
Chapter 11

Machine Learning

Any sufficiently advanced form of cheating is indistinguishable from
learning.

– Jan Schaumann

For much of my career, I was highly suspicious of the importance of machine
learning. I sat through many talks over the years, with grandiose claims and very
meager results. But it is clear that the tide has turned. The most interesting
work in computer science today revolves around machine learning, both powerful
new algorithms and exciting new applications.

This revolution has occurred for several reasons. First, the volume of data
and computing power available crossed a magic threshold where machine learn-
ing systems started doing interesting things, even using old approaches. This
inspired greater activity in developing methods that scale better, and greater
investment in data resources and system development. The culture of open
source software deserves to take a bow, because new ideas turn into available
tools amazingly quickly. Machine learning today is an exploding field with a
great deal of excitement about it.

We have so far discussed two ways of building models based on data, linear
regression and nearest neighbor approaches, both in fairly extensive detail. For
many applications, this is all you will need to know. If you have enough labeled
training data, all methods are likely to produce good results. And if you don’t,
all methods are likely to fail. The impact of the best machine learning algorithm
can make a difference, but generally only at the margins. I feel that the purpose
of my book is to get you from crawling to walking, so that more specialized books
can teach you how to run.

That said, a slew of interesting and important machine learning algorithms
have been developed. We will review these methods here in this chapter, with
the goal of understanding the strengths and weaknesses of each, along several
relevant dimensions of performance:
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• Power and expressibility: Machine learning methods differ in the richness
and complexity of the models they support. Linear regression fits linear
functions, while nearest neighbor methods define piecewise-linear sepa-
ration boundaries with enough pieces to approximate arbitrary curves.
Greater expressive power provides the possibility of more accurate mod-
els, as well as the dangers of overfitting.

• Interpretability: Powerful methods like deep learning often produce mod-
els that are completely impenetrable. They might provide very accurate
classification in practice, but no human-readable explanation of why they
are making the decisions they do. In contrast, the largest coefficients
in a linear regression model identify the most powerful features, and the
identities of nearest neighbors enable us to independently determine our
confidence in these analogies.

I personally believe that interpretability is an important property of a
model, and am generally happier to take a lesser-performing model I un-
derstand over a slightly more accurate one that I don’t. This may not
be a universally shared opinion, but you have a sense whether you really
understand your model and its particular application domain.

• Ease of use: Certain machine learning methods feature relatively few
parameters or decisions, meaning they work right out of the box. Both
linear regression and nearest neighbor classification are quite simple in
this regard. In contrast, methods like support vector machines (SVMs)
provide much greater scope to optimize algorithm performance with the
proper settings. My sense is that the available tools for machine learning
will continue to get better: easier to use and more powerful. But for now,
certain methods allow the user enough rope to hang themselves if they
don’t know what they are doing.

• Training speed: Methods differ greatly in how fast they fit the neces-
sary parameters of the model, which determines how much training data
you can afford to use in practice. Traditional linear regression methods
can be expensive to fit for large models. In contrast, nearest neighbor
search requires almost no training time at all, outside that of building the
appropriate search data structure.

• Prediction speed: Methods differ in how fast they make classification de-
cisions on a new query q. Linear/logistic regression is fast, just computing
a weighted sum of the fields in the input records. In contrast, nearest
neighbor search requires explicitly testing q against a substantial amount
of the training test. In general there is a trade-off with training speed:
you can pay me now or pay me later.

Figure 11.1 presents my subjective ratings of roughly where the approaches
discussed in this chapter fit along these performance dimensions. These ratings
are not the voice of G-d, and reasonable people can have different opinions.
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Figure 11.1: Subjective rankings of machine learning approaches along five di-
mensions, on a 1 to 10 scale with higher being better.

Hopefully they survey the landscape of machine learning algorithms in a useful
manner. Certainly no single machine learning method dominates all the others.
This observation is formalized in the appropriately named no free lunch theorem,
which proves there does not exist a single machine learning algorithm better
than all the others on all problems.

That said, it is still possible to rank methods according to priority of use for
practitioners. My ordering of methods in this book (and Figure 11.1) starts with
the ones that are easy to use/tune, but have lower discriminative power than the
most advanced methods. Generally speaking, I encourage you to start with the
easy methods and work your way down the list if the potential improvements
in accuracy really justify it.

It is easy to misuse the material I will present in this chapter, because there
is a natural temptation to try all possible machine learning algorithms and
pick whichever model gives the highest reported accuracy or F1 score. Done
naively through a single library call, which makes this easy, you are likely to
discover that all models do about the same on your training data. Further,
any performance differences between them that you do find are more likely
attributable to variance than insight. Experiments like this is what statistical
significance testing was invented for.

The most important factor that will determine the quality of your models
is the quality of your features. We talked a lot about data cleaning in Chapter
3, which concerns the proper preparation of your data matrix. We delve more
deeply into feature engineering in Section 11.5.4, before discussing deep learning
methods that strive to engineer their own features.

One final comment. Data scientists tend to have a favorite machine learning
approach, which they advocate for in a similar manner to their favorite pro-
gramming language or sports team. A large part of this is experience, meaning
that because they are most familiar with a particular implementation it works
best in their hands. But part of it is magical thinking, the fact that they noticed
one library slightly outperforming others on a few examples and inappropriately
generalized.

Power of Ease of Ease of Training Prediction
Method Expression Interpretation Use Speed Speed
Linear Regression 5 9 9 9 9
Nearest Neighbor 5 9 8 10 2
Naive Bayes 4 8 7 9 8
Decision Trees 8 8 7 7 9
Support Vector Machines 8 6 6 7 7
Boosting 9 6 6 6 6
Graphical Models 9 8 3 4 4
Deep Learning 10 3 4 3 7
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Don’t fall into this trap. Select methods which best fit the needs of your
application based on the criteria above, and gain enough experience with their
various knobs and levers to optimize performance.

11.1 Naive Bayes

Recall that two events A and B are independent if p(A and B) = p(A) · p(B).
If A is the event that “my favorite sports team wins today” and B is “the stock
market goes up today,” then presumably A and B are independent. But this is
not true in general. Consider the case if A is the event that “I get an A in Data
Science this semester” and B is “I get an A in a different course this semester.”
There are dependencies between these events: renewed enthusiasms for either
study or drinking will affect course performance in a correlated manner. In the
general case,

p(A and B) = p(A) · p(B|A) = p(A) + P (B)− p(A or B).

If everything was independent, the world of probability would be a much
simpler place. The naive Bayes classification algorithm crosses its fingers and
assumes independence, to avoid the need to compute these messy conditional
probabilities.

11.1.1 Formulation

Suppose we wish to classify the vector X = (x1, . . . xn) into one of m classes
C1, . . . , Cm. We seek to compute the probability of each possible class given X,
so we can assign X the label of the class with highest probability. By Bayes
theorem,

p(Ci|X) =
p(Ci) · p(X|Ci)

p(X)

Let’s parse this equation. The term p(Ci) is the prior probability, the probabil-
ity of the class label without any specific evidence. I know that you the reader
are more likely to have black hair than red hair, because more people in the
world have black hair than red hair.1

The denominator P (X) gives the probability of seeing the given input vector
X over all possible input vectors. Establishing the exact value of P (X) seems
somewhat dicey, but mercifully is usually unnecessary. Observe that this de-
nominator is the same for all classes. We only seek to establish a class label for
X, so the value of p(X) has no effect on our decision. Selecting the class with
highest probability means

C(X) = arg max
i=1,...,m

p(Ci) · p(X|Ci)
p(X)

= arg max
i=1,...,m

p(Ci) · p(X|Ci).

1Wikipedia claims that only 1–2% of the world’s population are redheads.
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Day Outlook Temp Humidity Beach?

1 Sunny High High Yes
2 Sunny High Normal Yes
3 Sunny Low Normal No
4 Sunny Mild High Yes
5 Rain Mild Normal No
6 Rain High High No
7 Rain Low Normal No
8 Cloudy High High No
9 Cloudy High Normal Yes
10 Cloudy Mild Normal No

P(X|Class) Probability in Class

Outlook Beach No Beach

Sunny 3/4 1/6
Rain 0/4 3/6

Cloudy 1/4 2/6

Temperature Beach No Beach

High 3/4 2/6
Mild 1/4 2/6
Low 0/4 2/6

Humidity Beach No Beach

High 2/4 2/6
Normal 2/4 4/6

P(Beach Day) 4/10 6/10

Figure 11.2: Probabilities to support a naive Bayes calculation on whether
today is a good day to go to the beach: tabulated events (left) with marginal
probability distributions (right).

The remaining term p(X|Ci) is the probability of seeing input vector X given
that we know the class of the item is Ci. This also seems somewhat dicey. What
is the probability someone weighs 150 lbs and is 5 foot 8 inches tall, given that
they are male? It should be clear that p(X|Ci) will generally be very small:
there is a huge space of possible input vectors consistent with the class, only
one of which corresponds to the given item.

But now suppose we lived where everything was independent, i.e. the prob-
ability of event A and event B was always p(A) · p(B). Then

p(X|Ci) =

n∏
j=1

p(xj |Ci).

Now anyone who really believes in a world of independent probabilities is quite
naive, hence the name naive Bayes. But such an assumption really does make
the computations much easier. Putting this together:

C(X) = arg max
i=1,...,m

p(Ci) · p(X|Ci) = arg max
i=1,...,m

p(Ci)

n∏
j=1

p(xj |Ci).

Finally, we should hit the product with a log to turn it to a sum, for better
numerical stability. The logs of probabilities will be negative numbers, but less
likely events are more negative than common ones. Thus the complete naive
Bayes algorithm is given by the following formula:

C(X) = arg max
i=1,...,m

(log(p(Ci)) +

n∑
j=1

log(p(xj |Ci))).

How do we calculate the p(xj |Ci), the probability of observation xj given
class label i? This is easy from the training data, particularly if xj is a cate-
gorical variable, like “has red hair.” We can simply select all class i instances
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in the training set, and compute the fraction of them which have property xj .
This fraction defines a reasonable estimate of p(xj |Ci). A bit more imagination
is needed when xj is a numerical variable, like “age=18” or “the word dog oc-
curred six times in the given document,” but in principle is computed by how
often this value is observed in the training set.

Figure 11.2 illustrates the naive Bayes procedure. On the left, it presents a
table of ten observations of weather conditions, and whether each observation
proved to be a day to go to the beach, or instead stay home. This table has been
broken down on the right, to produce conditional probabilities of the weather
condition given the activity. From these probabilities, we can use Bayes theorem
to compute:

P (Beach|(Sunny,Mild,High))

= (P (Sunny|Beach)× P (Mild|Beach)× P (High|Beach)× P (Beach)

= (3/4)× (1/4)× (2/4)× (4/10) = 0.0375

P (No Beach|(Sunny,Mild,High))

= (P (Sunny|No)× P (Mild|No)× P (High|No))× P (No)

= (1/6)× (2/6)× (2/6)× (6/10) = 0.0111

Since 0.0375 > 0.0111, naive Bayes is telling us to hit the beach. Note that
it is irrelevant that this particular combination of (Sunny,Mild,High) appeared
in the training data. We are basing our decision on the aggregate probabilities,
not a single row as in nearest neighbor classification.

11.1.2 Dealing with Zero Counts (Discounting)

There is a subtle but important feature preparation issue particularly associated
with the naive Bayes algorithm. Observed counts do not accurately capture the
frequency of rare events, for which there is typically a long tail.

The issue was first raised by the mathematician Laplace, who asked: What
is the probability the sun will rise tomorrow? It may be close to one, but it
ain’t exactly 1.0. Although the sun has risen like clockwork each morning for
the 36.5 million mornings or so since man started noticing such things, it will
not do so forever. The time will come where the earth or sun explodes, and so
there is a small but non-zero chance that tonight’s the night.

There can always be events which have not yet been seen in any finite data
set. You might well have records on a hundred people, none of whom happen
to have red hair. Concluding that the probability of red hair is 0/100 = 0 is
potentially disastrous when we are asked to classify someone with red hair, since
the probability of them being in each and every class will be zero. Even worse
would be if there was exactly one redhead in the entire training set, say labeled
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with class C2. Our naive Bayes classifier would decide that every future redhead
just had to be in class C2, regardless of other evidence.

Discounting is a statistical technique to adjust counts for yet-unseen events,
by explicitly leaving probability mass available for them. The simplest and most
popular technique is add-one discounting, where we add one to the frequency all
outcomes, including unseen. For example, suppose we were drawing balls from
an urn. After seeing five reds and three greens, what is the probability we will
see a new color on the next draw? If we employ add-one discounting,

P (red) = (5 + 1)/((5 + 1) + (3 + 1) + (0 + 1)) = 6/11, and

P (green) = (3 + 1)/((5 + 1) + (3 + 1) + (0 + 1)) = 4/11,

leaving the new color a probability mass of

P (new-color) = 1/((5 + 1) + (3 + 1) + (0 + 1)) = 1/11.

For small numbers of samples or large numbers of known classes, the dis-
counting causes a non-trivial damping of the probabilities. Our estimate for the
probability of seeing a red ball changes from 5/8 = 0.625 to 6/11 = 0.545 when
we employ add-one discounting. But this is a safer and more honest estimate,
and the differences will disappear into nothingness after we have seen enough
samples.

You should be aware that other discounting methods have been developed,
and adding one might not be the best possible estimator in all situations. That
said, not discounting counts is asking for trouble, and no one will be fired for
using the add-one method.

Discounting becomes particularly important in natural language processing,
where the traditional bag of words representation models a document as a word
frequency count vector over the language’s entire vocabulary, say 100,000 words.
Because word usage frequency is governed by a power law (Zipf’s law), words
in the tail are quite rare. Have you ever seen the English word defenestrate
before?2 Even worse, documents of less than book length are too short to
contain 100,000 words, so we are doomed to see zeros wherever we look. Add-
one discounting turns these count vectors into sensible probability vectors, with
non-zero probabilities of seeing rare and so far unencountered words.

11.2 Decision Tree Classifiers

A decision tree is a binary branching structure used to classify an arbitrary input
vector X. Each node in the tree contains a simple feature comparison against
some field xi ∈ X, like “is xi ≥ 23.7?” The result of each such comparison is
either true or false, determining whether we should proceed along to the left or
right child of the given node. These structures are sometimes called classification
and regression trees (CART) because they can be applied to a broader class of
problems.

2It means to throw someone out the window.
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Yes No

Survived
0.73 35%

Died
0.17 61%

Died
0.05 2%

Survived
0.89 2%

Is sex male?

Is age > 9.5?

More than two siblings?

Figure 11.3: Simple decision tree for predicting mortality on the Titanic.

The decision tree partitions training examples into groups of relatively uni-
form class composition, so the decision then becomes easy. Figure 11.3 presents
an example of a decision tree, designed to predict your chances of surviving
the shipwreck of the Titanic. Each row/instance travels a unique root-to-leaf
path to classification. The root test here reflects the naval tradition of women
and children first: 73% of the women survived, so this feature alone is enough
to make a prediction for women. The second level of the tree reflects children
first: any male 10 years or older is deemed out of luck. Even the younger ones
must pass one final hurdle: they generally made it to a lifeboat only if they had
brothers and sisters to lobby for them.

What is the accuracy of this model on the training data? It depends upon
what faction of the examples end on each leaf, and how pure these leaf samples
are. For the example of Figure 11.3, augmented with coverage percentage and
survival fraction (purity) at each node, the classification accuracy A of this tree
is:

A = (0.35)(73%) + (0.61)(83%) + (0.02)(95%) + (0.02)(89%) = 78.86%.

