12 can be rewritten as

2

2 ’ ﬁ ! 2 / .
follows: 2(fi62) = 22—2 <42J+312 = %4(&1) = 4(2};1), which concludes the proof. (]
(2+v)

The result of Corollary 7 is remarkable since it shows that a fast convergence rate of
O(1/m) can be achieved provided that we settle for a slightly larger value than the empirical
error, one differing by a fixed factor (1 + v). The following is an immediate corollary when

Rg(h) = 0, where we take v — co.

Corollary 8. For all e > 0, v > 0, the following inequality holds:

Pspn|3h € H: R(h) > e A Rs(h) = 0] < 4E[Sy (a7") exp(_?e).

This is the familiar fast rate convergence result for separable cases.

255



7.4 Generalization bounds for unbounded losses

In this section we will make use of the relative deviation bounds given in the previous
section to prove generalization bounds for unbounded loss functions under the assumption
that the moment of order « of the loss is bounded. We will start with the case 1 < a < 2
and then move on to considering the case when o > 2. As already indicated earlier, the
one-sided version of the results presented in this section were given by Vapnik (1998) with
slightly different constants, but the proofs do not seem to be correct or complete. The second
statements in all these results (other side of the inequality) are new. Our proofs for both sets

of results are new.

7.4.1 Bounded moment with 1 < o <2

Our first theorem reduces the problem of deriving a relative deviation bound for an
unbounded loss function with £, (h) = E,p[L(h, 2)*] < +oo for all h € H, to that of relative
deviation bound for binary classification. To simplify the presentation of the results, in what
follows we will use the shorthand P[L(h, z) > t| instead of P,..p[L(h, z) > t], and similarly

~

P[L(h, z) > t] instead of P__5[L(h, z) > t].

Theorem 13. Let 1 <a<2,0<e<1, and 0 < %5 < ea=1. For any loss function L
(not necessarily bounded) and hypothesis set H such that L,(h) < +oo for all h € H, the

following two inequalities hold:

L(h) — Ls(h)
P[;Sfég /Lalh) + 7
L(Rh) — Ls(h)
P[zzg R OEES

flaqe| <2 sup

with T'(a, €) = O‘T_l(1+7-)é + é(i)a_l(l n (a—_l)aTé>E [1+ 105(1/6) }T



Proof. We prove the first statement. The second statement can be shown in a very similar

way. Fix 1 < a <2 and € > 0 and assume that for any h € H and t > 0, the following holds:

P[L(h, z) > t] — @[L(h, z) > 1]
$/PIL(h,2) >t]+7 s e (7.17)

We show that this implies that for any h € H, L£(n)Ls(h) < I'(ev, €)e. By the properties of the

Y Lalh)+T

Lebesgue integral, we can write

Lo(h) = La(h) = /0 T BLL(h, 2) > 1] di = /0 " B, 2) > 1) dt.

In what follows, we use the notation I, = L,(h)+7. Let ty = 8[0% and t; =t [ﬂ = for s > 0.
To bound L(h) — L(h), we simply bound P[L(h, z) > t] — P[L(h, z) > t] by P[L(h,z) > {] for

large values of ¢, that is ¢ > ¢, and use inequality (7.17) for smaller values of :

L(h) — L(h) = /;OO P[L(h,z) > t] — P[L(h, 2) > t] dt

+o0o
_/ € {/P[L(h, z) > t] +7‘dt+/ P[L(h,2) > t] dt.

t1
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For relatively small values of ¢, P[L(h, z) > t] is close to one. Thus, we can write

-~ to 2 +oo
L(h)—L(h) < / ev1 +Tdt+/ e Y/P[L(h,z) > t] + T dt +/ P[L(h, z) > t]dt

to t1
“+o0o
= Ft)g(t) at,
0
with
, (
a—1 .
NI eYT+7 if0<t<t =T it0<t <t
'Yllaa
1
FO) = nlate (PL(h,2) >+ 7)) ¢ iftg<t<t, 9(t)= s fh<t<h
2\& @
o [at®P[L(h, 2) > t]]7 € if 4y < t. PLG2>0E 1 ey oy
\ ( 2late-ba € ’

where 71,7, are positive parameters that we shall select later. Now, since v > 1, by Holder’s

inequality,

@

£ - £ < | B fio it é Ji gy q

The first integral on the right-hand side can be bounded as follows:

+o0 to =1 t1 +oo
f)>dt = / (1+7) (12" €)™ dt + 73‘6“7‘/ at®Ldt + 48 / at® 'P[L(h, z) > t]e* dt
0

0 to to

a—1
< (L 7)7 o toe™ + 25 7(t — 65) + 15 e La
< (WA +7)s+ 751+ s"(1/)xT7))e

< (1 +7)s +75(1 + 5%7%))e L.
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Since t1/ty = (1/ e)ﬁ, the second one can be computed and bounded following

+oo o o qt t 1 dt T P[L(h,z) >t
/ g(t)aldtZ/ a—1+/ a—17+/ [L( 1Z> a]dt
0 0 ,yla—l ]o(zl to 720(—1 — ; a_1 L o

ra—1 1 Yo a—lga—1t¢
1 1 Feo to‘_lP L(h,
R — 1 log—+/ ot PIL(2) > 1,
o pass e o g
1 1 to‘ 1IP’L
W a—Damt € Ju g 1(@6)& Tty
S 1 a
f; o ﬁ_ [ 1 log'_ %_ a

Combining the bounds obtained for these integrals yields directly

L(h) = L(h)

Q=

S 1 1 1 1 =
(7?(1 + 7-)5 + 73(1 + SaTé))eaIa] _a_ + o 1 log -+ .
’}/1‘171 72(},1 (a — 1)@&—1 € oae-1g8

L 1 1 1 1 -,
=(7?(1+T)s+7§(1+sam))a[ s, a<( per TR )] i

a—1 a—1

T Yo

1
Observe that the expression on the right-hand side can be rewritten as |[ul|o[|v|| = els where

the vectors u and v are defined by u = (y;(1 + T)asa,y(l 4 s%7a)a) and v = (v1,09) =

a—1 %1
(SW‘I L [( L - log + } ) The inner product u - v does not depend on v,
a—1

Jas a~Tse

and 7, and by the propertles of Holder’s inequality can be reached when u and the vector
1 1

v/ = (v{7',vs7") are collinear. 7, and v, can be chosen so that det(u,v’) = 0, since this

condition can be rewritten as

1 1 1 1 1 é 1 1.1
st (14 r)e 1L [( —log— +——| " —st(l4s0rE) L =0, (T18)
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or equivalently,

ot 1 1 1 1%
(ﬂ> [—llog—+ = —(1+3a7'é)é =0.
V2 (

Thus, for such values of v and ~», the following inequality holds:

L) — B(h) < (u-v) el = f(s)eli,

with
o 11 1 1 I
f(s) = (L +m)Fs + (1+s°7%)7 | —log - + —=—|
(Oé — 1)0[ﬁ € (ya—1g8%
L (14 s27e)a 1 17t
-G it
(1+7)os+ - a- 1D g+

Setting s = O‘T_l yields the statement of the theorem.

(7.19)

O

The next corollary follows immediately by upper bounding the right-hand side of the

learning bounds of theorem 13 using theorem 11. It provides learning bounds for unbounded

loss functions in terms of the growth functions in the case 1 < a < 2.

Corollary 9. Lete < 1,1 < a <2, and 0 < 79 < ea=1. For any loss function L (not

necessarily bounded) and hypothesis set H such that L,(h) < 400 for all h € H, the following

inequalities hold:

L(h) — L(h)
P|up P

e £(h) — £()

B 2((1&71) 2
> Do de] < 4BSo(:] e (T2 )

@

sup

Wl M La(h)+T

o 2(aa—1) 2
>Hmo{s4EBdﬁ%ww<4%ari)

where Q is the set of functions @ = {z = lynsse | b € H,t € R}, and I'(o,e) =
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a—1
L4 7)7 +2(52)" (1 + (252) re)e [1 + %] s
a—1

The following corollary gives the explicit result for a = 2.

