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Abstract

We provide a survey of the motivations, key notions, methods, and theoretical results that un-
derpin semi-supervised learning. Since work on learning from labelled and unlabelled data is
extensive and spans several decades, this work highlights specific examples of semi-supervised
methods and theoretical analyses of them, rather than providing a broad overview of the topic as
a whole. We discuss self-training, generative models, discriminative models, and word embed-
dings. We highlight the relevance of these methods to natural language processing, an example
of an area where manual annotation of data is expensive and inter-annotator agreement is often
low.

1 Introduction

In machine learning, the paradigm of supervised learning involves training a model on a set .S of examples
drawn i.i.d. from a set X which all possess labels in some set ). (In the case of classification, on
which we focus our attention, ) = {ci,...,c,}). This paradigm has been applied successfully in a
wide variety of domains, leading to rapid progress in solving previously difficult tasks. For example, in
natural language processing (NLP), there exist large text corpora for the tasks of part-of-speech (POS)
tagging and syntactic parsing, such as the Penn Treebank Wall Street Journal corpus (Marcus et al.,
1993). Supervised classifiers have leveraged this large dataset to achieve impressive results on these
tasks (Chen and Manning, 2014; Huang et al., 2015).

However, the requirement that the dataset be labelled is a limiting one, as there is a wealth of unla-
belled real-world data. Though there may be large tagged and parsed corpora for English, this is not the
case for all languages. Furthermore, such an annotation process is extremely expensive. As is discussed
in Marcus et al. (1993), the development of the Penn Treebank was a years-long process which involved
the manual annotation by experts who at the very least were graduate students in linguistics. More re-
cent approaches for dataset creation, such as Williams et al. (2018), aim to circumvent this problem
with crowdsourcing, where (non-expert) workers are asked to manually annotate examples and, in some
cases, write sentences. Though this allows for the creation of large datasets in a comparatively inexpen-
sive manner, this can be hampered by the lack of expert annotations and potentially low inter-annotator
agreement.

Hence, for tasks where minimal labelled data is available, it is desirable to use methods which can
incorporate large amounts of unlabelled data (which can be obtained in a much more straightforward
fashion, such as by crawling the web). It is here that the semi-supervised learning paradigm proves to be
quite useful. In semi-supervised learning, a model is trained on a set .S; of m; labelled examples drawn
i.i.d. from some distribution D on X as well as a (usually much larger) set .S,, of m,, unlabelled examples
drawn i.i.d. from D. We write the training set as S := S; U .S,, and define m := my; + m,,. The aim is to
obtain a more performant model than one that is solely trained on the labelled data .5;.

As is discussed in Zhu (2005), this aim can be achieved because the unlabelled data S, provides in-
formation about the structure of the data. More precisely, .5, provides information about the distribution
of features p(x). Though this is not the main distribution of interest for classification (i.e. p(y|x)), it
can still influence the choice of classifier. For example, in the case of a support vector machine classifier,



we wish for the margin between the separating hyperplane and regions of X’ with high probability to
be large (Balcan and Blum, 2010). As another example, Nigam et al. (2000) point out that, given data
generated from a mixture of two normal distributions (one for class 0 and the other for class 1), it is pos-
sible to determine the parameters of each of the normal distributions from unlabelled data. From there, a
small amount of labelled data suffices to determine which distribution corresponds to class 0 and which
corresponds to class 1.

In this work, we focus most of our attention on semi-supervised learning approaches developed prior
to the advent of deep learning (though we also provide a treatment of the latter at the end of this work
in our discussion of word embeddings). The approaches that we discuss fall into two categories (using
the standard vocabulary in the literature): transductive semi-supervised learning and inductive semi-
supervised learning. The former consists of using the labelled examples in S; to infer the labels of
examples in S,,. The latter consists of using both S; and S, to train a model that can perform inference
on new unlabelled examples. Hence, transductive learning is used in the case where one wishes to work
solely with the given data, while inductive learning is used in an attempt to generalize to unseen data
(Zhu, 2005).

Self-training, the first approach we discuss, can be used both as a transductive method and as an
inductive method. It is an iterative procedure where a classifier is trained (in supervised fashion) on 5j,
and then used to predict labels for the examples in S;,. The unlabelled examples for which the classifier
outputs a label with high confidence (this will be formalized later) are then labelled and added to .5;
before proceeding to the next iteration. The Yarowsky algorithm (Yarowsky, 1995) is an example of this.

Generative models model the joint distribution of features and labels, p(x, y), rather than modelling
the conditional distribution of interest p(y | x) directly. Inductive semi-supervised learning can be per-
formed with a generative model by viewing the unknown labels in S, as latent variables and performing
expectation maximization (Dempster et al., 1977) to maximize the joint likelihood. We explore the spe-
cific example of combining naive Bayes with expectation maximization for text classification (Nigam et
al., 2000).