An accuracy of 78.86% is not bad for such a simple decision procedure. We
could have driven it up to 100% by completing the tree so each of the 1317
passengers had a leaf to themselves, labeling that node with their ultimate
fate. Perhaps 23-year-old second-class males were more likely to survive than
either 22- or 24-year-old males, an observation the tree could leverage for higher
training accuracy. But such a complicated tree would be wildly overfit, finding
structure that isn’t meaningfully there. The tree in Figure 11.3 is interpretable,
robust, and reasonably accurate. Beyond that, it is every man for himself.

Advantages of decision trees include:

• Non-linearity: Each leaf represents a chunk of the decision space, but
reached through a potentially complicated path. This chain of logic per-
mits decision trees to represent highly complicated decision boundaries.
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• Support for categorical variables: Decision trees make natural use of
categorical variables, like “if hair color = red,” in addition to numerical
data. Categorical variables fit less comfortably into most other machine
learning methods.

• Interpretability: Decision trees are explainable; you can read them and
understand what their reasoning is. Thus decision tree algorithms can tell
you something about your data set that you might not have seen before.
Also, interpretability lets you vet whether you trust the decisions it will
make: is it making decisions for the right reasons?

• Robustness: The number of possible decision trees grows exponentially
in the number of features and possible tests, which means that we can
build as many as we wish. Constructing many random decision trees
(CART) and taking the result of each as a vote for the given label increases
robustness, and permits us to assess the confidence of our classification.

• Application to regression: The subset of items which follow a similar
path down a decision tree are likely similar in properties other than just
label. For each such subset, we can use linear regression to build a special
prediction model for the numerical values of such leaf items. This will
presumably perform better than a more general model trained over all
instances.

The biggest disadvantage of decision trees is a certain lack of elegance.
Learning methods like logistic regression and support vector machines use math.
Advanced probability theory, linear algebra, higher-dimensional geometry. You
know, math.

By contrast, decision trees are a hacker’s game. There are many cool knobs
to twist in the training procedure, and relatively little theory to help you twist
them in the right way.

But the fact of the matter is that decision tree models work very well in
practice. Gradient boosted decision trees (GBDTs) are currently the most fre-
quently used machine learning method to win Kaggle competitions. We will
work through this in stages. First decision trees, then boosting in the subse-
quent section.

11.2.1 Constructing Decision Trees

Decision trees are built in a top-down manner. We start from a given collection
of training instances, each with n features and labeled with one of m classes
C1, . . . , Cm. Each node in the decision tree contains a binary predicate, a logic
condition derived from a given feature.

Features with a discrete set of values vi can easily be turned into binary
predicates through equality testing: “is feature xi = vij?” Thus there are
|vi| distinct predicates associated with xi. Numerical features can be turned
into binary predicates with the addition of a threshold t: “is feature xi ≥ t?”
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The set of potentially interesting thresholds t are defined by the gaps between
the observed values that xi takes on in the training set. If the complete set
of observations of xi are (10, 11, 11, 14, 20), the meaningful possible values for
t ∈ (10, 11, 14) or perhaps t ∈ (10.5, 11.5, 17). Both threshold sets produce the
same partitions of the observations, but using the midpoints of each gap seems
sounder when generalizing to future values unseen in training.

We need a way to evaluate each predicate for how well it will contribute to
partitioning the set S of training examples reachable from this node. An ideal
predicate p would be a pure partition of S, so that the class labels are disjoint.
In this dream all members of S from each class Ci will appear exclusively on one
side of the tree, however, such purity is not usually possible. We also want pred-
icates that produce balanced splits of S, meaning that the left subtree contains
roughly as many elements from S as the right subtree. Balanced splits make
faster progress in classification, and also are potentially more robust. Setting
the threshold t to the minimum value of xi picks off a lone element from S,
produces a perfectly pure but maximally imbalanced split.

Thus our selection criteria should reward both balance and purity, to max-
imize what we learn from the test. One way to measure the purity of an item
subset S is as the converse of disorder, or entropy. Let fi denote the fraction of
S which is of class Ci. Then the information theoretic entropy of S, H(S), can
be computed:

H(S) = −
m∑
i=1

fi log2 fi

The negative sign here exists to make the entire quantity positive, since the
logarithm of a proper fraction is always negative.

Let’s parse this formula. The purest possible contribution occurs when all
elements belong to a single class, meaning fj = 1 for some class j. The contri-
bution of class j to H(S) is 1 log2(1) = 0, identical to that of all other classes:
0·log2(0) = 0. The most disordered version is when all m classes are represented
equally, meaning fi = 1/m. Then H(S) = log2(m) by the above definition. The
smaller the entropy, the better the node is for classification.

The value of a potential split applied to a tree node is how much it reduces
the entropy of the system. Suppose a Boolean predicate p partitions S into two
disjoint subsets, so S = S1 ∪ S2. Then the information gain of p is defined

IGp(S) = H(S)−
2∑
j=1

|Si|
|S|

H(Si)

We seek the predicate p′ which maximizes this information gain, as the best
splitter for S. This criteria implicitly prefers balanced splits since both sides of
the tree are evaluated.

Alternate measures of purity have been defined and are used in practice.
The Gini impurity is based on another quantity (fi(1 − fi)), which is zero in
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Yes No

class 1

x > 0

y > 0y > 0

class 1class 2 class 2

Figure 11.4: The exclusive OR function cannot be fit by linear classifiers. On
the left, we present four natural clusters in x − y space. This demonstrates
the complete inability of logistic regression to find a meaningful separator, even
though a small decision tree easily does the job (right).

both cases of pure splits, fi = 0 or fi = 1:

IG(f) =

m∑
i=1

fi(1− fi) =

m∑
i=1

(fi − f2
i ) =

m∑
i=1

fi −
m∑
i=1

f2
i = 1−

m∑
i=1

f2
i

Predicate selection criteria to optimize Gini impurity can be similarly defined.
We need a stopping condition to complete the heuristic. When is a node

pure enough to call it a leaf? By setting a threshold ε on information gain, we
stop dividing when the reward of another test is less than ε.

An alternate strategy is to build out the full tree until all leaves are com-
pletely pure, and then prune it back by eliminating nodes which contribute the
least information gain. It is fairly common that a large universe may have no
good splitters near the root, but better ones emerge as the set of live items gets
smaller. This approach has the benefit of not giving up too early in the process.

11.2.2 Realizing Exclusive Or

Some decision boundary shapes can be hard or even impossible to fit using a
particular machine learning approach. Most notoriously, linear classifiers cannot
be used to fit certain simple non-linear functions like eXclusive OR (XOR). The
logic function A⊕B is defined as

A⊕B = (A or B̄) or (Ā or B).

For points (x, y) in two dimensions, we can define predicates such that A
means “is x ≥ 0?” and B means the “is y ≥ 0?”. Then there are two distinct
regions where A⊕B true, opposing quadrants in this xy-plane shown in Figure
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11.4 (left). The need to carve up two regions with one line explains why XOR
is impossible for linear classifiers.

Decision trees are powerful enough to recognize XOR. Indeed, the two-level
tree in Figure 11.4 (right) does the job. After the root tests whether A is true
or false, the second level tests for B are already conditioned on A, so each of
the four leaves can be associated with a distinct quadrant, allowing for proper
classification.

Although decision trees can recognize XOR, that doesn’t mean it is easy to
find the tree that does it. What makes XOR hard to deal with is that you can’t
see yourself making progress toward better classification, even if you pick the
correct root node. In the example above, choosing a root node of “is x > 0?”
causes no apparent enrichment of class purity on either side. The value of this
test only becomes apparent if we look ahead another level, since the information
gain is zero.

Greedy decision tree construction heuristics fail on problems like XOR. This
suggests the value of more sophisticated and computationally expensive tree
building procedures in difficult cases, which look-ahead like computer chess
programs, evaluating the worth of move p not now, but how it looks several
moves later.

11.2.3 Ensembles of Decision Trees

There are an enormous number of possible decision trees which can be built
on any training set S. Further, each of them will classify all training examples
perfectly, if we keep refining until all leaves are pure. This suggests building
hundreds or even thousands of different trees, and evaluating a query item q
against each of them to return a possible label. By letting each tree cast its
own independent vote, we gain confidence that the most commonly seen label
will be the right label.

For this to avoid group-think, we need the trees to be diverse. Repeatedly
using a deterministic construction procedure that finds the best tree is worthless,
because they will all be identical. Better would be to randomly select a new
splitting dimension at each tree node, and then find the best possible threshold
for this variable to define the predicate.

But even with random dimension selection, the resulting trees often are
highly correlated. A better approach is bagging, building the best possible trees
on relatively small random subsets of items. Done properly, the resulting trees
should be relatively independent of each other, providing a diversity of classifiers
to work with, facilitating the wisdom of crowds.

Using ensembles of decision trees has another advantage beyond robustness.
The degree of consensus among the trees offers a measure of confidence for any
classification decision. There is a big difference in the majority label appearing
in 501 of 1000 trees vs. 947 of them.

This fraction can be interpreted as a probability, but even better might be
to feed this number into logistic regression for a better motivated measure of
confidence. Assuming we have a binary classification problem, let fi denote the
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fraction of trees picking class C1 on input vector Xi. Run the entire training
set through the decision tree ensemble. Now define a logistic regression problem
where fi is input variable and the class of Xi the output variable. The resulting
logit function will determine an appropriate confidence level, for any observed
fraction of agreement.

11.3 Boosting and Ensemble Learning

The idea of aggregating large numbers of noisy “predictors” into one stronger
classifier applies to algorithms as well as crowds. It is often the case that many
different features all weakly correlate with the dependent variable. So what is
the best way we can combine them into one stronger classifier?

11.3.1 Voting with Classifiers

Ensemble learning is the strategy of combining many different classifiers into one
predictive unit. The naive Bayes approach of Section 11.1 has a little of this
flavor, because it uses each feature as a separate relatively weak classifier, then
multiplies them together. Linear/logistic regression has a similar interpretation,
in that it assigns a weight to each feature to maximize the predictive power of
the ensemble.

But more generally, ensemble learning revolves on the idea of voting. We saw
that decision trees can be more powerful in aggregate, by constructing hundreds
or thousands of them over random subsets of examples. The wisdom of crowds
comes from the triumph of diversity of thought over the individual with greatest
expertise.

Democracy rests on the principle of one man, one vote. Your educated,
reasoned judgment of the best course of action counts equally as the vote of
that loud-mouthed idiot down the hall. Democracy makes sense in terms of the
dynamics of society: shared decisions generally affect the idiot just as much as
they do you, so equality dictates that all people deserve an equal say in the
matter.

But the same argument does not apply to classifiers. The most natural way
to use multiple classifiers gives each a vote, and takes the majority label. But
why should each classifier get the same vote?

Figure 11.5 captures some of the complexity of assigning weights to classi-
fiers. The example consists of five voters, each classifying five items. All voters
are pretty good, each getting 60% correct, with the exception of v1, who batted
80%. The majority option proves no better than the worst individual classifier,
however, at 60%. But a perfect classifier results if we drop voters v4 and v5 and
weigh the remainders equally. What makes v2 and v3 valuable is not their over-
all accuracy, but their performance on the hardest problems (D and especially
E).

There seem to be three primary ways to assign weights to the classifier/voters.
The simplest might be to give more weight to the votes of classifiers who have
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Item/voter V1 V2 V3 V4 V5 Majority Best weights
A * * * * * *
B * * * * * *
C * * * * * *
D * * *
E * * *

% correct 80% 60% 60% 60% 60% 60% 100%
best weight 1/3 1/3 1/3 0 0

Figure 11.5: Uniform weighting of votes does not always produce the best pos-
sible classifier, even when voters are equally accurate, because some problem
instances are harder than others (here, D and E). The “*” denotes that the
given voter classified the given item correctly.

proven accurate in the past, perhaps assigning vi the multiplicative weight ti/T ,
where ti is the number of times vi classified correctly and T =

∑c
i=1 ti. Note

that this weighting scheme would do no better than majority rule on the example
of Figure 11.5.

A second approach could be to use linear/logistic regression to find the best
possible weights. In a binary classification problem, the two classes would be
denoted as 0 and 1, respectively. The 0-1 results from each classifier can be
used as a feature to predict the actual class value. This formulation would find
non-uniform weights that favor classifiers correlated with the correct answers,
but do not explicitly seek to maximize the number of correct classifications.

11.3.2 Boosting Algorithms

The third idea is boosting. The key point is to weigh the examples according
to how hard they are to get right, and reward classifiers based on the weight of
the examples they get right, not just the count.

To set the weights of the classifier, we will adjust the weights of the training
examples. Easy training examples will be properly classified by most classifiers:
we reward classifiers more for getting the hard cases right.

A representative boosting algorithm is AdaBoost, presented in Figure 11.6.
We will not stress the details here, particularly the specifics of the weight ad-
justments in each round. We presume our classifier will be constructed as the
union of non-linear classifiers of the form “is (vi ≥ ti)?”, i.e. using thresholded
features as classifiers.

The algorithm proceeds in T rounds, for t = {0, . . . , T}. Initially all train-
ing examples (points) should be of equal weight, so wi,0 = 1/n for all points
x1, . . . , xn. We consider all possible feature/threshold classifiers, and identify
the fi(x) which minimizes εt, the sum of the weights of the misclassified points.
The weight αt of the new classifier depends upon how accurate it is on the
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AdaBoost

For t in 1 . . . T :

• Choose ft(x):

• Find weak learner ht(x) that minimizes εt, the weighted sum
error for misclassified points εt =

∑
i wi,t

• Choose αt = 1
2 ln

(
1−εt
εt

)
• Add to ensemble:

• Ft(x) = Ft−1(x) + αtht(x)

• Update weights:

• wi,t+1 = (wi,t)e
−yiαtht(xi) for all i

• Renormalize wi,t+1 such that
∑
i wi,t+1 = 1

Figure 11.6: Pseudocode for the AdaBoost algorithm.

current point set, as measured by

αt =
1

2
ln(

1− εt
εt

)

The point weights are normalized so
∑n
i=1 wi = 1, so there must always be a

classifier with error εt ≤ 0.5.3

In the next round, the weights of the misclassified points are boosted to
make them more important. Let ht(xi) be the class (−1 or 1) predicted for xi,
and yi the correct class or that point. The sign of ht(xi) · y reflects whether
the classes agree (positive) or disagree (negative). We then adjust the weights
according to

w′i,t+1 = wi,te
−yiαtht(xi)

before re-normalizing all of them so they continue to sum to 1, i.e.

C =

n∑
i=1

w′i,t+1, and wi,t+1 = w′i,t+1/C.

The example in Figure 11.7 shows a final classifier as the linear sum of three
thresholded single-variable classifiers. Think of them as the simplest possible

3Consider two classifiers, one which calls class C0 if xi ≥ ti, the other of which calls class
C1 if xi ≥ ti. The first classifier is right exactly when the second one is wrong, so one of these
two must be at least 50%.



366 CHAPTER 11. MACHINE LEARNING

0.42 + 0.65 + 0.92

Figure 11.7: The final classifier is a weighted ensemble that correctly classifies
all points, despite errors in each component classifier which are highlighted in
red.

decision trees, each with exactly one node. The weights assigned by AdaBoost
are not uniform, but not so crazily skewed in this particular instance that they
behave different than a majority classifier. Observe the non-linear decision
boundary, resulting from the discrete nature of thresholded tests/decision trees.