Corollary 10. Let e < 1 and 0 < 7 < €*. For any loss function L (not necessarily bounded)

and hypothesis set H such that Lo(h) < 400 for all h € H, the following inequalities hold:

2

L(h) — L(h) F(2,€)€:| < 4 E[Sq(27™)] exp (_Te )

[sup —_—
heH \/Lo(h) + T

P[:g}g% > 1(2.0)e| < 4ol e (5 ),

with I'(2,€) = (Vl;ﬁ + \/1 + %\/?\/1 + %log %) and Q the set of functions @ = {z —

]-L(h,z)>t | h e Hut S R}

Corollary 11. Let L be a loss function (not necessarily bounded) and H a hypothesis set
such that Lo(h) < +oo for all h € H. Then, for any 6 > 0, with probability at least 1 — 9,

each of the following inequalities holds for all h € H:

o) SEs(h)+2m\/210gE[SQ(jm)]+10g%FO(Q,Q\/QlogE[SQ(z%m)]+1og%)

Falh) < £() 42 /—22(h)\/2logE[§Q(jm)]+log%ro<2,2\/210gE[SQ(jm)]—i—log%),

where Q is the set of functions Q@ = {z — lpg.> | b € H,t € R} and I'y(2,¢) =

% + 1+ %log %
Proof. For any € > 0, let f(e) = I'¢(2, €)e. Then, by Corollary 10,

sup % > €| <4 E[Sq(27™)] exp (

—m[f;(E)]Q)_
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Setting the right-hand side to € and using inversion yields immediately the first inequality.

The second inequality is proven in the same way. O

Observe that, modulo the factors in I'y, the bounds of the corollary admit the standard

(1/4/m) dependency and that the factors in I'y are only logarithmic in m.

7.4.2 Bounded moment with a > 2

This section gives two-sided generalization bounds for unbounded losses with finite
moments of order «, with a > 2. As for the case 1 < a < 2, the one-sided version of our
bounds coincides with that of Vapnik (1998, 2006b) modulo a constant factor, but, here

again, the proofs given by Vapnik in both books seem to be incorrect.

Proposition 1. Let a > 2. For any loss function L (not necessarily bounded) and hypothesis

set H such that 0 < L,(h) < +o00 for all h € H, the following two inequalities hold:

/ o VP[L(h, 2) > t]dt < U(a)$/La(h) and / o \/PIL(h, 2) > t]dt < U(a)y/La(h),

where V(o) = (%)%(L)T

Proof. We prove the first inequality. The second can be proven in a very similar way. Fix
a>2and h € H. As in the proof of Theorem 13, we bound P[L(h, z) > t] by 1 for ¢ close to

0, say t <ty for some ty > 0 that we shall later determine. We can write

+o0

L S fdi < / v [ EER D S ddi= [ g,

t
0 0 to 0
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with functions f and ¢ defined as follows:

w;%l if0<t<t, 1L ifo<t <t
f(t) = g(t)

a2t T P[L(h, 2) > ]2 ifty < t.

a—1 if to < t7

where I, = L,(h) and where v is a positive parameter that we shall select later. By the
Cauchy-Schwarz inequality,

/O+OO VIR = s ( 0+°° f(t)th); </O+Oo g(t)th>§ .

Thus, we can write

/m JPL(h,2) > fdt

[NIES

o—1 a—1
,YQIaoz at

1

a=1 3 t 1 ’

< (72[aa t0+Ia)2 04 —
)to

72[:% ala—2

a1 oo : to e
< (72.7,1“ t0+/ at® 'P[L(h, z) > t]dt) o +/ at
to to

Introducing t; with tqg = ]ol/atl leads to

[N

2+
0

o2 )
VI ala— 2,

m VP[L(h, z) > t]dt < (v Iat: + Ia)% ( h ! )

1

tl 1 2 1
— ) 5.
(72 (o — 2)t‘1’“2)

) 1
We now seek to minimize the expression (7%t + 1)2 <% + W) *, first as a function of
- 1

1
7. This expression can be viewed as the product of the norms of the vectors u = (77, 1) and

o=

< (v +1)

1
t2 1

L ——— ), with a constant inner product (not depending on 7). Thus, by the
K voa(a—2)t, 2
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properties of the Cauchy-Schwarz inequality, it is minimized for collinear vectors and in that

case equals their inner product:

u-v==t+ o)
ala —2)t,?

Differentiating this last expression with respect to ¢; and setting the result to zero gives the
2

minimizing value of ¢1: (25+/a(a — 2)) "o = (%\ / a7_2> *. For that value of t,,

% 2 1—a
2 o 1 Jaa—2 I\ fax—2)\ =
u-v= |1+ t, = — = | = ,
o —2 a—2\2 Qo 2 o

which concludes the proof. O

Theorem 14. Let a > 2,0 < e <1, and 0 < 7 < €2. Then, for any loss function L (not
necessarily bounded) and hypothesis set H such that Lo(h) < +00 and Ly (h) < +oo for all

h € H, the following two inequalities hold:

L(h) — L(h) e p PIL(h2) > 1] - P[L(h, z) > {] .
Phlelg Y Lo(h)+T > Al 1 = P{heH,PeR VPIL(h,z) >t + 7 g }
L(h) — L(h) P[L(h,z) > 1] — IP’[L(h, 2) > ]
Pl sup ——= > A(a)e| <P| su > €,
Leg \a/ﬁ (h)+ 1 ] [ i

heH teR \/]P) h Z

where A(a) = (l)% (L)D(Ti1 e

2 a—2

Proof. We prove the first statement since the second one can be proven in a very similar

PIL(h2) > FL(h2)>] +oo VPILh ) > 1
way. Assume that supy, ; NS e. Fix he H, let J = P[L(h,z) > t]dt

and v = L,(h). By Markov’s inequality, for any ¢ > 0, P[L(h, z) > t| = P[L*(h,z) > t*] <
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7+ Using this inequality, for any ¢y > 0, we can write

o~ +OO ~
Lmyﬁmnzl (PIL(h, 2) > 1] — B[L(h, 2) > ]) dt

:/ﬂmum@>ﬂ—@mmﬁpwnﬁ+/wﬁmuma>ﬂ—®um@>ﬂmt

to

< €/t0 VPIL(h, z) > t] +Tdt—|—/+oo]P’[L(h,z) > t]dt

to

to 400 v
ge/ (\/P[L(h,z)>t]+ﬁ)dt+/ o dt
0 to
1%
<eJ to + ——mm———.
<eJ+ ety + (Oé—l)tgil

Q=

Choosing ty to minimize the right-hand side yields ¢, = (E\Lﬁ) and gives

L(h) — L(h) < eJ + afé@¢a%%
a R

Since 7 < €2, (ey/7)"s = [67_2((1171)72(0;:21)]&7_1 < [eeﬁrﬂ?ﬂ]%l — er% . Thus, by
Proposition 1, the following holds:

L(h) — L(h z wo Ve .

£(h) — L{h) < e¥(a) v -+ @ - < e¥(a) + erm

VLo(h)+T (v+7)a a—1 (v+71) a—1
which concludes the proof. O]

Combining Theorem 14 with Theorem 11 leads immediately to the following two results.

Corollary 12. Leta>2,0<e¢ <1, and 0 < 7 < €. Then, for any loss function L (not

necessarily bounded) and hypothesis set H such that L,(h) < 400 and Ea(h) < 400 for all
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h € H, the following two inequalities hold:

L(h) — L(h)
P{igﬁm g
P{ L(h) —L(h) _

AW)E} < 4 E[Sq(z7™)] exp (—m?)

sup

4
el 3 Eah) A(ak} < 4 E[Sq(s™)] exp (_T)

a—1

where Aa) = (3)°(5%) @ + ﬁTaT;Q and where Q) is the set of functions Q = {z —
1L(h,z)>t | he Hte R}

In the following result, Pdim(G) denotes the pseudo-dimension of a family of real-valued
functions G' (Pollard, 1984, 1989; Vapnik, 1998), which coincides with the VC-dimension of

the corresponding thresholded functions:

Pdim(Q) = VCdim({(x,t) — Lig(e)-t)o0: g € G}) . (7.20)

Corollary 13. Let a« > 2, 0 < e < 1. Let L be a loss function (not necessarily bounded)
and H a hypothesis set such that L,(h) < +oo for all h € H, and d = Pdim({z — L(h, 2) |

h € H}) < +o00. Then, for any § > 0, with probability at least 1 — 0, each of the following
inequalities holds for all h € H:

L(h) < L(h) + 2A(«) m\/dlog 2em 4 Jog 4

d
m

= o/ dlog 24" + log 3
<
£(h) < L£(h) + 2A(a) \/La(h)\/ —

Qv
—~
Q

| |R
no
~—

d

where A(o) = (3)
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7.5 Conclusion

We presented a series of results for relative deviation bounds used to prove generalization
bounds for unbounded loss functions. These learning bounds can be used in a variety of
applications to deal with the more general unbounded case. The relative deviation bounds
are of independent interest and can be further used for a sharper analysis of guarantees in

binary classification and other tasks.

7.6 Lemmas in support of Section 7.3

Lemma 12. Let 1 < a <2 and for anyn > 0, let f: (0,4+00) x (0, +00) — R be the function

defined by f: (x,y) — %% Then, f is a strictly increasing function of x and a strictly

decreasing function of y.

Proof. f is differentiable over its domain of definition and for all (x,y) € (0,400) x (0, +00),

Of () = (¢ +y+n)e —Eaty+tn)at  Clot oty 4y

Oz (x+y+n)a (w4 y+n)tts

Of () = —tytn)e - ety tn)et ety
gy (x+y+n)s (x+y+mn)'*s
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Chapter 8

Tight lower bound on the probability
of a binomial exceeding its

expectation

As discussed in Chapter 7, proofs, which apply relative deviation bounds to demonstrate
the generalization ability of learning algorithms with unbounded loss functions, make use of a
certain fact about binomial distributions, about the probability of a binomial random variable
exceeding its expected value. Though it has been stated many times in the machine learning
literature, oddly we were unable to find a sufficiently general proof of this fact in existing
papers. Therefore in this chapter we provide such a proof. It is perhaps surprisingly complex
given the simple nature of its conclusion and the basic nature of its subject. The discrete and
(for some parameter values) highly asymmetric nature of the binomial distribution creates

considerable complications.
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8.1 Motivation

This chapter presents a tight lower bound on the probability that a binomial random
variable exceeds its expected value. If the binomial distribution were symmetric around its
mean, such a bound would be trivially equal to 1/2. And indeed, when the number of trials
m for a binomial distribution is large, and the probability p of success on each trial is not
too close to 0 or to 1, the binomial distribution is approximately symmetric. With p is fixed,
and m sufficiently large, the de Moivre-Laplace theorem tells us that we can approximate
the binomial distribution with a normal distribution. But, when p is close to 0 or 1, or the
number of trials m is small, substantial asymmetry around the mean can arise, as illustrated
by Figure 8.1, which shows the binomial distribution for different values of m and p.

The lower bound we prove has been invoked several times in the machine learning literature,
starting with work on relative deviation bounds by Vapnik (1998), where it is stated without
proof. Relative deviation bounds are useful bounds in learning theory that provide more
insight than the standard generalization bounds because the approximation error is scaled by
the square root of the true error. In particular, they lead to sharper bounds for empirical
risk minimization, and play a critical role in the analysis of the generalization bounds for
unbounded loss functions (Cortes et al., 2010b).

This binomial inequality is mentioned and used again without proof or reference in
Anthony and Shawe-Taylor (1993), where the authors improve the original work of Vapnik
(1998) on relative deviation bounds by a constant factor. The same claim later appears in
Vapnik (2006a) and implicitly in other publications referring to the relative deviations bounds
of Vapnik (1998).

To the best of our knowledge, there is no publication giving an actual proof of this
inequality in the machine learning literature. Our search efforts for a proof in the statistics

literature were also unsuccessful. Instead, some references suggest in fact that such a proof is
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Probability of Successes

m=100, p=0.45 m=40, p=0.03 m=6, p=0.6

.
.
k t k ¢ k

20 40 60 80 100 10 20 30 40 1 2 3 4 5 6

Figure 8.1: Plots of the probability of getting different numbers of successes k, for the
binomial distribution B(m, p), shown for three different values of m, the number of trials,
and p, the probability of a success on each trial. Note that in the second and third image,
the distribution is clearly not symmetrical around its mean.
indeed not available. In particular, we found one attempt to prove this result in the context
of the analysis of some generalization bounds (Jaeger, 2005), but the proof is not sufficient to
show the general case needed for the proof of Vapnik (1998), and only pertains to cases where
the number of Bernoulli trials is ‘large enough’. A concise proof of this inequality for the
special case where p < % (Rigollet and Tong, 2011) was also recently brought to our attention.
However that proof technique does not seem to readily extend to the general case. We also
derived an alternative straightforward proof for the same special case using Slud’s inequality
following a suggestion of Luc Devroye (private communication). However, the proof of the
general case turned out to be more challenging. Our proof therefore seems to be the first
rigorous justification of this inequality, which is needed, among other things, for the analysis
of relative deviation bounds in machine learning.

In Section 8.2, we start with some preliminaries and then give the presentation of our

main result. In Section 8.3, we give a detailed proof of the inequality.

8.2 Main Result

The following is the standard definition of a binomial distribution.

Definition 1. A random variable X is said to be distributed according to the binomial
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distribution with parameters m (the number of trials) and p (the probability of success on

each trial), if for k =0, 1,...,m we have

Pl = = (1 ) (5.1)

The binomial distribution with parameters m and p is denoted by B(m,p). It has mean mp

and variance mp(1 — p).
The following theorem is the main result of this chapter.

Theorem 15. For any positive integer m and any probability p such that p > %, let X be a

random variable distributed according to B(m,p). Then, the following inequality holds:

P[X >E[X]] > (8.2)

1
47
where E[X] = mp is the expected value of X.

The lower bound is never reached but is approached asymptotically when m = 2 as p — %

1

5 is excluded from consideration, due to

from the right. Note that when m = 2, the case p =
our assumption p > % In words, the theorem says that a coin that is flipped a fixed number
of times always has a probability of more than 1/4 of getting at least as many heads as the
expected value of the number of heads, as long as the coin’s chance of getting a head on each

flip is not so low that the expected value is less than or equal to 1. The inequality is tight, as

illustrated by Fig. 8.2.

8.3 Proof

Our proof is based on the following series of lemmas and corollaries and makes use of

Camp-Paulson’s normal approximation to the binomial cumulative distribution function
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Figure 8.2: This plot depicts P[X > E[X]], the probability that a binomially distributed
random variable X exceeds its expectation, as a function of the trial success probability p.
Each colored line corresponds to a different number of trials, m = 2, 3,...,8. Each colored
line is dotted in the region where p < %, and solid in the region that our proof pertains
to, where p > % The dashed horizontal line at i represents the value of the lower bound.
Our theorem is equivalent to saying that for all positive integers m (not just the values of
m shown in the plot), the solid portions of the colored lines never cross below the dashed
horizontal line. As can be seen from the figure, the lower bound is nearly met for many of
values of m.

(Johnson et al., 1995, 2005; Lesch and Jeske, 2009). We start with a lower bound that reduces

the problem to a simpler one.

Lemma 13. For allk=1,2,...,m —1 and p € (£ %], the following inequality holds:

m?

Pxpmp X = EIX]] > Py_pon )X =k + 1.

m

Proof. Let X be a random variable distributed according to B(m,p) and let F'(m,p) denote

P[X > E[X]]. Since E[X]| = mp, F(m,p) can be written as the following sum:

F(m,p) = Zm: (T;L)pj(l—p)mj.

Jj=[mp]
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We will consider the smallest value that F(m,p) can take for p € (%, 1] and m a positive
integer. Observe that if we restrict p to be in the half open interval I, = (%, %], which
represents a region between the discontinuities of F'(m, p) which result from [mp], then we

have mp € (k — 1, k| and so [mp| = k. Thus, we can write

Vpely, VE=0,1,...,m—1 F(m,p)zz <7;L>p7(1—p)m_j.

=k

The function p — F(m,p) is differentiable for all p € I}, and its differential is

OF (m,p " /m il A1y
OF(m.p) _ 5= (M (1 pymei=tyi=t(j — mp).
Ip — \J
i=k
Furthermore, for p € I, we have k > mp, therefore j > mp (since in our sum j > k), and

%Z“p) > 0. The inequality is in fact strict when p # 0 and p # 1 since the sum must

SO
have at least two terms and at least one of these terms must be positive. Thus, the function
p+— F(m,p) is strictly increasing within each Ij. In view of that, the value of F(m,p) for

p € Ij41 is lower bounded by limp_> (£)* F(m,p), which is given by

3=

11151?)+ F(m,p) = f: (T) (%)J (1 - %)M =Py, ) [X >k + 1],

= j=k+1

Therefore, for k =1,2,...,m — 1, whenever p € (£, £1] we have
F(m,p) > Py _pm )X > k+1]. O
Corollary 14. For allp € (%, 1), the following inequality holds:

IPXNB(mvp) [X Z E[X]] 2 I max ]P)XNB(m,ﬁ)[X S k]
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Proof. By Lemma 13, the following inequality holds

Px~pmp X = E[X]] > ke{fﬁﬁ_l} IP)XNB(m,%)[X > k+1].

The right-hand side is equivalent to

e L= Prpn iy X Sk =1-  max Py g, )X <K
which concludes the proof. ]

In view of Corollary 14, in order to prove our main result, it suffices that we upper bound

Py, k) [X < K] = Zk: (r]n) (%)J (1 B %) m—j

=0

the expression

by % for all integers m > 2 and 1 < k < m — 1. Note that the case m =1 is irrelevant since
the inequality p > % assumed for our main result cannot hold in that case, due to p being a
probability. The case k = 0 can also be ignored since it corresponds to p < % Finally, the
case k = m is irrelevant, since it corresponds to p > 1. We note, furthermore, that when

= 1 that immediately gives Px pmpn[X > E[X]] =1 >

=

Now, we introduce some lemmas which will be used to prove our main result.