Boosting is particularly valuable when applied to decision trees as the el-
ementary classifiers. The popular gradient boosted decision trees (GBDT) ap-
proach typically starts with a universe of small trees, with perhaps four to ten
nodes each. Such trees each encode a simple-enough logic that they do not
overfit the data. The relative weights assigned to each of these trees follows
from a training procedure, which tries to fit the errors from the previous rounds
(residuals) and increases the weights of the trees that correctly classified the
harder examples.

Boosting works hard to classify every training instance correctly, meaning
it works particularly hard to classify the most difficult instances. There is an
adage that “hard cases make bad law,” suggesting that difficult-to-decide cases
make poor precedents for subsequent analysis. This is an important argument
against boosting, because the method would seem prone to overfitting, although
it generally performs well in practice.

The danger of overfitting is particularly severe when the training data is
not a perfect gold standard. Human class annotations are often subjective and
inconsistent, leading boosting to amplify the noise at the expense of the signal.
The best boosting algorithms will deal with overfitting though regularization.
The goal will be to minimize the number of non-zero coefficients, and avoid
large coefficients that place too much faith in any one classifier in the ensemble.

Take-Home Lesson: Boosting can take advantage of weak classifiers in an ef-
fective way. However, it can behave in particularly pathological ways when a
fraction of your training examples are incorrectly annotated.

11.4 Support Vector Machines

Support vector machines (SVMs) are an important way of building non-linear
classifiers. They can be viewed as a relative of logistic regression, which sought
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Figure 11.8: SVMs seek to separate the two classes by the largest margin,
creating a channel around the separating line.

the line/plane l best separating points with two classes of labels. Logistic re-
gression assigned a query point q its class label depending upon whether q lay
above or below this line l. Further, it used the logit function to transform the
distance from q to l into the probability that q belongs in the identified class.

The optimization consideration in logistic regression involved minimizing
the sum of the misclassification probabilities over all the points. By contrast,
support vector machines work by seeking maximum margin linear separators
between the two classes. Figure 11.8(left) shows red and blue points separated
by a line. This line seeks to maximize the distance d to the nearest training
point, the maximum margin of separation between red and blue. This a natural
objective in building a decision boundary between two classes, since the larger
the margin, the farther any of our training points are from being misclassified.
The maximum margin classifier should be the most robust separator between
the two classes.

There are several properties that help define the maximum margin separator
between sets of red and blue points:

• The optimal line must be in the midpoint of the channel, a distance d
away from both the nearest red point and the nearest blue point. If this
were not so, we could shift the line over until it did bisect this channel,
thus enlarging the margin in the process.

• The actual separating channel is defined by its contact with a small num-
ber of the red and blue points, where “a small number” means at most
twice the number of dimensions of the points, for well-behaved point sets
avoiding d + 1 points lying on any d-dimensional face. This is different
than with logistic regression, where all the points contribute to fitting the
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Figure 11.9: Both logistic regression and SVMs produce separating lines between
point sets, but optimized for different criteria.

best position of the line. These contact points are the support vectors
defining the channel.

• Points inside the convex hull of either the red or blue points have absolutely
no effect on the maximum margin separator, since we need all same-colored
points to be on the same side of the boundary. We could delete these
interior points or move them around, but the maximum margin separator
will not change until one of the points leaves the hull and enters the
separating strip.

• It is not always possible to perfectly separate red from blue by using a
straight line. Imagine a blue point sitting somewhere within the convex
hull of the red points. There is no way to carve this blue point away from
the red using only a line.

Logistic regression and support vector machines both produce separating
lines between point sets. These are optimized for different criteria, and hence
can be different, as shown in Figure 11.9. Logistic regression seeks the separator
which maximizes the total confidence in our classification summed over all the
points, while the wide margin separator of SVM does the best it can with
the closest points between the sets. Both methods generally produce similar
classifiers.
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11.4.1 Linear SVMs

These properties define the optimization of linear support vector machines. The
separating line/plane, like any other line/plane, can be written as

w · x− b = 0

for a vector of coefficients w dotted with a vector of input variables x. The
channel separating the two classes will be defined by two lines parallel to this
and equidistant on both sides, namely w · x− b = 1 and w · x− b = 1.

The actual geometric separation between the lines depends upon w, namely
2/||w||. For intuition, think about the slope in two dimensions: these lines will
be distance 2 apart for horizontal lines but negligibly far apart if they are nearly
vertical. This separating channel must be devoid of points, and indeed separate
red from blue points. Thus we must add constraints. For every red (class 1)
point xi, we insist that

w · x− b ≥ 1,

while every blue (class −1) point xi must satisfy

w · x− b ≤ −1,

If we let yi ∈ [−1, 1] denote the class of xi, then these can be combined to yield
the optimization problem

max ||w||, where yi(w · xi − b) ≥ 1 for all 1 ≤ i ≤ n.

This can be solved using techniques akin to linear programming. Note that
the channel must be defined by the points making contact with its boundaries.
These vectors “support” the channel, which is where the provocative name sup-
port vector machines comes from. The optimization algorithm of efficient solvers
like LibLinear and LibSVM search through the relevant small subsets of support
vectors which potentially define separating channels to find the widest one.

Note that there are more general optimization criteria for SVMs, which
seek the line that defines a wide channel and penalizes (but does not forbid)
points that are misclassified. This sort of dual-objective function (make the
channel wide while misclassifying few points) can be thought of as a form of
regularization, with a constant to trade off between the two objectives. Gradient
descent search can be used to solve these general problems.

11.4.2 Non-linear SVMs

SVMs define a hyperplane which separates the points from the two classes.
Planes are lines in higher dimensions, readily defined using linear algebra. So
how can this linear method produce a non-linear decision boundary?

For a given point set to have a maximum margin separator, the two colors
must first be linearly separable. But as we have seen this is not always the case.
Consider the pathological case of Figure 11.10 (left), where the cluster of red
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Figure 11.10: Projecting points to higher dimensions can make them linearly
separable.

points is surrounded by a ring-shaped cluster of black points. How might such
a thing arise? Suppose we partition travel destinations into day trips or long
trips, depending upon whether they are close enough to our given location. The
longitude and latitudes of each possible destination will yield data with exactly
the same structure as Figure 11.10 (left).

The key idea is that we can project our d-dimensional points into a higher-
dimensional space, where there will be more possibilities to separate them. For
n red/blue points along a line in one dimension, there are only n−1 potentially
interesting ways to separate them, specifically with a cut between the ith and

(i + 1)st points for 1 ≤ i < n. But this blows up to approximately
(
n
2

)
ways

as we move to two dimensions, because there is more freedom to partition as
we increase dimensionality. Figure 11.10 (right) demonstrates how lifting points
through the transformation (x, y)→ (x, y, x2 + y2) puts them on a paraboloid,
and makes it possible to linearly separate classes which were inseparable in the
original space.

If we jack the dimensionality of any two-class point set high enough, there
will always be a separating line between the red and black points. Indeed, if
we put the n points in n dimensions through a reasonable transform, they will
always be linearly separable in a very simple way. For intuition, think about the
special case of two points (one red and one blue) in two dimensions: obviously
there must be a line separating them. Projecting this separating plane down to
the original space results in some form of curved decision boundary, and hence
the non-linearity of SVMs depends upon exactly how the input was projected
to a higher-dimensional space.

One nice way to turn n points in d dimensions into n points in n dimensions
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might be to represent each point by its distances to all n input points. In
particular, for each point pi we can create a vector vi such that vij = dist(i, j),
the distance from pi to pj . The vector of such distances should serve as a
powerful set of features for classifying any new point q, since the distances to
members of the actual class should be small compared to those of the other
class.

This feature space is indeed powerful, and one can readily imagine writing
a function to turn the original n × d feature matrix into a new n × n feature
matrix for classification. The problem here is space, because the number of
input points n is usually vastly larger than the dimension d that they sit in.
Such a transform would be feasible to construct only for fairly small point sets,
say n ≤ 1000. Further, working with such high-dimensional points should be
very expensive, since every single distance evaluation now takes time linear in
the number of points n, instead of the data dimension d. But something amazing
happens. . .

11.4.3 Kernels

The magic of SVMs is that this distance-feature matrix need not actually be
computed explicitly. In fact, the optimization inherent in finding the maximum
margin separator only performs the dot products of points with other points
and vectors. Thus we could imagine performing the distance expansion on the
fly, when the associated point is being used in a comparison. Hence there would
be no need to precompute the distance matrix: we can expand the points from
d to n dimensions as needed, do the distance computation, and then throw the
expansions away.

This would work to eliminate the space bottleneck, but we would still pay
a heavy price in computation time. The really amazing thing is that there are
functions, called kernels, which return what is essentially the distance compu-
tation on the larger vector without ever constructing the larger vector. Doing
SVMs with kernels gives us the power of finding the best separator over a variety
of non-linear functions without much additional cost. The mathematics moves
beyond the scope of what I’d like to cover here, but:

Take-Home Lesson: Kernel functions are what gives SVMs their power to sep-
arate project d-dimensional points to n dimensions, so they can be separated
without spending more that d steps on the computation.

Support vector machines require experience to use effectively. There are
many different kernel functions available, beyond the distance kernel I presented
here. Each have advantages on certain data sets, so there is a need to futz with
the options of tools like LibSVM to get the best performance. They work best
on medium-sized data sets, with thousands but not millions of points.



372 CHAPTER 11. MACHINE LEARNING

11.5 Degrees of Supervision

There is a natural distinction between machine learning approaches based on
the degree and nature of the supervision employed in amassing training and
evaluation data. Like any taxonomy, there is some fuzziness around the margins,
making it an unsatisfying exercise to try to label exactly what a given system
is and is not doing. However, like any good taxonomy it gives you a frame to
guide your thinking, and suggests approaches that might lead to better results.

The methods discussed so far in this chapter assume that we are given train-
ing data with class labels or target variables, leaving our task as one to train
classifier or regression systems. But getting to the point of having labeled data
is usually the hard part. Machine learning algorithms generally perform better
the more data you can give them, but annotation is often difficult and expen-
sive. Modulating the degree of supervision provides a way to raise the volume
so your classifier can hear what is going on.

11.5.1 Supervised Learning

Supervised learning is the bread-and-butter paradigm for classification and re-
gression problems. We are given vectors of features xi, each with an associated
class label or target value yi. The annotations yi represent the supervision,
typically derived from some manual process which limits the potential amount
of training data.

In certain problems, the annotations of the training data come from obser-
vations in interacting with the world, or at least a simulation of it. Google’s
AlphaGo program was the first computer program to beat the world champion
at Go. A position evaluation function is a scoring function that takes a board
position and computes a number estimating how strong it is. AlphaGo’s posi-
tion evaluation function was trained on all published games by human masters,
but much more data was needed. The solution was, essentially, to build a po-
sition evaluator by training against itself. Position evaluation is substantially
enhanced by search – looking several moves ahead before calling the evaluation
function on each leaf. Trying to predict the post-search score without the search
produces a stronger evaluation function. And generating this training data is
just a result of computation: the program playing against itself.

This idea of learning from the environment is called reinforcement learn-
ing. It cannot be applied everywhere, but it is always worth looking for clever
approaches to generate mechanically-annotated training data.

11.5.2 Unsupervised Learning

Unsupervised methods try to find structure in the data, by providing labels
(clusters) or values (rankings) without any trusted standard. They are best
used for exploration, for making sense of a data set otherwise untouched by
human hands.
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The mother of all unsupervised learning methods is clustering, which we
discussed extensively in Section 10.5. Note that clustering can be used to provide
training data for classification even in the absence of labels. If we presume that
the clusters found represent genuine phenomenon, we can then use the cluster
ID as a label for all the elements in the given cluster. These can now serve as
training data to build a classifier to predict the cluster ID. Predicting cluster
IDs can be useful even if these concepts do not have a name associated with
them, providing a reasonable label for any input record q.

Topic Modeling

Another important class of unsupervised methods is topic modeling, typically
associated with documents drawn over a given vocabulary. Documents are writ-
ten about topics, usually a mix of topics. This book is partitioned into chapters,
each of which is about a different topic, but it also touches on subjects ranging
from baseball to weddings. But what is a topic? Typically each topic is associ-
ated with a particular set of vocabulary words. Articles about baseball mention
hits, pitchers, strikeouts, bases, and slugging. Married, engaged, groom, bride,
love, and celebrate are words associated with the topic of wedding. Certain
words can represent multiple topics. For example love is also associated with
tennis, and hits with gangsters.

Once one has a set of topics (t1, . . . , tk) and the words which define them, the
problem of identifying the specific topics associated with any given document
d seems fairly straightforward. We count the number of word occurrences of d
in common with ti, and report success whenever this is high enough. If given
a set of documents manually labeled with topics, it seems reasonable to count
the frequency of each word over every topic class, to construct the list of words
most strongly associated with each topic.

But that is all very heavily supervised. Topic modeling is an unsupervised
approach that infers the topics and the word lists from scratch, just given un-
labeled documents. We can represent these texts by a w × d frequency matrix
F , where w is the vocabulary size and d the number of documents and F [i, j]
reflects how many times work i appears in document j. Suppose we factor F
into F ≈W ×D, where W is a w× t word–topic matrix and D is a t× d topic–
document matrix. The largest entries in the ith row of W reflect the topics
word wi is most strongly linked to, while the largest entries in the jth column
of D reflect the topics best represented in document dj .

Such a factorization would represent a completely unsupervised form of
learning, with the exception of specifying the desired number of topics t. It
seems a messy process to construct such an approximate factorization, but there
are a variety of approaches to try to do so. Perhaps the most popular method
for topic modeling is an approach called latent Dirichlet allocation (LDA), which
produces a similar set of matrices W and D, although not strictly produced by
factorization.

Figure 11.5.2 presents a toy example of LDA in action. Three excellent
books were analyzed, with the goal of seeing how they were organized among
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Figure 11.11: Illustration of topic modeling (LDA). The three books are rep-
resented by their distribution of topics (left). Each topic is represented by a
list of words, with the weight a measure of its importance to the topic (right).
Documents are made up of words: the magic of LDA is that it simultaneously
infers the topics and word assignments in an unsupervised manner.

three latent topics. The LDA algorithm defined these topics in an unsupervised
way, by assigning each word weights for how much it contributes to each topic.
The results here are generally effective: the concept of each topic emerges from
its most important words (on the right). And the word distribution within each
book can then be readily partitioned among the three latent topics (on the left).

Note that this factorization mindset can be applied beyond documents, to
any feature matrix F . The matrix decomposition approaches we have previously
discussed, like singular value decomposition and principle components analysis,
are equally unsupervised, inducing structure inherent in the data sets without
our lead in finding it.

11.5.3 Semi-supervised Learning

The gap between supervised and unsupervised learning is filled by semi-supervised
learning methods, which amplify small amounts of labeled training data into
more. Turning small numbers of examples into larger numbers is often called
bootstrapping, from the notion of “pulling yourself up from your bootstraps.”
Semi-supervised approaches personify the cunning which needs be deployed to
build substantive training sets.

We assume that we are given a small number of labeled examples as (xi, yi)
pairs, backed by a large number of inputs xj of unknown label. Instead of
directly building our model from the training set, we can use it to classify the
mass of unlabeled instances. Perhaps we use a nearest neighbor approach to
classify these unknowns, or any of the other approaches we have discussed here.
But once we classify them, we assume the labels are correct and retrain on the
larger set.

Such approaches benefit strongly from having a reliable evaluation set. We
need to establish that the model trained on the bootstrapped examples performs
better than one trained on what we started with. Adding billions of training
examples is worthless if the labels are garbage.