Lemma 14. The following inequality holds for all k =1,2,...,m — 1:

Bl + 5 7m.k 0.007
P X <kl <@ S ,
Al L I/ et IV

2
where ®: x — ffoo \/%ers 15 the cumulative distribution function for the standard normal
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Upper Bound on Binomial Probability

probability

075le

Figure 8.3: For m=2, 22, ..., 72 and 1 < k < m — 1, this plot depicts the values of
Py pim, £ )[X < k] as colored dots (with one color per choice of m), against the values of the

bound from Lemma 14, which are shown as short horizontal lines of matching color. The

upper bound that we need to demonstrate, %, is shown as a blue horizontal line.

distribution and By, Ymk, and 0 are defined as follows:

1 1\ 1 17
P 1 — 'm = — 9: - 21/3% 1 .
O 1+k:< +k:>’ L A T O-rrsT

Proof. Our proof makes use of Camp-Paulson’s normal approximation to the binomial
cumulative distribution function (Johnson et al., 1995, 2005; Lesch and Jeske, 2009), which
helps us reformulate the bound sought in terms of the normal distribution. The Camp-
Paulson approximation improves on the classical normal approximation by using a non-linear
transformation. This is useful for modeling the asymmetry that can occur in the binomial

distribution. The Camp-Paulson bound can be stated as follows (Johnson et al., 1995, 2005):

) c— 0.007
Px~Bmp X < j] — (I)[ M] ’ <

o d 7 /mp(l—p)
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where

C:(l_b)’]"l/37 M:l_a’ U:\/m7

01 Geni-p)
9m — 95’ 974+ 9 mp—7jp

Plugging in the definitions for all of these variables yields

+
Ol
-
I
—_

(1 _ ;;) <1<j+1><1fp>>1/3
(I){c—,u}_q) 9j+1) \p~ m—j

Applying this bound to the case of interest for us where p = % and j = k, yields

c—p ak"‘%'ym,k

o VB + ’Ym,k7

with o = (1+ %)1/3 (3—31) — 3, and with 3, = ﬁ(l + £)?/3. Thus, we can write

+ 2 m 0.007
Pty [X < K] < @ | il | . (8.3)
" VB + Yk k(1 k)

To simplify this expression, we will first upper bound «y, in terms of 8. To do so, we consider

the ratio

ar I+ PG —375) =3 3[(1+HY 1] 1

1
B 4+ ) o+ 31+

Let A = (14 4)'/*, which we can rearrange to write 17 = AL with A € (1,23, Then, the
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ratio can be rewritten as follows:

ap  3N[(A-1 1 31
Be  (M—=1)A2 3X 1+A+A2 3\

The expression is differentiable and its differential is given by

dopg  3(1+X+X)=3X2x+1) 1

DB LA+ A2 T3
(1= 1 =8 =1 =30\ = 1)* =30(A = 1)* +9
T A2 3 3A2 (1 4+ A+ A2)? '

For A € (1, 2%], A—1<25 —1<0.26, thus, the following inequality holds:
8(A— 1)* +30(A — 1) +30(A — 1)2 < 8(25 — 1)* +30(25 — 1)> +30(27 — 1)> ~ 2.59 < 0.

Thus, the derivative is positive, so % is an increasing function of A on the interval (1, 2%]

and its maximum is reached for A = 25. For that choice of A, the ratio can be written
323 1 17

- = —1 —325=0~0.717874,
14+25+25 323 323

which upper bounds % Since ®[x] is a strictly increasing function, using

ap < 00y, yields

+ 57m 0 + 39m
d Ok T 3Tmk M (8.4)
\Y 6/6 + Ym,k vV 5k + Ym,k
We now bound the term %. The quadratic function k — k(1 — £) for k =
1,2,...,m — 1, achieves its minimum at k& = 1, giving k(1 — %) > (1 — ). Thus, in view of
(8.3) and (8.4), we can write
k 0+ 37m 0.007
P{B(m,—)ﬁk]ﬁ@ B & 5y .
m V ﬁk + Y,k 1— 1
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This concludes the proof. O]

As illustrated by Fig. 8.3, the upper bound provided by Lemma 14 closely approximates

the true value.

Lemma 15. Let B, = 1+k (1 + ) 23 and Y| = ﬁ form >1 and

k=1,2,...,m — 1. Then, the following inequality holds for § = 3127%

ﬁk+7m,k

VB +1

Proof. Since for k =1,2,...,m — 1, we have ﬁ < Yk < 1, the following inequality holds:

Bl + 37m i < B + 57

——— = < max ———.
Bk + Ymp €0 vV Bk 4+

1
Since (), = 1—+k: (1 + %)2/ s 0, the function ¢: v — Bk;% is continuously differentiable for
v € [0,1]. Its derivative is given by ¢'(y) = %—27)3/62. Since

2 —30 ~ —0.1536 < 0, ¢'(~y) is non-negative if and only if v > 5,(30 — 2). Thus, ¢(v) is
decreasing for v < (;(30 — 2) and increasing for values of v larger than that threshold. That
implies that the shape of the graph of ¢() is such that the function’s value is maximized at
the end points. So max,ej1]¢(y) = max(¢(0), ¢(1)) = max(y/Bx0, Bk9+3) The inequality
VB < ’Bk +3 holds if and only if B (B + 1) < (B + ) , that is if 5, <

T~ 3.022.

But since Bk is a decreasing function of k, it has 5, &~ 0.7937 as its upper bound, and so

this necessary requirement always holds. That means that the maximum value of ¢(~) for

€ [0,1] occurs at v = 1, yielding the upper bound \B/kﬁ%, which concludes the proof. [

Corollary 15. The following inequality holds for allm > 2 and k > 2:

Py, 1) [ X < K] < 07152,
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Proof. By Lemmas 14-15, we can write

Brf + % 0.007

1
m

1

TTE (1 + %)2/ *isa decreasing function of k. Therefore, for k£ > 2, it must

Furthermore 3, =

always be within the range 8, € [limy o0 Br, 2] = [0, 5375575) ~ [0,0.43679], which implies

Bib + 5 Bib + 3 50+ 5
——— < max ————= < max .
VB +1 7 k=2 /B +1 7 pe0,62] /B +1

1
The derivative of the differentiable function g: g +— f}/% is given by ¢'(5) = %. We

have that 3(f+2)0 —1>60 —1>6x.717—1 > 0, thus ¢’(5) > 0. Hence, the maximum of

g(B) occurs at (35, where g(/33) is slightly smaller than 0.53968. Thus, we can write

0+ 3 0+ 3
® {M} <P { max 2 3] < [0.53968] < 0.7053.
VB +1 Bel0.B] /B + 1

0.007
yielding \%0—_0_1 < 0.0099. Hence, the following holds:

Now, m +— is a decreasing of function of m, thus, for m > 2 it is maximized at m = 2,

0+ 2 0.007
) [ﬂk 3}<+ < 0.7053 + 0.0099 = 0.7152,

VB +1 1— 1L
as required. O

The case k = 1 is addressed by the following lemma.

Lemma 16. Let X be a random wvariable distributed according to B(m, %) Then, the

following equality holds for any m > 2:



Proof. For m > 2, define the function p by
1 j m—j m m—1
1Y’ 1 / 1 1
w1 (2 (062 (-8)
o \J m m m m

The value of the function for m = 2 is given by p(2) = (1 — %)2 + (1 — %)271 = %. Thus, to
prove the result, it suffices to show that p is non-increasing for m > 2. The derivative of p is

given for all m > 2 by

Jm) = (m—1)™ I (2 +(2m — 1)log [1 - %D |

Thus, for m > 2, p/(m) < 0 if and only if 2 + (2m — 1) log [1 — %] < 0. Now, for m > 2,

using the first three terms of the expansion — log [1 - %} =3 o, %#, we can write

1 1 1 1 1 1
—-2m—-1Dlog|l——|>2m-1)|—+—+-—|=2+—7F—— >2
(2m )og{ m}_(m )(m+2m2+3m3> o T 3

where the last inequality follows from 15 — ﬁ > 0 for m > 2. This shows that p'(m) <0

6m?2

for all m > 2 and concludes the proof. O

We now complete the proof of our main result, by combining the previous lemmas and

corollaries.

of Theorem 15. By Corollary 14, we can write

Px~pmpX = E[X]]

>1— max PXNB(m,i)[X < k]

1
>1- max{z,0.7152} =1- Z —
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where the last inequality holds by Corollary 15 and Lemma 16. [

Corollary 16. For any positive integer m and any probability p such that
p<l1-— %, let X be a random variable distributed according to B(m,p). Then, the following
inequality holds:

P[X <E[X]] > (8.5)

1
47
where E[X] = mp is the expected value of X.

Proof. Let G(m,p) be defined as
[mp) m\ '
G(m,p) =P[X <E[X]] = Z ( .>p7(1 — p)m
and let F'(m,p) be defined as before as
F(m,p) =P[X >E[X]] = Z (m>p1(1 —p)™ .

Then, we can write, for ¢ =1 — p,

I
NE
A~
~+ 3
~
—
-

;
<

with the inequality at the end being an application of Theorem 15, which holds so long as
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q> %, or equivalently, so long as p <1 — +. O]

m

8.4 Conclusion

We presented a rigorous justification of an inequality needed for the proof of relative
deviations bounds in machine learning theory. A number of first attempts to find such a
proof in the literature, or to prove this result ourselves, indicated that the inequality is not
straightforward. Nevertheless, a simpler proof of this inequality is likely possible, and we

may present such a simpler result in the future.
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Chapter 9

Dependent Rademacher Complexity

and Hypothesis Set Stability

In Chapter 7 we explored one limitation of classical machine learning generalization
inequalities, namely their dependence on the boundedness of the loss function. Here, we
explore another limitation, which is that they generally require us to either view our machine
learning algorithm as selecting its hypothesis from a fixed data independent hypothesis set,
or to view the algorithm as considering only a single data dependent hypothesis. The former
constraint characterizes Rademacher Complexity bounds, and the latter, Uniform Stability

bounds.

In this chapter we construct a generalization inequality which allows for situations where
the hypothesis set considered by our algorithm is data dependent. This case is actually
surprisingly common, given that many algorithms set a free parameter by using k-fold cross-
validation, which effectively makes the hypothesis set under consideration depend on the
data. This work also applies to Chapter 2, which discusses Weight Functions that reduce the

influence of some data points, Chapter 3, which applies Weight Functions in the context of
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Ridge Regression, and Chapter 5, which is about unusual choices of regularization. In the
first two cases we need our weighting for each data point to be data dependent, and in the
latter case, we may want our generalized choice of regularization to be based on the data, so
these are all potential applications of the theory of data dependent hypothesis sets. As we
will see however, the bound we introduce in this chapter is much more general than these
examples, as it encompasses both Rademacher Complexity and Uniform Stability as special

cases.

9.1 Introduction

In machine learning theory, Rademacher Complexity (Bartlett and Mendelson, 2003;
Koltchinskii and Panchenko, 2000b) is a powerful tool for measuring the potential that an
algorithm has to overfit the training data. It is calculated from the set H of hypothesis
functions from which an algorithm selects its hypothesis. In this chapter, we introduce
D-Rademacher Complexity, a generalization of the usual Rademacher Complexity. It allows
us to measure the complexity of a set of hypothesis functions, even when that set of hypothesis
functions is dependent on the training sample, S (hence the “D” stands for “Dependent”).
Formally, D-Rademacher Complexity is not defined on sets of functions, H, as in the usual
case, but rather, on functions Hg that map the sample S into a set of functions. It is a strict
generalization of the ordinary notion of Rademacher Complexity, which becomes apparent
when we use Hg = H, in other words, when the function that maps the sample into a set of

hypothesis functions does not actually depend on the sample.

Uniform Stability is another powerful tool for analyzing a learning algorithm’s potential
to overfit. Its view of machine learning algorithms is as maps from a training set S into

a hypothesis function hg (Bousquet and Elisseeff, 2002). In this chapter, we introduce

284



Hypothesis Set Stability, a generalization of the usual notion of Uniform Stability. It allows
us to think of a learning algorithm as mapping the sample, S, into a set of hypotheses, Hg,

rather than into a single hypothesis, hg.

By generalizing Rademacher Complexity to allow for the possibility of the hypothesis set
being data dependent!, and by generalizing the Uniform Stability to allow for the possibility
of having sets of hypotheses rather than just a single hypothesis, we show that these two
popular theories can be fused into a single, overarching theory. We then apply this new
theory to derive a generalization bound for data-dependent hypothesis sets, which relates a
learning algorithm’s training set error to its average error on new, unseen data. By allowing
for hypothesis sets that have one element or many, that are data independent or highly data
dependent, this bound encompasses both the standard Rademacher Complexity generalization

bound and the standard Uniform Stability bound as special cases.

In practice, data dependent hypothesis sets are common. They occur, for instance, when
a learning algorithm has a free parameter that is set using the training data, such as via
k-fold cross-validation. Furthermore, just as Rademacher Complexity and Uniform Stability
can both be used to analyze the same algorithm, this more general theory can be used to
analyze one algorithm from multiple perspectives. The bounds introduced here could very

likely be improved and tightened in future work, but this chapter provides a starting point

'We note that sometimes Rademacher Complexity is already viewed as a “data dependent” measure of
complexity, because the Empirical Rademacher Complexity depends on the sample. But that is not the
same type of data dependence that we are talking about here, as we are referring to the hypothesis set
itself being data dependent. What’s more, one may be tempted to simply fix the sample S in advance
to form a static hypothesis set, and then apply the usual Empirical Rademacher Complexity bound. But
because generalization bounds are probabilistic bounds with respect to a random draw of the sample S, it
is unclear what the probability is being taken over if the sample is fixed. Finally, it is worth noting that
the standard proof of the Rademacher Complexity bound fails in the data dependent hypothesis set case
at the moment one attempts to introduce Rademacher random variables, and the standard proof of the
Empirical Rademacher Complexity bound therefore also fails, since it is usually derived from the standard
(non-empirical) Rademacher Complexity bound.
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for a unified theory of Rademacher Complexity and Uniform Stability.

Note that, technically speaking, a data dependent hypothesis set Hg is a function that
maps any set S € X into a set of functions containing (at minimum) all of the hypothesis
functions our machine learning algorithm could select when trained on the sample S. However,
when it is clear from context, we will often use Hg to mean the set of hypothesis functions
that results from applying this function to the sample S, just as f(x) is often used to refer to
both the function f and its output when the value z is used as an input. It is also important
to observe that a data dependent hypothesis set, Hg, does not actually correspond to a
specific algorithm, but rather, to a set of algorithms. In particular, it refers to the set of all
algorithms that, when trained on sample S, always output a single hypothesis function that

is contained in the set Hg.

9.1.1 Example Hypothesis Set

To make the notion of a data dependent hypothesis set concrete, we now give an example.
Throughout this chapter, we will assume that each point in our training sample, S, is drawn
independently from the same fixed distribution D, and is limited to some domain X. We write
S = {s1,82,...,5m}, and we think of each s; as having two parts. We write s; = (X, y;),
with X? being one training point in a matrix X of such points, and y; being the corresponding
training label from a column vector of training labels y. We also need to select an associated
loss function L for our learning problem, which measures the error that is realized when

predicting point s using hypothesis h € Hg, written L(h, s).
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As an example, consider a data dependent hypothesis set Hg that consists of all func-
tions that are non-negative linear combinations of exactly m multi-variate gaussians, all
sharing a positive definite covariance matrix >, where one gaussian is centered at each of the
points X*, and where each gaussian is multiplied by its corresponding training label. That

means that, for positive numbers ¢;, each hypothesis A in our hypothesis set takes the form:

h(z) = Z Ci Yi g2 (= XTI =X

i=1

and our entire data dependent hypothesis set is

Then, to measure error, suppose we have the squared loss function, L(h, s;) = (h(X?) — y;)%
Note that the hypothesis set depends directly on the sample points s; = (X*, y;), and so
is indeed data dependent. Note also that for each training sample, S, the definition above
describes a set of hypotheses, not just a single hypothesis, due to the undetermined non-
negative values ¢; and the positive definite matrix A. Therefore this case can neither be
analyzed using Rademacher Complexity (since there is data dependence) nor using Uniform
Stability (since the case refers to an entire set of hypotheses, not just a single hypothesis).
We could, however, apply the former theory if we discard information and switch to the
larger data independent hypothesis set Jgcym Hs, and we could apply the latter theory if
we add extra information to specify precisely how the ¢; and X vary as a function of .S, so
that we are considering only a single, data dependent hypothesis function. One advantage of
the generalized theory proposed in this chapter is that it applies to cases such as this one

directly, without needing to discard or specify extra information.
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9.2 Two Perspectives

Except in trivial cases, there are always multiple ways to represent a machine learning
algorithm’s hypothesis set. At one extreme, we can think of its hypothesis set as not de-
pending on the training data at all, by choosing a set of hypothesis functions H that fully
encompasses the possible hypotheses that may be selected by the algorithm, as was illustrated
in the example above. When we represent an algorithm in this manner, we can write a
generalization bound in terms of the Rademacher Complexity, which tells us that the out of
sample performance of the algorithm will be unlikely to exceed the training error by much,

as long as the Rademacher Complexity is low (Mohri et al., 2012).