There are other ways to generate training data without annotations. Often
it seems easier to find positive examples than negative examples. Consider the

Text T1 T2 T3

The Bible 0.73 0.01 0.26
Data Sci Manual 0.05 0.83 0.12
Who’s Bigger? 0.08 0.23 0.69

T1 T2 T3

Term Weight Term Weight Term Weight

God 0.028 CPU 0.021 past 0.013
Jesus 0.012 computer 0.010 history 0.011
pray 0.006 data 0.005 old 0.006
Israel 0.003 program 0.003 war 0.004
Moses 0.001 math 0.002 book 0.002
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problem of training a grammar corrector, meaning it distinguishes proper bits
of writing from ill-formed stuff. It is easy to get a hold of large amounts of
proper examples of English: whatever gets published in books and newspapers
generally qualifies as good. But it seems harder to get a hold of a large corpora
of incorrect writing. Still, we can observe that randomly adding, deleting, or
substituting arbitrary words to any text almost always makes it worse.4 By
labeling all published text as correct and all random perturbations as incorrect,
we can create as large a training set as we desire without hiring someone to
annotate it.

How can we evaluate such a classifier? It is usually feasible to get enough
genuine annotated data for evaluation purposes, because what we need for eval-
uation is typically much smaller than that for training. We can also use our
classifier to suggest what to annotate. The most valuable examples for the anno-
tator to vet are those that our classifier makes mistakes on: published sentences
marked incorrect or random mutations that pass the test are worth passing to
a human judge.

11.5.4 Feature Engineering

Feature engineering is the fine art of applying domain knowledge to make it
easier for machine learning algorithms to do their intended job. In the context
of our taxonomy here, feature engineering can be considered an important part
of supervised learning, where the supervision applies to the feature vectors xi
instead of the associated target annotations yi.

It is important to ensure that features are presented to models in a way that
the model can properly use them. Incorporating application-specific knowledge
into the data instead of learning it sounds like cheating, to amateurs. But the
pros understand that there are things that cannot be learned easily, and hence
are better explicitly put into the feature set.

Consider a model to price art at auctions. Auction houses make their money
by charging a commission to the winning bidder, on top of what they pay
the owner. Different houses charge different rates, but they can amount to a
substantial bill. Since the total cost to the winner is split between purchase
price and commission, higher commissions may well lower the purchase price,
by cutting into what the bidder can afford to pay the owner.

So how can you represent the commission price in an art pricing model? I can
think of at least three different approaches, some of which can have disastrous
outcomes:

• Specify the commission percentage as a feature: Representing the house
cut (say 10%) as a column in the feature set might not be usable in a
linear model. The hit taken by the bidder is the product of the tax rate
and the final price. It has a multiplicative effect, not an additive effect,

4Give it a try someplace on this page. Pick a word at random and replace it by red. Then
again with the. And finally with defenestrate. Is my original text clearly better written than
what you get after such a change?
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and hence cannot be meaningfully exploited if the price range for the art
spans from $100 to $1,000,000.

• Include the actual commission paid as a feature: Cheater. . . If you include
the commission ultimately paid as a feature, you pollute the features with
data not known at the time of the auction. Indeed, if all paintings were
faced with a 10% tax, and the tax paid was a feature, a perfectly accurate
(and completely useless) model would predict the price as ten times the
tax paid!

• Set the regression target variable to be the total amount paid: Since the
house commission rates and add-on fees are known to the buyer before
they make the bid, the right target variable should be the total amount
paid. Any given prediction of the total purchase price can be broken down
later into the purchase price, commission, and taxes according to the rules
of the house.

Feature engineering can be thought of as a domain-dependent version of data
cleaning, so the techniques discussed in Section 3.3 all apply here. The most
important of them will be reviewed here in context, now that we have finally
reached the point of actually building data-driven models:

• Z-scores and normalization: Normally-distributed values over compara-
ble numerical ranges make the best features, in general. To make the
ranges comparable, turn the values into Z-scores, by subtracting off the
mean and dividing by the standard deviation, Z = (x− µ)/σ. To make a
power law variable more normal, replace x in the feature set with log x.

• Impute missing values: Make sure there are no missing values in your
data and, if so, replace them by a meaningful guess or estimate. Recording
that someone’s weight equals −1 is an effortless way to mess up any model.
The simplest imputation method replaces each missing value by the mean
of the given column, and generally suffices, but stronger methods train
a model to predict the missing value based on the other variables in the
record. Review Section 3.3.3 for details.

• Dimension reduction: Recall that regularization is a way of forcing mod-
els to discard irrelevant features to prevent overfitting. It is even more
effective to eliminate irrelevant features before fitting your models, by re-
moving them from the data set. When is a feature x likely irrelevant for
your model? Poor correlation with the target variable y, plus the lack of
any qualitative reason you can give for why x might impact y are both
excellent indicators.

Dimension reduction techniques like singular-value decomposition are ex-
cellent ways to reduce large feature vectors to more powerful and concise
representations. The benefits include faster training times, less overfitting,
and noise reduction from observations.
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• Explicit incorporation of non-linear combinations: Certain products or
ratios of feature variables have natural interpretations in context. Area
or volume are products of length, width, and height, yet cannot be part
of any linear model unless explicitly made a column in the feature ma-
trix. Aggregate totals, like career points scored in sports or total dollars
earned in salary, are usually incomparable between items of different age
or duration. But converting totals into rates (like points per game played
or dollars per hour) usually make more meaningful features.

Defining these products and ratios requires domain-specific information,
and careful thought during the feature engineering process. You are much
more likely to know the right combinations than your non-linear classifier
is to find it on its own.

Don’t be shy here. The difference between a good model and a bad model
usually comes down to quality of its feature engineering. Advanced machine
learning algorithms are glamorous, but it is the data preparation that produces
the results.

11.6 Deep Learning

The machine learning algorithms we have studied here do not really scale well to
huge data sets, for several reasons. Models like linear regression generally have
relatively few parameters, say one coefficient per column, and hence cannot
really benefit from enormous numbers of training examples. If the data has a
good linear fit, you will be able to find it with a small data set. And if doesn’t,
well, you didn’t really want to find it anyway.

Deep learning is an incredibly exciting recent development in machine learn-
ing. It is based on neural networks, a popular approach from the 1980s which
then fell substantially out of style. But over the past five years something hap-
pened, and suddenly multi-layer (deep) networks began wildly out-performing
traditional approaches on classical problems in computer vision and natural
language processing.

Exactly why this happened remains somewhat of a mystery. It doesn’t seem
that there was a fundamental algorithmic breakthrough so much as that data
volume and computational speeds crossed a threshold where the ability to ex-
ploit enormous amounts of training data overcame methods more effective at
dealing with a scarce resource. But infrastructure is rapidly developing to lever-
age this advantage: new open source software frameworks like Google’s Tensor-
Flow make it easy to specify network architectures to special-purpose processors
designed to speed training by orders of magnitude.

What distinguishes deep learning from other approaches is that it generally
avoids feature engineering. Each layer in a neural network generally accepts
as its input the output of its previous layer, yielding progressively higher-level
features as we move up towards the top of the network. This serves to define
a hierarchy of understanding from the raw input to the final result, and indeed
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Figure 11.12: Deep learning networks have hidden layers of parameters.

the penultimate level of a network designed for one task often provides useful
high-level features for related tasks.

Why are neural networks so successful? Nobody really knows. There are
indications that for many tasks the full weight of these networks are not really
needed; that what they are doing will eventually be done using less opaque
methods. Neural networks seem to work by overfitting, finding a way to use
millions of examples to fit millions of parameters. Yet they generally manage
to avoid the worst behavior of overfitting, perhaps by using less precise ways to
encode knowledge. A system explicitly memorizing long strings of text to split
out on demand will seem brittle and overfit, while one representing such phrases
in a looser way is liable to be more flexible and generalizable.

This is a field which is advancing rapidly, enough so that I want to keep
my treatment strictly at the idea level. What are the key properties of these
networks? Why have they suddenly become so successful?

Take-Home Lesson: Deep learning is a very exciting technology that has legs,
although it is best suited for domains with enormous amounts of training data.
Thus most data science models will continue to be built using the traditional
classification and regression algorithms that we detailed earlier in this chapter.

11.6.1 Networks and Depth

Figure 11.12 illustrates the architecture of a deep learning network. Each node
x represents a computational unit, which computes the value of a given sim-
ple function f(x) over all inputs to it. For now, perhaps view it as a simple
adder that adds all the inputs, then outputs the sum. Each directed edge (x, y)
connects the output of node x to the input of a node y higher in the network.
Further, each such edge has an associated multiplier coefficient wx,y. The value
actually passed to y is the wx,y · f(x), meaning node y computes a weighted
sum of its inputs.

The left column of Figure 11.12 represents a set of input variables, the values
of which change whenever we ask the network to make a prediction. Think of this
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as the interface to the network. Links from here to the next level propagate out
this input value to all the nodes which will compute with it. On the right side are
one or more output variables, presenting the final results of this computation.
Between these input and output layers sit hidden layers of nodes. Given the
weights of all the coefficients, the network structure, and the values of input
variables, the computation is straightforward: compute the values of the lowest
level in the network, propagate them forward, and repeat from the next level
until you hit the top.

Learning the network means setting the weights of the coefficient parameters
wx,y. The more edges there are, the more parameters we have to learn. In prin-
ciple, learning means analyzing a training corpus of (xi, yi) pairs, and adjusting
weights of the edge parameters so that the output nodes generate something
close to yi when fed input xi.

Network Depth

The depth of the network should, in some sense, correspond to the conceptual
hierarchy associated with the objects being modeled. The image we should have
is the input being successively transformed, filtered, boiled down, and banged
into better and better shape as we move up the network. Generally speaking,
the number of nodes should progressively decrease as we move up to higher
layers.

We can think of each layer as providing a level of abstraction. Consider a
classification problem over images, perhaps deciding whether the image contains
a picture of a cat or not. Thinking in terms of successive levels of abstraction, im-
ages can be said to be made from pixels, neighborhood patches, edges, textures,
regions, simple objects, compound objects, and scenes. This is an argument that
at least eight levels of abstraction could potentially be recognizable and usable
by networks on images. Similar hierarchies exist in document understanding
(characters, words, phrases, sentences, paragraphs, sections, documents) and
any other artifacts of similar complexity.

Indeed, deep learning networks trained for specific tasks can produce valu-
able general-purpose features, by exposing the outputs of lower levels in the
network as powerful features for conventional classifiers. For example, Imagenet
is a popular network for object recognition from images. One high-level layer of
1000 nodes measures the confidence that the image contains objects of each of
1000 different types. The patterns of what objects light up to what degree are
generally useful for other tasks, such as measuring image similarity.

We do not impose any real vision of what each of these levels should repre-
sent, only to connect them so that the potential to recognize such complexity
exists. Neighborhood patches are functions of small groups of connected pixels,
while regions will be made up of small numbers of connected patches. Some
sense of what we are trying to recognize goes into designing this topology, but
the network does what it feels it has to do during training to minimize training
error, or loss.

The disadvantages of deeper networks is that they become harder to train
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Figure 11.13: Addition networks do not benefit from depth. The two layer
network (left) computes exactly the function as the equivalent one layer network
(right).

the larger and deeper they get. Each new layer adds a fresh set of edge-weight
parameters, increasing the risks of overfitting. Properly ascribing the effect of
prediction errors to edge-weights becomes increasingly difficult, as the number
of intervening layers grows between the edge and the observed result. However,
networks with over ten layers and millions of parameters have been success-
fully trained and, generally speaking, recognition performance increases with
the complexity of the network.

Networks also get more computationally expensive to make predictions as
the depth increases, since the computation takes time linear in the number of
edges in the network. This is not terrible, especially since all the nodes on any
given level can be evaluated in parallel on multiple cores to reduce the prediction
time. Training time is where the real computational bottlenecks generally exist.

Non-linearity

The image of recognizing increasing levels of abstraction up the hidden layers
of a network is certainly a compelling one. It is fair to ask if it is real, however.
Do extra layers in a network really give us additional computational power to
do things we can’t with less?

The example of Figure 11.13 seems to argue the converse. It shows addition
networks built with two and three layers of nodes, respectively, but both com-
pute exactly the same function on all inputs. This suggests that the extra layer
was unnecessary, except perhaps to reduce the engineering constraint of node
degree, the number of edges entering as input.

What it really shows is that we need more complicated, non-linear node ac-
tivation functions φ(v) to take advantage of depth. Non-linear functions cannot
be composed in the same way that addition can be composed to yield addition.
This nonlinear activation function φ(vi) typically operates on a weighted sum
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Figure 11.14: The logistic (left) and ReLU (right) activation functions for nodes
in neural networks.

of the inputs x, where

vi = β +
∑
i

wixi.

Here β is a constant for the given node, perhaps to be learned in training. It
is called the bias of the node because it defines the activation in the absence of
other inputs.

That computing the output values of layer l involves applying the activation
function φ to weighted sums of the values from layer l − 1 has an important
implication on performance. In particular, neural network evaluation basically
just involves one matrix multiplication per level, where the weighted sums are
obtained by multiplying an |Vl|×|Vl−1| weight matrix W by an |Vl−1|×1 output
vector Vl−1. Each element of the resulting |Vl| × 1 vector is then hit with the
φ function to prepare the output values for that layer. Fast libraries for matrix
multiplication can perform the heart of this evaluation very efficiently.

A suite of interesting, non-linear activation functions have been deployed in
building networks. Two of the most prominent, shown in Figure 11.14, include:

• Logit: We have previously encountered the logistic function or logit, in
our discussion of logistic regression for classification. Here

f(x) =
1

1 + e−x

This unit has the property that the output is constrained to the range
[0,1], where f(0) = 1/2. Further, the function is differentiable, so back-
propagation can be used to train the resulting network.

• Rectified linear units (ReLU): A rectifier or diode in an electrical circuit
lets current flow in only one direction. Its response function f(x) is linear
when x is positive, but zero when x is negative, as shown in Figure 11.14
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(right).

f(x) = x when x ≥ 0

= 0 when x < 0

This kink at x = 0 is enough to remove the linearity from the function,
and provides a natural way to turn off the unit by driving it negative. The
ReLU function remains differentiable, but has quite a different response
than the logit, increasing monotonically and being unbounded on one side.

I am not really aware of a theory explaining why certain functions should
perform better in certain contexts. Specific activation functions presumably
became popular because they worked well in experiments, with the choice of unit
being something you can change if you don’t feel your network is performing as
well as it should.

Generally speaking, adding one hidden layer adds considerable power to the
network, with additional layers suffering from diminishing returns. The theory
shows that networks without any hidden layers have the power to recognize
linearly separable classes, but we turned to neural nets to build more powerful
classifiers.

Take-Home Lesson: Start with one hidden layer with a number of nodes be-
tween the size of the input and output layers, so they are forced to learn
compressed representations that make for powerful features.

11.6.2 Backpropagation

Backpropagation is the primary training procedure for neural networks, which
achieves very impressive results by fitting large numbers of parameters incre-
mentally on large training sets. It is quite reminiscent of stochastic gradient
descent, which we introduced in Section 9.4.