At the other extreme, we can imagine regarding the hypothesis set as just a single function
Hg = {hs}, but this function will of course then be highly dependent on the training sample,
S. In this case, a generalization bound can be produced by analyzing the Uniform Stability
of the function hg (Bousquet and Elisseeff, 2002). This analysis is based on examining the
maximum amount that predictions can change when the training sample .S is replaced with

S’, a sample that is identical except for one point which has been changed.

To see both of the perspectives mentioned above, take Ridge Regression as an example.

On the one hand, we can view this algorithm as having a fixed hypothesis set

H = {hy(z) = whe | |lwll; < e}
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where € is a fixed complexity constant. On the other hand, we can view it as having a single
data dependent hypothesis
hs(z) = (XXT+ M) ' Xy

where A\ is a complexity constant which is a function of e.

These perspectives are equally correct. But there are also infinite perspectives that lie
between these two extremes, where we think of Ridge Regression as searching through a data
dependent hypothesis set Hg, which is always a subset of the data independent hypothesis
set H, but that always contains the data dependent hypothesis hg(z). We now proceed to

present a theory that encompassed both extremes, as well as the perspectives in between.

9.3 Notation

Let L be our loss function of interest. let L(h,s;) be the loss of hypothesis h € Hg when
applied to s; = (X*,y;) € S, where X' is a training point and y; is a corresponding training
label. As before, we assume that each training point, s, is drawn from some fixed distribution
D, and is restricted to the set X. For the generalization error of a hypothesis h, we write:

L(h) = E [L(h,s)]

s~D

where E,.p[.], indicates the expected value taken over points s drawn from distribution D.

For the empirical error achieved on a sample S = {s1,..., S, }, we write:
Eslh) = 2 f: L(h, 51)
= — , Si).
s m



For arbitrary sets of points () and R each of size m, we define:

~

n(Q, R) = sup L(h) — Lr(h).

hEHQ

which measures the most that the generalization error and the empirical error on sample
R can differ for any hypothesis in set Hg. Furthermore, we will sometimes use Egl.] as a
shorthand for Eg.pm|.], and E4[.] as a shorthand for E;.p[.]. We write S = {sy,...,5n}
when we need to refer to the individual points within the sample S. Likewise, when we need

to refer to the individual points of another sample, R, we write R = {ry,...,r,}.

9.4 Definitions

Our main theorem of this chapter requires a handful of new definitions. We now generalize

Rademacher Complexity and Uniform Stability, and introduce the idea of Error Radius.

9.4.1 Definition of D-Rademacher Complexity

Let C, which we call the “D-Rademacher Complexity”, be given by

m

CE]ESE ) sup ZaiL(h,n-) (9.1)

Hsp= |J Ha (9.2)

and where the expectation Eg g[.] is taken with respect to two samples, S and R, both of

size m, with each point in both samples drawn independently from the distribution D, and
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where each o; is an independent random variable taking +1 and —1 with equal probability,
and the r; are the points in sample R. This symmetrization is critical because, as will be
seen below in the proof of our primary theorem, inserting Rademacher random variables into
our formula is equivalent to moving points between two sets, and so our equation must be
symmetric with respect to these two sets so that we can insert these Rademacher random
variables without changing the value of our expression. In the typical case where hypothesis
sets are not data dependent, symmetry is still needed but it is achieved more easily without

needing to introduce Hg g.

9.4.2 Definition of Hypothesis Set Stability

For Hg, we define the “Hypothesis Set Stability” constant @ > 0, which is the minimum
value such that, for all allowed S, and for all h € Hg, and any S’ that differs from S by

changing just one point, there always exists an h’ € Hg such that:

|L(h,s) — L(I,s)| < Q VseX. (9.3)

9.4.3 Definition of Error Radius

Finally, thinking of Hg as a function from the sample S to a set of hypothesis functions,
we define the “Error Radius” constant w > 0, which is the smallest constant such that for all

allowed S, and for all hy, hy € Hg, we always have:

|L(hq,8) — L(hg,s)| <w Vs e X. (9.4)

Note that for the remainder of this chapter we will assume that the loss function L only takes
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values in [0, M]. In such cases, C, Q, and w are all less than or equal to M.

9.5 Main Result

We now have the notation and definitions that we need to introduce the main result of
this chapter. The remainder of the chapter will focus on proving this result, and discussing

some of its special cases.

Theorem 16 (Generalization Bound for Data-Dependent Hypothesis Sets). Let Hg be a
data dependent hypothesis set (i.e. a function mapping a sample S into a set of hypothesis
functions), which contains in it (at minimum) all the possible hypothesis functions that a
particular machine learning algorithm could select when given training sample S. Assume that
S consist of m points (with labels). Let L be a loss function that only takes values in [0, M].
Consider random draws of the set S, with each sample point drawn independently from the
distribution D. Then, for each h € Hg, with probability at least 1 — 0, the generalization error

L(h) has the following relationship with the training set error ﬁs(h)

M +2mQ ln(%)

L(h) < Ls(h) +min{2C, Q4+ w} + 7 -

9.5.1 Interpretation

Intuitively, Theorem 16 is saying that if Q falls like %, and we have either a small enough
C or a small enough w, then the prediction error of our machine learning algorithm on future
data (drawn from the same distribution as our training data) is unlikely to be much worse
than the error on the training data (for sufficiently large m). We can think of our parameters

of interest as follows:

1. C measures how “complex” our data dependent hypothesis set Hg is, measured in terms
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of how well the best functions from it it can fit random binary noise on average (when
using all hypotheses that can be generated using subsamples of size m taken from a set

of 2m points).

2. Q measures how “stable” Hg is, in terms of how much difference in error (on any point)
there can be between a hypothesis in Hg and the closest hypothesis in Hg: where S’

differs by one point from S.

3. w measure how “big” Hg is, in terms of how much difference in error (on any point)

there can be for any two hypothesis in Hg.

Therefore, we can summarize the main theorem of this chapter as saying: as long as Hg is
sufficiently “stable”, and additionally it is either sufficiently “low in complexity” or sufficiently
“small”, then error on future data is unlikely to be much worse than error on the training set

when the sample size is large enough.

9.5.2 Limitations

While Theorem 16 is more general than both the standard Rademacher Complexity bound
and the standard Uniform Stability bound, it is important to note its limitations. It only
applies to bounded loss functions, and will only give meaningful results when O falls at a
rate faster tha 1/,/m with respect to the sample size m, though a rate of 1/m is needed to
match conventional bounds. Fortunately, when the hypothesis set is data independent this is
automatically true since we obtain @ = 0, and in the case where the hypothesis set contains
just one (data dependent) function, this requirement simply reduces to the same requirements
of ordinary Uniform Stability. Finally, we note that if the hypothesis set is highly dependent
on the sample, then the D-Rademacher Complexity value C could be excessively large, and

when the hypothesis set contains many functions with different behavior, the Error Radius
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w may be excessively large. So while the bound can be applied to any data dependent
hypothesis set with a bounded loss function, it will not yield a helpful bound in all cases.
Though, as we shall see, in the special cases where the standard Rademacher Complexity
is applicable, and the special cases where standard Uniform Stability apply, the bound in
Theorem 16 exactly reproduces the standard bounds! So it is indeed a strict generalization

of both of these standard theories.

9.6 Proof Outline

Our approach for deriving this theorem mirrors the proof of standard Rademacher
Complexity bound from Mohri et al. (2012), while borrowing ideas from the proof of the
standard Uniform Stability bound from Bousquet and Elisseeff (2002), but generalizes some of
the ideas used in those proofs, and introduces new definitions. We start by showing that the
expected value E[n(S,.S)] is upper bounded by the quantity that we call the D-Rademacher
Complexity. Next, we introduce Hypothesis Set Stability. Doing so will provide us with
the conditions we need to apply McDiarmid’s inequality, so that we can say that, with high
probability, E[n(S,S)] is close to n(S,S). After that, we will introduce the Error Radius,
and use it to upper bound E[(S, S)] a second time. Then we will bound £(h) — Lgs(h) with
n(S,S), and bound 7(S, S) with E[n(S, S)], and finally use our upper bounds coming from
the D-Rademacher Complexity and the Error Radius (separately) to bound E[n(S, S)], which

will at last yield the generalization bound of interest.