Our basic problem is this. We are given a neural network with preliminary
values for each parameter wlij , meaning the multiplier that the output of node

vl−1
j gets before being added to node vli. We are also given a training set

consisting of n input vector-output value pairs (xa, ya), where 1 ≤ a ≤ n. In
our network model, the vector xi represents the values to be assigned to the
input layer v1, and yi the desired response from the output layer vl. Evaluating
the current network on xi will result in an output vector vl. The error El of the
network at layer l can be measured, perhaps as

El = ||yi − vl||2 =
∑
j

(φ(β +
∑
j

wlijv
l−1
ij )− yij)2

We would like to improve the values of the weight coefficients wlij so they
better predict yi and minimize El. This equation above defines the loss El as
a function of the weight coefficients, since the input values from the previous
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Source 1 2 3 4 5
Apple iPhone iPad apple MacBook iPod
apple apples blackberry Apple iphone fruit
car cars vehicle automobile truck Car

chess Chess backgammon mahjong checkers tournaments
dentist dentists dental orthodontist dentistry Dentist

dog dogs puppy pet cat puppies
Mexico Puerto Peru Guatemala Colombia Argentina

red blue yellow purple orange pink
running run ran runs runing start

write writing read written tell Write

Figure 11.15: Nearest neighbors in word embeddings capture terms with similar
roles and meaning.

layer vl−1 is fixed. As in stochastic gradient descent, the current value of the
wlij defines a point p on this error surface, and the derivative of El at this point
defines the direction of steepest descent reducing the errors. Walking down a
distance d in this direction defined by the current step size or learning rate yields
updated values of the coefficients, whose vl does a better job predicting ya from
xa.

But this only changes coefficients in the output layer. To move down to the
previous layer, note that the previous evaluation of the network provided an
output for each of these nodes as a function of the input. To repeat the same
training procedure, we need a target value for each node in layer l − 1 to play
the role of ya from our training example. Given ya and the new weights to
compute vl, we can compute values for the outputs of these layers which would
perfectly predict yi. With these targets, we can modify the coefficient weights
at this level, and keep propagating backwards until we hit the bottom of the
network, at the input layer.

11.6.3 Word and Graph Embeddings

There is one particular unsupervised application of deep learning technology
that I have found readily applicable to several problems of interest. This has
the extra benefit of being accessible to a broader audience with no familiarity
with neural networks. Word embeddings are distributed representations of what
words actually mean or do.

Each word is denoted by a single point in, say, 100-dimensional space, so that
words which play similar roles tend to be represented by nearby points. Figure
11.15 presents the five nearest neighbors of several characteristic English words
according to the GloVe word embedding [PSM14], and I trust you will agree
that they capture an amazing amount of each word’s meaning by association.

The primary value of word embeddings is as general features to apply in
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specific machine learning applications. Let’s reconsider the problem of distin-
guishing spam from meaningful email messages. In the traditional bag of words
representation, each message might be represented as a sparse vector b, where
b[i] might report the number of times vocabulary word wi appears in the mes-
sage. A reasonable vocabulary size v for English is 100,000 words, turning b into
a ghastly 100,000-dimensional representation that does not capture the similar-
ity between related terms. Word vector representations prove much less brittle,
because of the lower dimensionality.

We have seen how algorithms like singular value decomposition (SVD) or
principle components analysis can be used to compress an n×m feature matrix
M to an n× k matrix M ′ (where k � m) in such a way that M ′ retains most
of the information of M . Similarly, we can think of word embeddings as a
compression of a v× t word–text incidence matrix M , where t is the number of
documents in corpus, and M [i, j] measures the relevance of word i to document
j. Compressing this matrix to v × k would yield a form of word embedding.

That said, neural networks are the most popular approach to building word
embeddings. Imagine a network where the input layer accepts the current em-
beddings of (say) five words, w1, . . . , w5, corresponding to a particular five word
phrase from our document training corps. The network’s task might be to pre-
dict the embedding of the middle word w3 from the embeddings of the flanking
four words. Through backpropagation, we can adjust the weights of the nodes
in the network so it improves the accuracy on this particular example. The key
here is that we continue the backpropagation past the lowest level, so that we
modify the actual input parameters! These parameters represented the embed-
dings for the words in the given phrase, so this step improves the embedding
for the prediction task. Repeating this on a large number of training examples
yields a meaningful embedding for the entire vocabulary.

A major reason for the popularity of word embeddings is word2vec, a ter-
rific implementation of this algorithm, which can rapidly train embeddings for
hundreds of thousands of vocabulary words on gigabytes of text in a totally un-
supervised manner. The most important parameter you must set is the desired
number of dimensions d. If d is too small, the embedding does not have the
freedom to fully capture the meaning of the given symbol. If d is too large,
the representation becomes unwieldy and overfit. Generally speaking, the sweet
spot lies somewhere between 50 and 300 dimensions.

Graph Embeddings

Suppose we are given an n × n pairwise similarity matrix S defined over a
universe of n items. We can construct the adjacency matrix of similarity graph G
by declaring an edge (x, y) whenever the similarity of x and y in S is high enough.
This large matrix G might be compressed using singular value decomposition
(SVD) or principle components analysis (PCA), but this proves expensive on
large networks.

Programs like word2vec do an excellent job constructing representations from
sequences of symbols in a training corpus. The key to applying them in new
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domains is mapping your particular data set to strings over an interesting vo-
cabulary. DeepWalk is an approach to building graph embeddings, point repre-
sentations for each vertex such that “similar” vertices are placed close together
in space.

Our vocabulary can be chosen to be the set of distinct vertex IDs, from 1 to
n. But what is the text that can represent the graph as a sequence of symbols?
We can construct random walks over the network, where we start from an
arbitrary vertex and repeatedly jump to a random neighbor. These walks can
be thought of as “sentences” over our vocabulary of vertex-words. The resulting
embeddings, after running word2vec on these random walks, prove very effective
features in applications.

DeepWalk is an excellent illustration of how word embeddings can be used
to capture meaning from any large-scale corpus of sequences, irrespective of
whether they are drawn from a natural language. The same idea plays an
important role in the following war story.

11.7 War Story: The Name Game

My brother uses the name Thor Rabinowitz whenever he needs an alias for a
restaurant reservation or online form. To understand this war story, you first
have to appreciate why this is very funny.

• Thor is the name of an ancient Norse god, and more recent super-hero
character. There are a small but not insignificant number of people in the
world named Thor, the majority of whom presumably are Norwegian.

• Rabinowitz is a Polish-Jewish surname, which means “son of the rabbi.”
There are a small but not insignificant number of people in the world
named Rabinowitz, essentially none of whom are Norwegian.

The upshot is that there has never been a person with that name, a fact
you can readily confirm by Googling “Thor Rabinowitz”. Mentioning this name
should trigger cognitive dissonance in any listener, because the two names are
so culturally incompatible.

The specter of Thor Rabinowitz hangs over this tale. My colleague Yifan
Hu was trying to find a way to prove that a user logging in from a suspicious
machine was really who they said they were. If the next login attempt to my
account suddenly comes from Nigeria after many years in New York, is it really
me or a bad guy trying to steal my account?

“The bad guy won’t know who your friends are,” Yifan observed. “What if
we challenge you to recognize the names of two friends from your email contact
list in a list of fake names. Only the real owner will know who they are.”

“How are you going to get the fake names?” I asked. “Maybe use the names
of other people who are not contacts of the owner?”

“No way,” said Yifan. “Customers will get upset if we show their names to
the bad guy. But we can just make up names by picking first and last names
and sticking them together.”
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“But Thor Rabinowitz wouldn’t fool anybody,” I countered, explaining the
need for cultural compatibility.

We needed a way to represent names so as to capture subtle cultural affinities.
He suggested something like a word embedding could do the job, but we needed
training text be that would encode this information.

Yifan rose to the occasion. He obtained a data set composed of the names
of the most important email contacts for over 2 million people. Contact lists for
representative individuals5 might be:

• Brad Pitt: Angelina Jolie, Jennifer Aniston, George Clooney, Cate Blanchett,
Julia Roberts.

• Donald Trump: Mike Pence, Ivanika Trump, Paul Ryan, Vladimir Putin,
Mitch McConnell.

• Xi Jinping: Hu Jintao, Jiang Zemin, Peng Liyuan, Xi Mingze, Ke Lingling.

We could treat each email contact list as a string of names, and then con-
catenate these strings to be sentences in a 2 million-line document. Feeding this
to word2vec would train embeddings for each first/last name token appearing
in the corpus. Since certain name tokens like John could appear either as first
or last names, we created separate symbols to distinguish the cases of John/1
from John/2.

Word2vec made short work of the task, creating a one hundred-dimensional
vector for each name token with marvelous locality properties. First names
associated with the same gender clustered near each other. Why? Men generally
have more male friends in their contact list than women, and visa versa. These
co-locations pulled the genders together. Within each gender we see clusterings
of names by ethnic groupings: Chinese names near Chinese names and Turkish
names near other Turkish names. The principle that birds of a feather flock
together (homophily) holds here as well.

Names regularly go in and out of fashion. We even see names clustering by
age of popularity. My daughter’s friends all seem to have names like Brianna,
Brittany, Jessica, and Samantha. Sure enough, these name embeddings clus-
ter tightly together in space, because they do so in time: these kids tend to
communicate most often with peers of similar age.

We see similar phenomena with last name tokens. Figure 11.16 presents
a map of the 5000 most frequent last names, drawn by projecting our one
hundred-dimensional name embeddings down to two dimensions. Names have
been color-coded according to their dominant racial classification according to
U.S. Census data. The cutouts in Figure 11.16 highlight the homogeneity of
regions by cultural group. Overall the embedding clearly places White, Black,
Hispanic, and Asian names in large contiguous regions. There are two distinct

5Great care was taken throughout this project to preserve user privacy. The names of the
email account owners were never included in the data, and all uncommon names were filtered
out. To prevent any possible misinterpretation here, the examples shown are not really the
contact lists for Brad Pitt, Donald Trump, and Xi Jinping.
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Figure 11.16: Visualization of the name embedding for the most frequent 5000
last names from email contact data, showing a two-dimensional projection view
of the embedding (left). Insets from left to right highlight British (center), and
Hispanic (right) names.

Asian regions in the map. Figure 11.17 presents insets for these two regions,
revealing that one cluster consists of Chinese names and the other of Indian
names.

With very few Thors corresponding with very few Rabinowitzes, these corre-
sponding name tokens are destined to lie far apart in embedding space. But the
first name tokens popular within a given demographic are likely to lie near the
last names from the same demographic, since the same close linkages appear in
individual contact lists. Thus the nearest last name token y to a specific first
name token x is likely to be culturally compatible, making xy a good candidate
for a reasonable-sounding name.

The moral of this story is the power of word embeddings to effortlessly
capture structure latent in any long sequence of symbols, where order matters.
Programs like word2vec are great fun to play with, and remarkably easy to use.
Experiment with any interesting data set you have, and you will be surprised
at the properties it uncovers.

11.8 Chapter Notes

Good introductions to machine learning include Bishop [Bis07] and Friedman
et al. [FHT01]. Deep learning is currently the most exciting area of machine
learning, with the book by Goodfellow, Bengio, and Courville [GBC16] serving
as the most comprehensive treatment.

Word embeddings were introduced by Mikolov et al. [MCCD13], along with
their powerful implementation of word2vec. Goldberg and Levy [LG14] have
shown that word2vec is implicitly factoring the pointwise mutual information
matrix of word co-locations. In fact, the neural network model is not really
fundamental to what it is doing. Our DeepWalk approach to graph embeddings
is described in Perozzi et al. [PaRS14].
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RITCHIE

WESTON

ABRAMS

PETTY

MATTOS

MACKEY

MIHAELA

FIRST

FREE

WITT

ACCOUNTS

KIDD

JAIME

MCGILL

OLIVARES

KAMAL

VILA

FINK

REYNA

CAMILO

AMY

GRECO

YOU

GAL

AREVALO

MAGALHES

POPESCU

COURTNEY

RAUL

ODOM

KERN

SEED

SYKES

TRAINING

VALENTIN

BRITTON

SYED

IMVEIS

GREENWOOD

INS

MATIAS

PHOTOGRAPHY

YADAV

SIMMS

MACKENZIE

ALCANTARA

OTTO

SALEH

JULIO

RIGGS

FALCON

TYSON

MILTON

DANCE

ORELLANA

ABEL

TAXI

HASTINGS

BARON

DOWNING

MADRID

ROBIN

ROLAND

SENA

BETTY

BROTHERS

DEMPSEY

MICHAELS

LOCKE

RIZZO

ABD

PAPA

SAID

GUILLEN

HEALTHCARE

HELLER

DEBBIE

GAGNON

INVESTMENTS

JESSICA

TERRELL

BRENT

DSOUZA

HAINES

WOLFF

KENNEY

DRISCOLL

HOLMAN

GUTHRIE

CONSTRUCTION

DICK

SOUTH

MAGEE

CHILDS

RESPUESTA

ROQUE

STAFFING

OSBORN

SIMONS

BINTI

BYERS

SIEGEL

FRIDAY

DENTON

ENGEL

WILDER

LOW

RUTHERFORD

COOLEY

ESTEBAN

STEFAN

SWIFT

NA

SANDERSON

CASTAEDA

MCFADDEN

PHILIPPINES

WARRANTY

RAQUEL

MEXICO

KINNEY

ZIEGLER

MELISSA

RANKIN

CULLEN

MOTTA

STELLA

RENE

WITHIN

SELF

ESPARZA

GUNN

ATENDIMENTO

JUSTICE

GARRIDO

ASSOCIATES

BUTT

WHITFIELD

BEAR

DONALD

CHO

BEAUTY

SNIDER

BATTLE

BABU

KO

COUTO

COUTINHO

ENG

PORTILLO

JOYNER

YODER

RIDDLE

HOLLEY

SEYMOUR

FINANCEIRO

DEAL

ALARCON

CALIFORNIA

IGLESIAS

RASHID

AU

DAUGHERTY

SHERIDAN

KROGER

WILL

BOX

JUNG

SCHWAB

AVALOS

HELPDESK

REZA

LANGLEY

MARCO

SCHUMACHER

JANSEN

MATTHEW

TOYOTA

HATFIELD

MODAS

MAHMOOD

DAILEY

MEDRANO

LADY

LOCKHART

LUKE

LAB

ANGELO

PRINTING

LACERDA

FRANKS

SHOEMAKER

VAZ

PIZZA

CRAMER

HA

BIN

ALFORD

HEALY

GAUTHIER

MAR

DEVINE

LARKIN

STEINER

AMOS

SARGENT

RICK

HOTELS

WYNN

GOFF

ALERTS

BURT

AC

FEDERAL

BENOIT

INNOVATION

FERRELL

SONG

HANEY

DAVISON

KIRKLAND

MAJOR

JERRY

DENIS

CASAS

MONTALVO

GAMBOA

CLAUDE
BROTHER

HUMANOS

INTERACTIVE

REGAN

PURCELL

HOTMAIL

LUCIANO

CARUSO

HELMS

PREMIER

MD

AMADOR

ELISA

MOTORS

HAY

MUSTAFA

CARVER

BETANCOURT

HATCHER

WORKFORCE

SIDDIQUI

FORREST

GRANADOS

LIGHT

CA

FRANCOIS

DUNBAR

ADVANTAGE

HU

DOWNEY

GANDHI

WAY

KIRKPATRICK

DARIO

ROCHE

PRITCHARD

MAHMOUD

MOYA

OTT

RON

DRUMMOND

KHALID

HOSPITAL

MOHAN

SORENSEN

AVILES

BERMAN

FAN

RADU

WINKLER

LING

HERRON

SIMONE

AMANDA

GUTIRREZ

CONSULTING

CLIENTES

CANTRELL

MENDONA

NAVARRETE

PICKETT

ALEXIS

VALLEJO

FELICIANO BRENDA

ALSTON

EMERY

GODWIN

KEARNEY

MOHAMMAD

PATE

PARDO

CHANEY

OHARA

HADDAD

CANALES

DILLARD

CATHERINE

CLAIRE

VIRTUAL

KYLE

ROGER
EDGE

ALEXANDRU

CANCER

CINDY

MASTER

PRINT

MAI

MINOR

ARRUDA

EAST

BINGHAM

LINARES

STEVEN

RIDGE

REHMAN

THORPE

LUDWIG

FATIMA

PLUMMER

MARIUS

KANG

CARVAJAL

MI

OSMAN

BEATTY
ROE

LEDESMA

PIKE

TALLEY

CASTLE

VILLAGE

TEMPLE

OLEARY

FOODS

PHILIP

READ

PUBLISHING

BOUCHER

MEEKS

TORO

MOHD

RINCON

ROYAL

CONNELLY

BUSTOS

KENDRICK

CS

MATT

VIRGINIA

MCMANUS

ACKERMAN

PRYOR

ZHOU

QUINONES

FERRAZ

GERMAN

CHANDRA

KRAFT

PAN

SALCEDO

OLVERA

DUQUE

GOLF

HANNAH

URBAN

ODELL

ENGINEERING

TILLMAN

NAME

FAJARDO

BOWDEN

EVANGELISTA

CARTWRIGHT

SU

SERRA

CORBIN

NOVO

CARRANZA

KEENAN

MEREDITH

INCORPORATED

CONNELL

DOE

RUCKER

PRESS

BURRELL

PIPER

ROLDAN

PERERA

WHALEN

HOLLIS

GRADY

DEWITT

VISION

KARIM

MAILER

RUTLEDGE

SONI

BERNSTEIN

GERARDO

NAGY

FOREMAN

PIERSON

POLLOCK

BURGER

BARNARD

ASH

DRAPER

HELEN

SWAIN

ELAINE

PAEZ

ROMO SOLEDAD

CHIU

OLIVIER

GLEASON

BARAJAS

BIG

SARA

LOTT

STRATTON

HENDRICKSON

EARL

HHONORS

GORE

STEPHANIE

ANWAR

FIX

MCGINNIS

MAURO

SEPULVEDA

MARCIA

PANDEY

LUND

LCIA

MARTA

CAHILL

HUSBAND

LOWRY

GROVES

JULIAN

BEE

COTE

COVINGTON

WOODRUFF

PLAZA

BROUSSARD

CALVO

MCCAULEY

EVENTOS

TRIBUNE

YOUR

LEN

GUILHERME

HUTCHISON

KURTZ

GAYLE

ARANDA

JARRETT

TIRE

CORNEJO

WINSTON

EDGAR

WHITLEY

DARLING

SCHAFER

MCCORMACK

COKER

JI

HAMMER

GILLIAM

MOBLEY

GREGG

COORDINATOR

ZEPEDA

IRENE

BERTRAND

KIMBALL

ESCALANTE

EDMONDS

HATCH

ASHRAF

GARLAND

PEACOCK

DYE

HOSSAIN

CARRERA

PLATT

ROUSE

DOTSON

PASSOS

WOOTEN

SUSANA

MAYFIELD

WOMACK

MARION

BIGGS

ALBA

TIME

FINN

ANDR

MAGUIRE

VIEW

GOSS

QUICK

SWARTZ

PARENT

BAPTIST

BIANCHI

MARRERO

TUTTLE

LEA

QURESHI

JOAN

METZGER

DODGE

KULKARNI

MAGALHAES

LEONE

HAND

WORKMAN

SP

CROCKER

BURKS

RAI

JANET

VERNON

SALEEM

HORNER

ARIEL

FABIO

PARTNERS

SANDS

COATES

BERGERON

CROW

PAL

RAM

UNCLE

ANDREEA

CRONIN

KOENIG

BLEVINS

GALVEZ

FARRIS

HOLCOMB

HOPPER

CUELLAR

KRISHNA

MONEY

STINSON

PAIGE

BRANDO

BELCHER

CHUA

VELA

TOTH

GAS

VALE

RESTREPO

WALDEN

HAGEN

EDDY

JOEL

STANFORD

CAMARA

JEFFREY

OMALLEY

BLAND

CHAPPELL

HSU

PENN

TONG

RECRUITING

PASTOR

KEN

JEFFRIES

WITH

DIRECTOR

SEWELL

MESQUITA

DOBSON

TURISMO

LUCA

STAHL

MEAD

LAURENT

DUONG

ANSARI

CORONADO

SLAUGHTER

CARMICHAEL

GIORDANO

PEDERSEN

QUEZADA

CHAU

KONG

SHAFER

MENESES

PAM

WEIR

HIRSCH

SALMON

GUSTAFSON

DUKES

TOPS

CARLTON

HARDEN

ADLER

LTDA

ROBISON

JAMISON

MAURER

PHIPPS

CLIFTON

ROBSON

ANIMAL

DOOLEY

TEAGUE

BLUM

APONTE

BUTCHER

PEIXOTO

MLLER

REDMOND

VERDE

VALENTE

CROUCH

MCCLELLAN

BAIN

MCHUGH

FLORIN

ELDRIDGE

THORNE

LETICIA

NOWAK

MICHELE

MARINE

FACTORY

MOUNTAIN

CAETANO

MCCRAY

FUNK

KAYE

LACY

SALEM

PAGAN

HERITAGE

NEUMANN

FOURNIER

JEWELL

SAMSON

SHERWOOD

GROSSMAN

NARANJO

LABEL

FAGAN

DAHL

CUMMINS

GERBER

HAMM

GALE

FAIR

AGRAWAL

PHILIPPE

SECRETARY

HUTCHINS

REPLY

MELL

RESENDE

ASSISTANT

MCNEILL

ORDER

HUGGINS

HEREDIA

REECE

MONROY

NATHAN

VINSON

CH

STACY

DANIELLE

BOWER

RUDOLPH

MAILBOX

TINA

MARC

YAN

FURTADO

HEART

LOTS

APARECIDO

TOBIN

CURRIE

JACKIE

CLINIC

COAST

ERWIN

CHI

RENATO

INN

CARL

NIX

FERRIS

POOL

DANA

ZHAO

CORRA

ZARATE

KATE

IRELAND

ROONEY

MARIAN

GREY

MCKINLEY

GAMA

GEIGER

GASTON

METZ

BACA

SADLER

RAINEY

DOAN

LILLY

SERNA

ANAND

MCELROY

CORP

SCHWARZ

DICKEY

MACKAY

TAMAYO

ROSENTHAL

PAYROLL

HIPOTECARIO

WHITTAKER

LEONG
SCHAFFER

LOJA

BURRIS

AN

COYLE

CONDE

WORLEY

GIRALDO

RACHEL

SIM

SILVERMAN

PULIDO

LOMBARDI

COUCH

MARGARET

VARGHESE

ZONE

HARRY

NEELY

CHAUHAN

ANDRS

GRIGGS

TOMPKINS

CHERYL

KRUSE

STUBBS

VOGT

QUIROGA

BRIDAL

LAUREN

ARTEAGA

VIDEO

CAPITAL

TATUM

TECHNICAL

MCGHEE

TELLEZ

STROUD VICKERS

SYLVESTER

METCALF

ELMORE

QUIZ

KEATING

MANLEY

MERCHANT

PRAKASH

POLK

CEBALLOS

LOCKWOOD

BERGMAN

HINOJOSA

WEI

CONTI

BURROWS

FINE

MESA

CLIENTE

DUNHAM

BARROSO

WATT

ARAGON

BOSWELL

ALDRIDGE

SINGLE

KOEHLER
VOSS

IVEY

HUSSEIN

MCDONOUGH

BHATT

POINT

HANLEY

HEARD

ROPER

PAINTER

VASILE

FARR

CHRISTINA

AMES

SHELDON

YEAGER

BOUTIQUE

STRAUSS

LEYVA

JACOBSEN

BOO

TRAVELS

STEWARD

CHRISTY

GIMENEZ

ALEMAN

SORIA

UP

NOVA

USER

PELLETIER

KAPOOR

DUMAS

KAHN

GARG

PUBLIC

NATION

GARDEN

FAY

TROTTER

PARTY

HOLBROOK

EDITH

EVELYN

LEIVA

BODY

DARBY

KITCHEN

CREWS

PASCUAL

NEGRON

ARREDONDO

AS

VALVERDE

WINN

SPORTSMANS

LIANG

BAUM

GREG

ERNST

CAVALCANTI

OREILLY

SCHREIBER

ERVIN

JOO

DUGAN

WOO
MCGREGOR

LYN

STOVER

MORE

SANCHES

NETWORKS

DAFITI

RICCI

SHERRY

COLBERT

OSULLIVAN

BREWSTER

COULTER

MADRIGAL

INFORMATION

NOT

CHILDERS

LUJAN

BOGGS

TRINDADE

AGENCY

PERES

BASSETT

KRISHNAN

RATLIFF

SAUCEDO

SALIM

SUPER

SOL

LONGO

WILLARD

BOSTON

KRAUS

HAGAN

THI

GRIMM

SHEIKH

STORY

BUSCH

LEMUS

GIVENS

SRIVASTAVA

SHRESTHA

FUNG

HACKETT

MCMULLEN

LIZ

WEINSTEIN

HOSKINS

PADGETT

BUCKNER

DOMINGO

OKEEFE

MARTHA

VENTAS

CONNORS

OGDEN

MCRAE

LANGFORD

TREE

SCHUSTER

PET

HINDS

KHALIL

CONSTANTIN

MAYES

SCOUTS

GROVER

MCGRAW

HOLLIDAY

LACEY

LOMBARDO

SALAH
COLOMBIA

URBINA

PAPPAS

IONESCU

BB

VITOR

SFPPDRAFTAUTHORIZATION

WILHELM

PUCKETT

SOFIA

CHAGAS

BILLINGS

GOODE

WESTBROOK

ANAYA

NANCE

TIPTON

MEADE

DELIA

GAIL

TOUR

CORNELL

ARAYA

SMILEY

WHYTE

ZHU

LOVELL

MILLIGAN

AKERS

REA

HABIB

HONDA

FRED

VIP

ACCOUNTING

CATHY

WADDELL

BRENNER

RECIPIENTS

PONTES

COFFMAN

MARTINO

SNELL

MALCOLM

ADAMSON

BALANCE

ALBRIGHT

PIMENTA

WAITE

CONKLIN

HAWK

MCGOVERN

ALBRECHT

CONROY

WAN

LAY

KEYS

GILLIS

BARRIENTOS

JOLLY

MARI

HADLEY

PENNY

YEUNG

ANGULO

ARENAS

HUI

TOLBERT

CROCKETT

NUGENT

CHILDRESS

VISA

CARLISLE

FRIENDS

CAREER

DUBAI

CODY

LAYTON

ULLAH

NORWOOD

BELEN

MINER

DINH

WALDRON

STOCK

ABDEL

RUBEN

PERSAUD

AMBROSE

AURELIO

VENEGAS

TIWARI

FORTE

UDDIN

TIA

CAO

TALBOT

TODAY

LANIER

GARAY

FAGUNDES

BULLARD

HAYWARD

RENTALS

MO

REES

KRUGER

YARBROUGH

GRAF

WEINER

LORI

THURMAN

BHATIA

MELVIN

ANITA

CENTRE

SHEN

CARO

PESSOA

ESCOBEDO

MURDOCK

ANTNIO

HUTTON

CONCEPCION

GIRARD

SCHULTE

ALVARENGA

BENEDICT

FERRARO

DENNY

LOURDES

LYMPHOMA

HEATHER

MOHR

LINCOLN

CROWDER

DOLORES

SWENSON

CRABTREE

QUIGLEY

GERARD

RUEDA

HAWLEY

BEAL

EVA

LATHAM

POE

PINA

RUSS

MALAYSIA

EM

HOLLINGSWORTH

ULLOA

BRAGG

BATEMAN

MCWILLIAMS

CLEMENTE

TREMBLAY

ASSESSORIA

TECHNOLOGIES

BARBOZA

CENTENO

AUGUSTINE

KOHLER

SHEFFIELD

HINSON

NEFF

ROWLEY

PAI

MCFARLANE

FLOOD

LIVE

DORAN

WISEMAN

PORRAS

STACEY

BOWLES

FERRO

CORCORAN

ATLANTA

JARA

HANDY

NEWSOME

FRESHDESK

TUDOR

OROURKE

MARROQUIN

REPORTS

ROCIO

BLANTON

GARDINER

MANSFIELD

PAR

OVIEDO

VANDER

CLEARY

REEDER

MAYA

NUMBER

MCQUEEN

BARROW

BARTH

COLVIN

DESIGNS

WATER

GENTILE

DELUCA

DIETRICH

HECTOR

MCDONNELL

QUINTANILLA

PROF

GASPAR

CHRISTIANSEN

BEYER

LINS

ROB

RIDER

RADIO

CHOWDHURY

ESTEVES

GIFFORD

FLORENCE

CLEMONS

ALENCAR

SPA

SOCCER

STILES

ESCOLA

CHAMPION

AP

VILELA

ALINA

BAR

MONTIEL

FURNITURE

ELKINS

VZQUEZ

JORGENSEN

KOWALSKI

LUCY

BELLA

FRIAS

FONTANA

VANG

COE

BETTS

DAWKINS

IMRAN

TALENT

FACUL

FONTES

EMILIO

FRAGA

ADRIANO

SPRAGUE

DOMINGUES

SANTAMARIA

FLAHERTY

SHETTY

BLISS

DOG

ELECTRONICS

TRIPP

BULL

BA

WHITING

HAMID

ADDISON

DOWLING

SALDANA

SHEARER

GOLDSMITH

ROXANA

RAINES

DUMITRU

PEARL

NEIL

MORRISSEY

CRUMP

HILLIARD

LUCIO

GUNTER

DUFF

CORNELIUS

IOANA

RECORDS

ADOLFO

TEEN

HOYT
GODDARD

MANCINI

HENLEY

ANTOINE

FENTON

SINHA

LOOK

ZIMMER

GANNON

MOSELEY

MUSA

LAZAR

PAYTON

TOLENTINO

CORMIER

PACK

RAJA

DOBBS

HOBSON

BLACKMON

MEEHAN

ECKERT

DENT

CASANOVA

HATHAWAY

BOOK

CHAVARRIA

BLOUNT

HUMAN

DOLL

STAN

INSTITUTE

SOTELO

CALVERT