9.7 D-Rademacher Complexity

Let o = (01, ...,0,) be a vector of Rademacher random variables, defined to be indepen-

dent and identically distributed, with each taking on +1 and -1 with equal probability. We

294



also introduce a new hypothesis set Hg p that depends on the two samples S and R (both of
size m) in a symmetric fashion. We construct Hg g, as in Thoerem 16, by taking the union
of all data dependent hypothesis sets H,4 that can be formed by letting A be constructed

from points in S and R, restricting A to have size m.

We observe that in the special case where H is actually independent of the training set, we
simply have H4 = H and therefore Hg p = H. Since Hg p is a strictly larger set than Hg, but
is symmetric in S and R, it will enable us to introduce the Rademacher random variables into
our upper bound on Eg[n(S, S)]. The symmetry of the hypothesis set that it gives us with
respect to S and R is helpful because introducing Rademacher random variables is equivalent
to swapping an arbitrary number of points between S and R, and we need this to be able to
happen without changing the value of the expression. We now proceed with our derivation of

D-Rademacher Complexity, which we will use to upper bound Eg[n(S, S)], writing:

E[1(S, 5)) = El sup L(h) — Ls(h)

S heHg

= E[sup E[Lr(h)] — Ls(h)]

S he€eHg R

A

< E[sup Lr(h) — Ls(h)]

SR heHg
L EA O )
— ]UEQ% %hSEER <ZZ:: oi(L(h,r;) — L(h, sJ))]
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<EE [— sup o;L(h,r;) +— sup —o;)L(h, s;
LE | o D ooklhor) s 3 (o)L >]
1 m m
=EE |[— sup o L(h,r;))| +EE [— sup —o;)L(h, s;
o S,R thHS,Rzl: ( ) o S,R ™M heHg g 71< ) ( >]
2E E L Zm: L(h, ;) 2C
= — sup g; , T = .
ocSR|M h€Hg r i—1

We use C above to denote the D-Rademacher Complexity, which we have also defined in
Theorem 16. It is interesting to note that we can also write our D-Rademacher Complexity
in terms of the usual Empirical Rademacher Complexity, éR[H |, on sample R for fixed
hypothesis set H, using:

C=E

E ) {éR[HS,R]} .

So the D-Rademacher Complexity is just the average Empirical Rademacher Complexity,
with respect to two samples S and R simultaneously, on the symmetrized data dependent

hypothesis set Hg p.

Intuitively, the D-Rademacher Complexity measures how well, on average, the loss of the
hypotheses in our data dependent hypothesis set are able to fit +1/-1 noise, when consid-
ering all hypothesis sets that can be created from m points out of a sample of 2m points.
Considering hypothesis sets that use any m points out of 2m may not be the best we can do,
and opens up the possibility in future work of finding a smaller alternative that serves the
same purpose. For instance, perhaps there is a way to define the D-Rademacher Complexity
as simply the average Empirical Rademacher Complexity, Eg [éS[H S]}, without changing the

bound in Theorem 16.
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9.8 Hypothesis Set Stability

Our next step is to analyze the stability of n(.S,S) with respect to replacing S with S,
where S’ is identical to S but with one point changed. Without loss of generality, we assume
that the point that was changed is the last one, s,,, replaced with some other point s/ . This
analysis will allow us to apply McDiarmid’s inequality to show that Eg[n(S, S)] and n(S,.S)

are close with high probability. We begin by writing:
77(57 S) - 77(5/7 S/) = (77(57 S) - 77(57 SI)) + (77(57 S/) - n(Sla SI)) (96>

We now bound the first term on the right hand side of the equation, using our assumption

that L(h,s) € [0, M]:

0(S, ) = (S, 8') = sup L(h) = Ls(h) = sup L(h) — Ls/(h).

heHg heHg

— sup <£(h) - ﬁg(h)> — sup (z(h) —% (2 L(h, s;) + L(h, s;n))>

heHg heHg

heHg heHg

= sup <£(h) - ﬁg(h))— sup (ﬁ <mz: L(h,s;) + L(h, sy) + L(h,s),) — L(h,sm)>>

— sup (E(h) —ﬁg(h)> ~ sup (E(h) — Ls(h) — S (L(h.sl,) — L(h, sm))>

heHg heHg m

< sup (L)~ £5() — sup ( £(h) — Ls(h) — sup —(L(F,5},) — L(h,5.)

h€Hg h€Hg ZGHS o
o~ ~ M
- il _ <z
sup (L5~ Ll sp)) < 2
heHg

Next we bound the second term on the right hand side of Equation 9.6. By the definition

of the supremum, for any 1 > 0 as small as we like, there will always exist some hypothesis
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h,, € Hg such that

sup L(h) — Lo(h) <1+ L(hy) = Ler(hy),

he€eHg

which means that for all A’ € Hg we have:

0(S,5") = (8", 5") = sup L(h) = Ls/(h) — sup L(h) — Ls:(h)

heHg hGHS/

<+ Llhy) — Ls(hy) — sup L(h) — Lsi(h)

hEHS/

<0+ (L(hy) = L (hy)) = (L(W) = L (1))

A

= 1)+ (L(hy) = L) + (Ls (W) = L (hy))-

We now apply the Hypothesis Set Stability constant Q, as defined in Equation 9.3. It measures
the most that the hypothesis set can change when one point in the sample changes. Intuitively,
when Q is small it means that if S and S’ differ only by one point, then for every hypothesis
in Hg we should be able to find some “close” hypothesis in Hg/, where we are measuring
closeness in terms of the greatest difference in errors the two hypotheses can achieve on any
possible point s (which is not necessarily in S or S’). We call this Hypothesis Set Stability
because it generalizes Uniform Stability, but it applies to an entire data dependent hypothesis
set Hg (when thought of as a function from S to a set of hypothesis functions) rather than to
a data dependent single hypothesis hg. Note that for h € Hg and b’ € Hgr, |L(h,s)— L(I, s)|
is always bounded by M, but this is not a tight enough bound for our purposes. If the
stability constant Q does not decay with respect to m as fast as %, then though we will still
get a generalization bound in the end, the term associated with McDiarmid’s inequality will

not fall as fast as the desired rate \/Lm
Applying Hypothesis Set Stability, combined with the fact that we are free to choose any
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h' € Hg in the equation we were deriving above, means that we can simply pick A’ so that it

is “close” to h, € Hg. Hence we have:
LK) = L (hy) =

and

Therefore:

n(S, 8" —n(s",S") <n+2Q

but since this holds for all n > 0, we conclude that:

n(s, s —n(s',S") <20Q.

We now, at last, are in a position to bound Equation 9.6. We have:

77(57 S) - 77(5,7 S,) = (77(57 S) - 77(37 Sl)) + (77(57 S,) - 77(5/7 Sl))

2
< M +20 = M
m m
Since starting with S and replacing one point to get S’ is symmetrical to starting with S’
and replacing one point to get S, we can write an identical bound for n(S’,S") — n(S, S) as

we did for n(S,S) —n(S’,S’), which lets us conclude that:

< ./\/l+2mQ.

n(S,8) —n(s', 57

m
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This bound gives us the stability we need (with respect to a point being changed) to
apply McDiarmid’s inequality. This will let us conclude that 7(S, S) is unlikely to be much
bigger than Eg[n(S, 5)].

9.9 DMcDiarmid’s Inequality

McDiarmid’s inequality tells us in this context that scalar valued functions of randomly
drawn points, which change by a bounded amount when one such point is dropped, will
have a very quickly declining probability of being progressively farther from the mean. Of
particular interest is the way this probability drops off as the sample size m increases, which

we will see has the form \/Lm

Theorem 17 (McDiarmid’s Inequality). Let V' be some set, and let v = (vq,...,v,) with
each v; € V. Furthermore, assume the v; are drawn independently from each other according
to some (possibly different) probability distributions. Let F(v) be a scalar valued function.
Now, if for every v' € V™ that is identical to v € V'™ but with the ith value v; changed to any

other v} € V' we have the property
[F(v) = F()] <
then the probability of F(v) exceeding its expected value B,[F(v)] by more than € satisfies

—2¢2

P[F(v) — B [F(v)] > €] < eXizi,

We now apply McDiarmid’s inequality to n(S,S) by using v = (s1,89,...,8,) and
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F(v) = n(S,S). Since we have shown that |(S,S) —n(5’, ") < 4222 when S and S’

differ by only one point, we have ¢; = M+2m9 which yields

m )l

—2me2

Pln(S,5) — Es[n(S, 5)] = ] < etmzame,

If we want n(S, S) to exceed its expected value by more than € with at most probability 9,

—2me

2
then we set § = eM+2m2? and solve for €, which yields:

M+ 2mQ ln%
€= )
V2 m

We can now state that, with probability at least 1 — d, we have:

M +2mQ ln%
V2 m

(S, 5) < Es[n(S,5)] + (9.7)

9.10 Error Radius

Consider again the Error Radius constant w, which was defined in Equation 9.4. It
measures the “size” of a hypothesis set, on a scale from 0 to M, in terms of how much any
two hypothesis from Hg can differ in error when applied to any point, for all fixed samples
S. To confirm that w is indeed a measure of size, note that on the smallest hypothesis sets
possible, that is, ones which only ever contain a single function, we obtain w = 0. What
is more, if Hg is as large as possible for all samples S, by which we mean it contains all
functions, then we obtain w = M. Finally, we note that, if for data dependent hypothesis
sets As and Bg, we have that Ag C Bg for all samples .S, then the Error Radius of Ag is less

than or equal to the Error Radius of Byg.