MILLAN

BABCOCK

INMAN

CLINTON

PAULINO

PINO

CEZAR

NARVAEZ

AMARO

COUTURE

GOYAL

POLANCO

ASHBY

ADAIR

BRANTLEY

TRINH

BARRAGAN

CHADWICK

ROMANIA

SPIVEY

FONTAINE

HUNG

AGENT

JUDD

NAYLOR

GERALDO

SANABRIA

REGISTRATION

BARCLAY

CAMPO

NORIEGA

CENTRO

SHUKLA

PETTIT

QUESADA

JNIOR

COLES

YAP

EPSTEIN

SUMNER

TEJADA

PARIKH

LAIRD

WILKES

NOOR

FOUNTAIN

MOTT

OAKLEY

JAVED

SCHERER

RENDON

GRANGER

VIGIL

FAYE

REYNOSO

JONATHANCARON

PA

YOST

HENRIQUEZ

BELLAMY

KEEN

HINKLE

IRVING

TRINIDAD

BAUMANN

KWAN

VITALE

RALPH

BAHIA

DIEHL

YOUTH

HURT

DOSS

MONTANO

SMYTH

HYATT

LISBOA

ZELAYA

CRUISES

LOS

PAULSON

BAUMAN

PARTNER

CHESTER

PALACIO

HUMPHRIES

BALLESTEROS

ADEL

HAM

LAN

COLOMBO

GHOSH

STALEY

MENENDEZ

GRACIELA

FOOTE

GRANDE

ANTON

USMAN

BARONE

MAGNO

FEEDBACK

HIGHTOWER

CORDOBA

PERDOMO

CARRINGTON

HOFF

TOBIAS

CARLO

LORENZ

BEAVER

DUTTON

DUPONT

MAIER

CHEVROLET

LOZADA

MCKINNON

ASHTON

MOTOR

BAPTISTE

HERNAN

AKHTAR

KAUFFMAN

LYNNE

TIDWELL

PARR

STAPLETON

MICHAUD

SEGOVIA

OAKES

SOLORZANO

FUCHS

ROOT

DIALLO

DANGELO

LAGOS

NICK

COPE

BRIONES

DURAND

SONIA

GONZAGA

HAWTHORNE

JENNY

SCHMID

SHIPLEY

CARDOZO

YOLANDA

TELES

ARRINGTON

HOUSER

SHEETS

BEVERLY

HELTON

HAIDER

HORVATH

MED

HURD

KILGORE

SAINI

BOUTIQE

SIMES

PARA

URBANO

HODGSON

MARIS

BOTELHO

PUTNAM

RENNER

WRAY

DIETZ

DUGGAN

MCNALLY

HUNTERS

EPPS

AMERICAN

COREY

SULTAN

CERQUEIRA

ION

RING

JIANG

ADM

BAER

MACRI

RYDER

ESTELA

BANDA

ROS

WHALEY

HAMLIN

ORDOEZ

TARGET

DOW

LANDERS

BACH

HARMAN

GOODRICH

LINTON

SHOES

TU

CAVANAUGH

SADE

HE

NATALIA

AKBAR

BLACKMAN

MORELAND

ESTRELLA

GOINS

WHITMAN

BARTLEY

CONSULTORIA

PRESCOTT

OLIVERA

MULLIGAN

COUGHLIN

ROBERTA

HAUSER

PARRY

CHANCE

TRENT

CLOUD

MUIR

NAGEL

GAMEZ

STRINGER

BUTTS

ISAACS

BOUCHARD

YI

DALLAS

DICKENS

ZUIGA

HAYWOOD

BRYSON

MARCIO

JEN

VALDIVIA

MADSEN

AYRES

HARTMANN

LINHAS

CUZ
MEMBERSHIP

TIERNEY

IYER

DOCTOR

SAPP

SAYED

PETIT

FERRARA

BERRIOS

STEINBERG

BOLDEN

ALTAMIRANO

MESSINA

BURKETT

MALLORY

CRAVEN

STAPLES

MOREAU

MARX

SHIPPING

SHELLEY

VALERIA

LIVING

SALTER

PURDY

STEEL

MCCRACKEN

TERRA

JUDITH

GAVIN

EUBANKS

ANDY

YANEZ

HWANG

AFONSO

GUIDRY

MARTN

MEI

HILFIGER

ALTMAN

ORANGE

VIAJES

DELLA

ORNELAS

LANDIS

MCCAIN

CUTLER

COURT

NEWSLETTERS

BREEN

BARNHART

FRANZ

SAINT

COUSIN

EMANUEL

DEJESUS

MONTE

ESCAMILLA

BURROUGHS

WENDY

COMPRAS

BUNCH

TA

CASINO

IRVIN

FOUNDATION

AWAD

HENNING

MCCLENDON

PEDRAZA

TRANSPORT

PHILLIP

THAKUR

ELEMENTARY

HAGER

TIMMONS

ROMEO

ALONZO

ANDERS

PEREYRA

BRUNNER

HOUSING

VELOSO

YUSUF

RAMEY

FEDERICO

PEOPLES

POIRIER

RICKS

RICKETTS

GHEORGHE

STOREY

YUEN

APARICIO

TITUS

MISTRY

KAMINSKI

THACKER

SANTORO

CONOSCO

MUTUAL

NACIONAL

CLOTHING

ROA

CADENA

JEROME

GRAPHICS

ENNIS

ENGENHARIA

GREGORIO

FAROOQ

PASCAL

SARAIVA

LOURENO

WING

PICKERING

CASILLAS

FAITH

MCCORD

VIDA

CONNIE

CHEW

SAMS

ELIZONDO

VALLADARES

SHORE

PORTAL

COLIN

RASHEED

BOLAND

SANTO

MNDEZ

EASON

WELLER

HERNDON

GUZMN

LOVETT

CHISHOLM

BARB

MENSAH

GRAYSON

CONSULTANTS

SHAHID

SOLAR

DONOHUE

OVERTON

FS

WAKEFIELD

COACH

LAWTON

SEVILLA

FELTON

BT

ALLEY

JUSTIN

BIRCH

CORLEY

LEGAL

MAM

ULRICH

REAGAN

MUNRO

EASTMAN

MORLEY

CONTE

MATHUR

MARTINI

BERNARDES

FONTENOT

OAKS

TOMA

PENDLETON

JON

BAPTISTA

DILL

MENON

ENGLE

OH

LAWLER

CYCLES

BR

RESORT

ASLAM

MCNULTY

RENATA

JARDIM

DAMICO

PRODUCTS

LANGSTON

LEROY

ESPERANZA

MANSOUR

SCHILLING

COUNCIL

LAL

RUBY

IONUT

CHOICE

TSANG

HARGROVE

FLOREZ

WILD

MOSTAFA

AUCTIONS

SAC

BOURGEOIS

COMPUTER

CHING

MOJICA

MUNSON

MERINO

IRM

GRUBER

VEIGA

POLO

ALDANA

PRINTER

PUENTE

CROFT
NISSAN

TATIANA

STORM

GARZON

ALINE

RAMSAY

AGUSTIN

HANKINS

CRENSHAW

MESSER

ACUA

KEENE

STARKS

MAYORGA

CHILD

IVY

YOUNGBLOOD

JEFFERS

HAMEED

WHITTINGTON

SPAULDING

ARRIAGA

TOWN

PRITCHETT

THIAGO

COONEY

ROUSSEAU

CROWELL

RODAS

JANSSEN

FORRESTER

HOOKER

DEMARCO

TRACEY

MIMSDOWD

GEORGES

BOCK

PFEIFFER

DAVEY

WASHBURN

BOSCO

CARRIER

WHITLOCK

PIA

RAHIM

MANZANO

VARNER

SAUER

FLINT

CC

CERDA

LIND

AMIGA

CAPUTO

SCHULER

CABLE

REARDON

WORTHINGTON

HERRMANN

LEMON

DAGOSTINO

HILLMAN

BLANK

DOUGLASS

LADD

POSEY

MCNEAL

VALERIO

TAMMY

EMILIA

ROWAN

ASSISTANCE

TROY

VILLAR

GOULART

ARANGO

LASER

SC

SHIN

BRAZ

RUSHING

PATERSON

MALHOTRA

MCNAIR

SAMIR

ZHENG

PARISH

CHUN

ETIENNE

ROBB

MONIQUE

BUSBY

PERRIN

SONS

CATALIN

LEVI

KEYES

CORRIGAN

OSPINA

RENTERIA

MIRZA

WETZEL

BENTO

WHELAN

CORONEL

YOUSSEF

MALLOY

KEANE

MARKETPLACE

BANSAL

LAUGHLIN

HARE

TRIVEDI

MAK

STONER

LINO

MACLEOD

JILL

BAYER

BURNHAM

HOLLY

BANCO

NAIK

IRIZARRY

FREECYCLE

THOMASON

PARKINSON

DUVALL

ROBLEDO

THAYER

PAMELA

HARLEYDUNNE

CANDIDO

RUFF

CONTATO

SALON

FIERRO

FAUST

CRAIN

REPAIR

CRANDALL

MATHIEU

DEVLIN

ARIF

CHOU

LACKEY

FOOT

GODINEZ

PTE

NAPIER

RICHEY

CLANCY

BIANCO

LEARY

HUMPHREYS

FEITOSA

REBECCA

JUNE

GALICIA

CAROLYN

WALLIS

SALE

ANSWER

LEASING

IRIS

SOMMER

NANA

JONAS

TSAI

LEHMANN

KEARNS

SY

VACATION

CHECK

PAK

HUBERT

SURVEY

MCCOLLUM

OSHEA

WHITMORE

CEPEDA

JOSHUA

MEHMOOD

GREENFIELD

NICOLAE

DELL

FALCO

SANTANDER

ABAD

SPRING

GIPSON

ISLAND

DOVE

RAPP

TELLO

AMATO

LUNDY

CULVER

WOODY

LAZO

SHELL

SNEED

FRANCES

RANSOM

ANG

CORRALES

AKINS

CIFUENTES

BAIG

DES

LILIA

EARLY

DOMINGOS

SPICER

BOURNE

JOHNSTONE

PATRICIO

WAREHOUSE

SCHRADER

BARTHOLOMEW

YBARRA

BH

DOTY

FU

FLOR

VIVIANA

HOUGH

PEGGY

LODGE

FARRAR

MAS

LANCE

FABER

PARMAR

LEAHY

ALDRICH

CATES

MONAHAN

JIN

HELM

BORDEN

ALFRED

JULIANA

LYLE

DEB

SLADE

CHAUDHARY

SEGURO

LENTZ

DOMINIQUE

JOINER

RESTAURANT

PATIO

MCLAIN

MATHIAS

SCHUBERT

ABBASI

STALLINGS

KOVACS

AUNT

SQUIRES

OSWALD

CASTING

HEARN

PS

BISPO

CAMILA

SPANGLER

EBERT

REPRESENTAES

SKELTON

KHANNA

ALL

DASH

APPLE

NUNN

HAIRSTON

WOODALL

BURR

CARBAJAL

TRIMBLE

PERSON

PR

PRESLEY

WELLINGTON

SHEILA

BARRAZA

BRISCOE

IRVINE

CHEEK

SCHOFIELD

LAURIE

SANDER

LAWS

YOGA

YONG

DELONG

DAMIAN

KATHERINE

MARTENS

HUTSON

STOVALL

ALAIN

RHOADES

GRAFF

ZIMMERMANN

LAYNE

BRICE

NADEAU

PEPPER

SPRINGS

GIRON

IMOVEIS

BARAHONA

TAHIR

LAS

TEACHER

GRILL

LEDBETTER

AG

KWOK

JESS

RACING

CHAMPAGNE

HYMAN

REGIONAL

RAMALHO

EMMA

GAGE

HEIN

COMER

CATALINA

TOMAS

OBAMA

PENG

CONCURSOS

SHAHZAD

ARTE

NESBITT

RAJU

AHMADI

STRANGE

NOW

DUVAL

DARNELL

OTOOLE

TE

ELITE

DAIGLE

MARCEL

BRODERICK

PETE

COYNE

TILLEY

DELIVERY

TEXAS

MONCADA

CROOK

THURSTON

SANTILLAN

SMALLS

WOODSON

KISER

MONGE

SOURCE

SPAIN

FR

BAGLEY

ATWOOD

BGOSH

CAT

KILPATRICK

FORTIN

FREEDMAN

NOBRE

BELANGER

DAUGHTER

MARVIN

ESTER

COLEY

KELLOGG

PAES

VITAL

CARABALLO

RUDD

GOUVEIA

SANDHU

WINNER

DURANT

NUEVO

BONNIE

ABERNATHY

SHAVER

UNGER

PRATER

THAKKAR

REN

KIMBLE

KINCAID

SHI

KARLA

BECKY

UNDERGRADUATE

NERI

DEVRIES

GOODSON

BLEDSOE

BITTENCOURT

SALLES

RADER

PANG

SALERNO

BYNUM

KINSEY

OUELLETTE

FORMAN

PATHAK

LUU

EMILY

MERCIER

LUCENA

YAO

TINSLEY

DAMASCENO

NOONAN

REICH

ERIKA

CELIA

MOE

LINN

KNOTT

BROOKE

WINSLOW

ISSA

RATE

DONATO

FACULDADE

ESPINO

ZARAGOZA

CONDON

BRANNON

CALDERN

HUMMEL

MALL

GILCHRIST

KEEGAN

POLICE

THERESA

CALLAWAY

LAVOIE

COTTRELL

MUNICIPAL

CLASS

FALK

MACLEAN

TONEY

EUGENIO

PIZARRO

KNUTSON

PANDYA

VLAD

CARIBBEAN

DEVI

GARVEY

HASKINS

JULIEN

RAPHAEL

CHVEZ

GYM

WILLOUGHBY

BORJA

GAMAL

TOTAL

FORSTER

ADMINISTRATION

MICROSOFT

LUTHER

DORIS

PYLE

DION

ALLRED

PREMIUM

IS

ROWELL

PALUMBO

CORRAL

EASTON

VICK

TADEU

DUMONT

ELY

NORMA

ARENA

MATEO

DUPREE

JAMIESON

STAUFFER

SEAMAN

SB

DESMOND

CAFE

CYNTHIA

COLLAZO

MENARD

MORTGAGE

CAVAZOS

MOCK

GAFFNEY

QUEVEDO

XIONG

RUFFIN

STACK

JAMAL

REDDING

NEVILLE

PRIEST

MAGDALENA

COSMETICS

AGGARWAL

SYLVIA

GRIER

BACK

ROOM

FALLON

SAS

BRUNSON

BOYKIN

ROD

PANTOJA

FIORE

PULSE

TIO

HEDRICK

CYR

SHULTZ

ARNDT MILLARD

HAKIM

SAMPLES

HOROWITZ

MARCH

SAGE

TARIQ

RINALDI

SIMOES

SHOOK

THAI

PRINGLE

FARAH

JAEGER

SI

ARGUETA

BARBOUR

SCHAEFFER

PAQUETTE

BENEFITS

PRESIDENT

BINDER

CLEMENS

MIRIAM

ASIF

SHANE

MEANS

SOLER

STARKEY

DUBE

KELSEY

WAHL

DOZIER

MOELLER

WORTH

COHN

INFANTE

HOUGHTON

COTA

JAMESON

HARWOOD

BHATTI

CRUM

MILNER

SUREZ

CARRION

HONEY

IRMA

TENORIO

SWANN
HUSTON

FINNEY

LYLES

ANTONIA

DIGGS

UPTON

NOEMI

VYAS

LEFEBVRE

BECKMAN

MARKHAM

TEJEDA

SIMONA

MYLES

FORTUNE

BOSCH

HUDDLESTON

SECRETARIA

GRFICA

PRODUCTIONS

AR

ROBINS

GILLETTE

HENRIQUES

DERRICK

PARADISE

PARRIS

DELACRUZ

DAI

GAME

ESTEVEZ

ELLIOT

ARSHAD

SHIPMAN

SAXENA

REDMAN

KAMARA

MOSQUERA

LAWYER

RANDY

HITCHCOCK

SGT

LERNER

HOOK

LENNON

FLORA

CALDAS

FOSS

LUONG

PARENTS

AA

TEODORO

PARHAM

MOB

OLIVIA

PEACE

COMUNICAO

EMPLOYMENT

HORACIO

NEZ

NOTIFICATION

IMMIGRATION

APPAREL

VANN

HANKS

BIS

OLDHAM

ISABELLE

CHURCHILL

DELGADILLO

LOCKETT

SOPHIE

BRINK

CORNWELL

CHAND

PICKENS

KENYON

LEVESQUE

HADI

JEFFERY

GUO

AMIR

PM

MILLAR

HAQUE

HECK

BABA

FLORIDA

BONE

GOETZ

MCCLELLAND

SHAWN

SALMAN

TIRADO

PERDUE

FAISAL

RABELO

PURVIS

PHELAN

CAPPS

SMALLWOOD

SALAM

HERMANN

NOE

FANG

ECHOLS

MATEUS

WENDT

BURNETTE

GYMBOREE

IOAN

NICHOLLS

HUT

LAST

DYSON

YEN

WILDE

CARNES

NICOLETA

CARY

PARADA

CUNHADA

MOREL

MARTEL

SCRUGGS

AMIGO

SHETH

REAVES

BASHIR

HOLIDAY

GOH

MOSHER

SOUTO

CHAO

RANDLE

MCCALLUM

NASIR

SIZEMORE

JUDGE

NICKERSON

MONK

HAPPY

STEARNS

LIDIA

KELLEHER

VIANNA

RENAUD

BRUNER

VALADEZ

TABOR

MEU

CARBONE

CRYSTAL

MODI

HYLTON

LOGISTICS

RJ

SM

GUIDO

BOUDREAU

BRIDGE

BANDEIRA

NERY

SRINIVASAN

RAJAN

PARISI

LENZ

WHEATLEY

CIA

CHIANG

CECIL

SLACK

PILLAI

JERNIGAN

MUKHERJEE

JIMMY

JHA

THANH

BOUDREAUX

SEGAL

TEMPLETON

MASTERSON

GRACIA

COATS

SEE

DIEZ

COON

MCCARTNEY

WELDON

CINTRON

AREA

SEN

MCARTHUR

TIFFANY

SAMSUNG

STODDARD

COTTER

CARLIN

BADER

RADFORD

SHANKAR

JANICE

SPORT

OANA

NINA

TRIPLETT

LAING

LOUIE

FIRE

ASHER

TAHA

TOP

LOVELACE

BURNER

CLARKSON

DOUG

KRIEGER

SERVIOS

NATHALIE

NAWAZ

LATIF

CROOKS

HS

EDMONDSON

ASSOCIATION

YIP

DORMAN

CONFIRMATION

SCANLON

VIERA

YOON

LONGORIA

RENT

SH

FISCAL

JOAO

HANLON

TERAN

SALA

AJAYI

HARMS

MANCUSO

MEEK

MONDRAGON

RAND

SEALS

WYLIE

TEE

LUI

HEATON

ANCA

LOBATO

PATTY

AKRAM

LAUER

CBN

COOL

ALCALA

LUNSFORD

HOLGUIN

NURSE

HALIM

EDSON

DONG

AUGUSTIN

HERZOG

TSE

ABDALLAH

ANH

SORENSON

BEAUCHAMP

PC

HONEYCUTT

ALANIZ

SCHELL

JAIRO

GUILLORY

GROGAN

SALLY

ARNETT

OFFICER

TESTA

MOLNAR

GINA

KENNETH

SPEAR

ROJO

HOOKS

GARVIN

WHITTEN

BARBA

KA

BERLIN

ROYER

BEAM

BELLE

LEWANDOWSKI

ASKEW

PALERMO

SAHA

YVONNE

FESTAS

MARR

GALLANT

ARMOUR

DASILVA

KEMPER

ANGIE

BRANCO

GALLEGO

NASSER

TRABAJO

FABIANO

BUS

BECKETT

PANCHAL

DAO

SQUARE

JAMIL

SELL

CAN

HOGUE

SALOMON

CONNECTION

HATTON

YANCEY

CREW

BILAL

AM

HIGGS

STEEN

CHEE

KOPP

CONNECT

TURNBULL

CALLOWAY

PORTELA

ENTERPRISE

RENTAL

OWUSU

JOHANNA

BEATTIE

JURADO

MAGANA

GALVIN

VILLALBA

ESPINAL

FABIOLA

WEINBERG

STEFFEN

LAMAR

VISTA

PALOMINO

SALISBURY

GALARZA

DIN

SOMERS

VIOLA

PROMOTIONS

EYE

SCARBOROUGH

COBURN

ALERTER

MEDLEY

STYLES

SAFETY

RIDLEY

MAIS

SAYLOR

ECHEVERRIA

REGIS

MATTSON

MCAFEE

BROUGHTON

SUZANNE

PITT

JOHANSEN

VANEGAS

FEENEY

SEAN

FAIRCHILD

AKA

GOUGH

POINTE

POSTAL

SAUL

WILES

SZABO

ARANA

DARDEN

DOBBINS

BOWIE

GLEN

MAZZA

SPEED

OPERATIONS

MWANGI

JAIMES

CHARLTON

SOMMERS

PEREA

NORA

HEALEY

PAREKH

CURLEY

FENNELL

MILAN

BURK

BIBLE

CHOPRA

FUN

CAVE

BASSO

BRETT

MIN

KARL

HARDER

NOLASCO

BACHMANHENNESSY

SPECIAL

KOHN

WILLEY

WITHERS

CASPER

MOHAMAD

MONACO

SOUTHERN

MAHAN

EASLEY

JEWELRY

NAVAS

WINCHESTER

ZAMAN

KOLB

SILVESTRE

FOREST

MAYBERRY

CARMO

MATEI

BURDICK

GLYNN

HAMEL

FLAVIA

HILDEBRAND

WISNIEWSKI

LAURENCE

CONN

FENG

GALVO

HANNON

SHANK

GARBER

CONCEIO

MARILYN

PELLEGRINO

ANDINO

CAGLE

PRATHER

AGNEW

RONALD

WHARTON

COSGROVE

SEQUEIRA

RODOLFO

HUBBY

RAMONA

MING

TAI

WENZEL

BEJARANO

RETAIL

REINHARDT

FORSYTHE

RESORTS

REITER

BEEBE

NAEEM

MARES

UL

BROWER

KINGSLEY

FIT

ROCA

JEANNE

COOMBS

RESOURCE

IVERSON

CORNETT

NVC

CREATIONS

DUTTA

DAL

ELAM

KOH

VALERIE

QUINLAN

GILMAN

ROGERIO

WEATHERS

GOEL

CASTELLANO

THOM

GONSALVES

INQUIRY

LINDER

MAHARAJ

GRAND

KEEFE

SEAY

MIDDLE

BAUMGARTNER

LEDFORD

MANI

SETHI

MM

EUGENE

MULLIN

PADRON

BERNIER

CHAPA

FAHEY

LACROIX

DURBIN

RAVI

REWARD

FRANTZ

FORT

SABINO

CAICEDO

SATO

DIABETES

KEE

LEGGETT

SABRINA
ALLARD

GANT

TOSCANO

ALERT

MARLENE

JETER

PARROTT

PESSOAL

RUST

AIKEN

CAUDILL

VA

BABE

GAO

PICARD

FOY

OLGA

JOANNE

HIGGINBOTHAM

LIBRARY

TAIT

BIANCA

ELLSWORTH

JADHAV

WHITEHOUSE

DJ

SOLIMAN

VAL

ROAD

FORSYTH

RHOADS

FISHMAN

FRANCA

SHOESOURCE

KROLL

CULP

WINE

ELETRO

STILL

CHRISTOPHE

CON

DEBORAH

SORIN

ENQUIRIES

NAYAK

NIGERIA

PEOPLE

MABEL

ANNIE

DIZON

GARCES

NELLYGALAN

LUC

CARTAGENA

PSYCHICS

SUBRAMANIAN

BEAULIEU

FRESH

VIVAS

MAHON

ILIE

POLLACK

BRASWELL

WILBURN

SOCIETY

HOFMANN

HORAN

PEDERSON

NADEEM

ADI

NYESHANAHAN

BO

MART

RODNEY

MOTHER

NEWBERRY

BUITRAGO

POSADA

PEPE

COLLECTION

WAUGH

BARBIERI

HEINZ

WISDOM

MAT

KIMBERLY

CORPORATE

CRIS

PALM

WWASHINGTONW NN

FIELDS

HARDY

FRAZIER

MACK

SUN JEFFERSON
STRONG

GAINES

ANDOLPH

MCCLAIN

MAYO

WESLEY

MIL

TERRELL

BATTLE

JOYNER

ALSTON

MINOR

ILLMAN

FOREMAN

RL

PAIGE

SLAUGHTER
JAMISON

MCCRAY

MELL

HEARD

STEWARDD

COLBERT

NORWOOD

PAYTON

EPPS

BOLDEN

HILFIGER

MCCLENDONN

STARKS
MIMS

LUNDY

RANSOM

HAIRSTON

PERSON

BRICE

SMALLS

WO

REN
RUFFIN

DOZIER

LYLES

DIGGS

VANN

LOCKETT

PICKENS

SMALLWOODSMSM

SEALS

CALLOWAYC

DARDEN

LEGGETT

GONZALES

LUNA

MUNO

PENA

JUAREZ

SALINAS

VIDAL

CERVANTES

VELASCO

GALLEGOS

ANGELES

ROSAS

AR

GALINDO

HUERTA

TREJO

SAENZ

NAVA

CORONA

ESQUIVEL

DELEON

ZUNIGA

RIC

O

MEXICO

ESPARZA

GARRIDO

MEDRANO

OLVERA

ROMO

BARAJAS

ZEPEDA

MENESES

MONR
ZARATE

BACA

TELLEZ

LEYVA

ARREDONDO

ANAYA

ESCOBEDO

MAYA

MONTIEL

SOTELO

BARRAGAN

MONTANO

DA

GAMEZ

YANEZ

ORNELAS

ILLA

ELIZONDO

COLIN

ARRIAGA

VALERIO

RENTERIA

GODINEZ

GALICIA

CA

ZARAGOZA

COTA

DELGADILLO

VALADEZ

MO

ALCAL

ROJO

MAGANA

ARES

JACOBS

N

POWERS

WOLFE

NORTON

CHASE

KENT

MATHEWS

GATES

D

SHAFFER

EATON

CONLEY

BENTLEY

CRANE

HUL

MC

BY

DER

CHAMBERLAIN

COFFEY

MICHAELS

YODER

SARGENT

BEATTY
E

IKE

MCGINNIS

TUTTLE

DODGE

WORKMAN

HUTCHINS

FERRIS

D

METCALF

LOCKWOOD

OLBROOK

WILLARD

MCGRAW

BILLINGS

CONKLIN

MURDOCK

GIFFORD

STILES

SS

SHEARER

DUFF

PARR

ROOT

HAGER

STORM

WORTHINGTON

DOUGLASS

ADD

WHITMORE

BORDEN

RHOADES

LINN

LUTHER

PYLE

L REDDING

JAMESON

GILLETTE

RNWELL

KENYON

PURVIS

MON

CECIL

MEEK

GROGAN

SPEAR

SAYLOR

CONN

BROWER

LINDER

ELLSWORTH

NYE1

2

3

AIRLINES

FARGO

RET

GAMBLE

NGUYEN

STORE

LE

CHEN

AN

N

PERMANENTEEPERMANENTEPERMANENTE

WANG

LI

LIU

YANG

LIN

PHAM

LAM

WU

ZHANG

HUANG

NICOLE

CRUISE

YU

ASHLEY

TOOMEY

LU

LO

LEUNG

MO

HUYNH

VU

CHEUNG

CHOW

RENEE

PHAN

MP

HOANG

TRUONG

VO

XU

KORS

HAN

BUI

TAM

LOC

SONG

INTERACTIVINTINT

HU

FAN

MAI

KANG

ZHOU

PAN

SU

HSU

YAN

CHI

ZHAO

DOAN

LIANG

NOT

FUNG

ZHU

YEUNG

DINH

SHEN

TRINH

WAN

LAN

JIANG

TU

YI

DALLA

G

TA

TSANG

ZHENG

MAK

CHOU

TSAI

FU

KWOK

PENG

LUU

DE

GUO

ANG

CHIANG

LOUIE

YIP

TEE

LUI

DO

TSE

DAO

MIN

FENG

GAO
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Figure 11.17: The two distinct Asian clusters in name space reflect different
cultural groups. On the left, an inset showing Chinese/South Asian names. On
the right, an inset from the cluster of Indian family names.

The Titanic survival examples are derived from the Kaggle competition
https://www.kaggle.com/c/titanic. The war story on fake name genera-
tion is a result of work with Shuchu Han, Yifan Hu, Baris Coskun, and Meizhu
Liu at Yahoo labs.

11.9 Exercises

Classification

11-1. [3] Using the naive Bayes classifier of Figure 11.2, decide whether (Cloudy,High,
Normal) and (Sunny,Low,High) are beach days.

11-2. [8] Apply the naive Bayes technique for multiclass text classification. Specif-
ically, use The New York Times Developer API to fetch recent articles from
several sections of the newspaper. Then, using the simple Bernoulli model for
word presence, implement a classifier which, given the text of an article from
The New York Times, predicts which section the article belongs to.

11-3. [3] What is regularization, and what kind of problems with machine learning
does it solve?

Decision Trees

11-4. [3] Give decision trees to represent the following Boolean functions:

(a) A and B̄.

(b) A or (B and C).

(c) (A and B) or (C and D).

https://www.kaggle.com/c/titanic
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11-5. [3] Suppose we are given an n× d labeled classification data matrix, where each
item has an associated label class A or class B. Give a proof or a counterexample
to each of the statements below:

(a) Does there always exist a decision tree classifier which perfectly separates
A from B?

(b) Does there always exist a decision tree classifier which perfectly separates
A from B if the n feature vectors are all distinct?

(c) Does there always exist a logistic regression classifier which perfectly sep-
arates A from B?

(d) Does there always exist a logistic regression classifier which perfectly sep-
arates A from B if the n feature vectors are all distinct?

11-6. [3] Consider a set of n labeled points in two dimensions. Is it possible to build a
finite-sized decision tree classifier with tests of the form “is x > c?”, “is x < c?”,
“is y > c?”, and “is y < c?” which classifies each possible query exactly like a
nearest neighbor classifier?

Support Vector Machines

11-7. [3] Give a linear-time algorithm to find the maximum-width separating line in
one dimension.

11-8. [8] Give an O(nk+1) algorithm to find the maximum-width separating line in k
dimensions.

11-9. [3] Suppose we use support vector machines to find a perfect separating line
between a given set of n red and blue points. Now suppose we delete all the
points which are not support vectors, and use SVM to find the best separator
of what remains. Might this separating line be different than the one before?

Neural Networks

11-10. [5] Specify the network structure and node activation functions to enable a
neural network model to implement linear regression.

11-11. [5] Specify the network structure and node activation functions to enable a
neural network model to implement logistic regression.

Implementation Projects

11-12. [5] Find a data set involving an interesting sequence of symbols: perhaps text,
color sequences in images, or event logs from some device. Use word2vec to
construct symbol embeddings from them, and explore through nearest neighbor
analysis. What interesting structures do the embeddings capture?

11-13. [5] Experiment with different discounting methods estimating the frequency of
words in English. In particular, evaluate the degree to which frequencies on
short text files (1000 words, 10,000 words, 100,000 words, and 1,000,000 words)
reflect the frequencies over a large text corpora, say, 10,000,000 words.

Interview Questions

11-14. [5] What is deep learning? What are some of the characteristics that distinguish
it from traditional machine learning
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11-15. [5] When would you use random forests vs. SVMs, and why?

11-16. [5] Do you think fifty small decision trees are better than a large one? Why?

11-17. [8] How would you come up with a program to identify plagiarism in documents?

Kaggle Challenges

11-18. How relevant are given search results to the user?

https://www.kaggle.com/c/crowdflower-search-relevance

11-19. Did a movie reviewer like or dislike the film?

https://www.kaggle.com/c/sentiment-analysis-on-movie-reviews

11-20. From sensor data, determine which home appliance is currently in use.

https://www.kaggle.com/c/belkin-energy-disaggregation-competition

https://www.kaggle.com/c/crowdflower-search-relevance
https://www.kaggle.com/c/sentiment-analysis-on-movie-reviews
https://www.kaggle.com/c/belkin-energy-disaggregation-competition
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