301



Now, let us fix v > 0, which cannot depend on the sample S. Then, let z,(S) be a
function of S such that, given any sample S as input, it always produces as its output a

hypothesis function h} that satisfies:

sup L(h) — Ls(h) <+ L(RS) — Ls(B3). (9.8)

heHg

This function z,(.S) is possible to construct. To see why, consider that by the definition
of the supremum, for any fixed v > 0, and any fixed S, at least one function will satisfy
Equation 9.8. Let Q) be the set of all functions that satisfy the equation for that particular
S. Now let Q7 be a set of sets, which contains as its elements all @1, for all allowed S. Then,
by the axiom of choice, there exists a “choice function” ¢(A), which when applied to any
set A that is an element of )7, will output exactly one function that satisfies Equation 9.8.

Then we can simply use z,(S5) = c(QL).

Now, let S° be the sample S but with the last point replaced with the point sy, where
so is drawn independently and from the same distribution as the points in S. Then, using h}

as defined above, we have:

A

E[n(S. 5)) = Elsup £(h) — £s(h)] < Ely + £(43) = £5(13)]
= 5+ BIL(R)] ~ E[Ls(h3)] = 7 + EEL(R, s0)] — EE[L(k}, s0)]
= 5+ BE[L(, 50) — Lo, 50)]

Now, we apply Hypothesis Set Stability. Since S and S° only differ by one point, we know

that there is some Q such that, for any h} € Hg, there always exists an h'yy € Hgo with
|L(h},s) — L(hgo,s)| < Q Vs € X.
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Y

Intuitively, a small w means that every pair of hypotheses in the same set, Hg, must be “close’
to each other in the sense of their errors never being too far apart when applied to any point.
Whereas a small @ means that for any samples S and S’ that differ by only one point, it is
the case that for any hypothesis in Hg there must be a “close” hypothesis in Hg, again in
the sense of their errors never being too far apart when applied to any point. Putting these

two ideas together, we have that there exists an h’SO such that:
L(hg, S()) — L(h’;o, So)

= (L(hg, s0) — L(hso,50)) + (L(Is0, 50) — L(h}o, 80)) < Q + w.

Therefore, we have:
Eln(S, $)] < 7 +EEIL(K, 50) ~ LK%, 50)]] € 7+ Q4w
S0
but since v can be chosen to be any positive number, this implies that

E[1(S, 5)] < Q+w.
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9.11 Completing the Proof

Putting together the result from McDiarmid’s inequality with our two upper bounds for

Es[n(S, )], along with the fact that Yh € Hg:

A

L(h) = Ls(h) < sup L(h) = Ls(h) =1(5, ),

he€eHg

we have

A

L(h) = Ls(h) < n(S,5) < Esn(s,5)] +e

but we have shown that both

Es[n(s,9)] < 2C

and

Es[n(S,9)] < Q+w.

This gives us our generalization bound at last. It says that, if we are choosing the sample S

at random, then with probability at least 1 — §:

M+2mQ [Inl

L(h) < Ls(h) +min{2C, Q +w} + 7% .

9.12 Data Independent Hypothesis Set Case

Consider the case where Hg = H, that is, the hypothesis set is independent of the sample,
which is precisely the setting where the standard Rademacher Complexity bound applies.

This data independence of the hypothesis set means that Hgr = H and so

m

C=EE |— sup ZO‘iL(h,ﬁ)

m

1 sup Z o;L(h, TZ)]

M heH ]

=EE

o R
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which is just the usual Rademacher Complexity. Furthermore, in this case we have the
stability constant @ = 0, since the hypothesis sets Hg and Hg are both just H, so obviously
for every hypothesis function h € Hg there is a function h’ € Hg identical to it. We also can
of course use the fact that:

min{2C, QO +w} < 2C.

Hence, in the case where the hypothesis set is data independent, our generalization bound

M ln%
+ 7= ==
V2§ m

which is precisely the standard Rademacher Complexity generalization bound for a fixed

directly implies that with probability at least 1 — 9,

L(h) < Ls(h)+2EE

o R

1 m
— sup Z o L(h,r;)

M heH ]

hypothesis set H and a bounded loss function! Hence, our proposed D-Rademacher Complexity

bound really does generalize the typical bound.

9.13 Single Hypothesis Case

Consider now the case where Hg = {hg}, that is, the hypothesis set always consists of

just a single (data dependent) hypothesis function. Then, we have:

HS’RE U HA: U {hA}

ACSUR ACSUR
|Al=m [Al=m

Therefore, in this case Hg g is a set of size (27::‘) Y \%\4/—7% While finite, this set is extremely

large for even a modest sample size (e.g. it is on the order of 10 for just m = 20). Here,

the stability constant Q takes on the interpretation that when S and S’ are any two valid
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samples that differ by only one point,

|L<h5,8) - L(h51,8)| <Q VsedX.

If Q falls like % then this is equivalent to to saying that the algorithm represented by the
data dependent hypothesis hg is “stable”, in the sense of Uniform Stability (Bousquet and
Elisseeff, 2002). Hence, Hypothesis Set Stability is a generalization of the usual notion of
Uniform Stability, extending it to allow a data dependent set of hypotheses, rather than just

a single data dependent hypothesis.

What is more, we observe that when the hypothesis set consists of just a single function, then
w = 0. We then write

min{2C, Q+w} < Q+w =Q

which gives us the following special case of our generalization bound. With probability at

least 1 — §, we have:
M+2mQ [In %
V2 m

which precisely matches the typical Uniform Stability bound?.

L(h) < Ls(h) +Q+

9.14 Conclusion

In this chapter we have investigated the situation where the set of hypothesis functions
that a machine learning algorithm explores is allowed to vary based on the training data. We

have introduced the D-Rademacher Complexity, a generalization of the ordinary Rademacher

2Note that sometimes the Q shown here will have a 2 in front in both places it appears in the bound,
which has to do with thinking in terms of dropping a point from the sample rather than changing a point in
the sample as we do here.
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Complexity, to measure the complexity of such a data dependent hypothesis set. We have also
introduced the Hypothesis Set Stability, a generalization of the ordinary Uniform Stability, to
measure the stability of a data dependent hypothesis set with respect to changing one point
in the sample. Finally, we have introduced the Error Radius, which measures the size of a
data dependent hypothesis set in terms of how different the errors of hypotheses it contains

can be.

These definitions allow us to construct a generalization bound that applies to data de-
pendent hypothesis sets. This bound coincides with the standard Rademacher Complexity
bound when the hypothesis set is fixed, and coincides with the standard stability bound
when the hypothesis set always consists of just one function. By generalizing Rademacher
Complexity and Uniform Stability, and then fusing them together to form an overarching
theory, we enable a wider range of perspectives from which to study the generalization ability

of machine learning algorithms.
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Part V

Conclusion
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Figure 9.1: The image above summarizes the answers that this thesis gives to the questions
that it investigates in each chapter.

We have analyzed a wide variety of problems that occur when applying prediction algo-
rithms to data, and when analyzing the theoretical performance of these algorithms. For
data points that vary in quality, we have proposed an approach for designing functions that
weight data appropriately. For handling outliers we have proposed an algorithm based on
point re-weighting to make Ridge Regression robust, and an algorithm for clipping outliers in
univariate data based on a criteria that will have almost no effect on normally distributed
data. To incorporate prior information into regression while preventing overfitting, we have
proposed a generalization to the standard Ridge Regression regularization penalty. To handle

situations where linear or kernelized regression algorithms spend too long on training, and
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so overfit or waste precious time converging past the point of usefulness, we have proposed
a cross-validated early stopping based approach with desirable properties. For unbounded
loss functions in regression problems, we have given analyses of generalization error using
relative deviation bounds that address or correct previous gaps in the literature, as well as
derived a necessary theorem about the binomial distribution. Finally, for machine learning
algorithms that have hypothesis sets that depend on the training data, we have generalized
and combined Rademacher Complexity and Uniform Stability so that they can be applied in

that context.

It is our hope that the solutions proposed in this thesis will significantly improve pre-

dictions in real-world applications, as well as our theoretical understanding of prediction

algorithms.
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