Discriminative models, on the other hand, model p(y | x) directly. In the semi-supervised case, they
make use of p(x) as a way of determining which classifiers are most “compatible” with the data. Semi-
supervised support vector machines are an example of this, and PAC bounds can be stated and proved
for these discriminative models, as in Balcan and Blum (2010).

Graph-based semi-supervised learning represents instances as vertices in a graph. The vertices are
joined by weighted edges, where weights represent the “similarity” between two instances (Sammut and
Webb, 2011). This follows the intuition that similar examples should belong to the same class.

Co-training is an ensemble method where the feature set is split into multiple subsets. For each subset,
a classifier which only has access to the features in that subset is trained on the examples in .S, with the
additional constraint that its predictions on S,, should align with the other classifiers as much as possible.
Nigam and Ghani (2000) discuss this approach and Dasgupta et al. (2001) provide PAC generalization
bounds for it.

Neural NLP has taken these approaches out of the mainstream to a certain degree and brought pre-
trained word embeddings to the forefront. Word embeddings are vector representations of words learned
in an unsupervised fashion from word co-occurrence statistics. That is, they are learned from statistics
which describe how frequently pairs of words appear together in an unlabelled text corpus. It has been
shown empirically that the use of word embeddings leads to performance improvements on a variety of
natural language processing tasks (Turian et al., 2010; Mikolov et al., 2013; Pennington et al., 2014).
In this form of semi-supervised learning, unlabelled data is used to learn feature representations, which
then serve as input to a supervised model. Analyses of popular word embedding algorithms have shown
that in spite of their differing loss functions, many word embedding algorithms share the same objective
(Levy and Goldberg, 2014b; Kenyon-Dean et al., 2020).



2 Self-Training

The self-training method for semi-supervised learning consists of using a classifier’s own predictions to
train it. That is, a classifier A is trained on the labelled data \S; and then used to make predictions on
each instance in S,,. When making predictions, i outputs a score for each class in ). Scores can be
normalized to sum to one and be interpreted as probabilities. For each x € S, if h assigns a score
greater than some threshold value /3 to the class c;, then (x, ¢;) is added to S; and x is removed from S,,.
Then, this process is repeated with the new .S; and S, obtained from the above steps.

We provide more insight into the self-training method by considering a specific example of it: the
Yarowsky algorithm, which was introduced in Yarowsky (1995). In the latter work, it is presented as an
algorithm for word sense disambiguation, the problem of determining the sense of a polysemous word in
a given context. To use the example from the paper, the word “plant” can be used in the biological sense
or to refer to a manufacturing plant.

To disambiguate a word w with possible senses s1, . . ., s,, the Yarowsky algorithm proceeds as fol-
lows:

» Step 1: Identify all instances of the word w in the corpus, as well as its surrounding context (e.g.
five words on either side of it).

* Step 2: For each s;, identify a “seed set” S;; of contexts where w takes on the sense s;. Then,
S = U?:1 S, 1s our set of labelled examples.

* Step 3: Train a supervised classifier h on S;. (Yarowsky (1995) uses an algorithm called the “deci-
sion list algorithm”, the details of which are interesting from the perspective of solving word sense
disambiguation, but not as much from the perspective of theoretical analysis).

* Step 4: Make predictions on the remaining data in the corpus (i.e. .S,,) using h. Instances where the
predicted label j is given probability greater than some threshold 3 are added to the seed set s;.

* Step 5: For each document d in the corpus, if an instance of w has been tagged with a sense s;, tag
all other instances of w in d with s;.

» Step 6: Repeat Steps 3-5 with the new seed sets. Stop when no new instances are added to the seed
set in an iteration.

* Step 7: In the case of inductive semi-supervised learning, the trained classifier h can now be applied
to new data.

In Yarowsky (1995), this algorithm is shown empirically to be competitive with fully supervised meth-
ods.

Haffari and Sarkar (2007) provide an interpretation of the Yarowsky algorithm. They first pose the
algorithm in a more general way and make slight modifications (which we discuss at the end of the section
after establishing the notation). Then, they proceed to show that the algorithm is in fact minimizing a
modified cross-entropy loss that is defined in terms of the Bregman divergence. We provide an overview
and an interpretation of their result.

Given discrete probability distributions p, ¢ (with support of size n) and a strictly convex real-valued
function ), the associated Bregman divergence is defined as

By(p,q) = Z (i) — () — V' (@) (pi — @) (1)

The authors also define a modified version of the Shannon entropy called the /-entropy (once again
for a strictly convex real-valued function ):

Hy(p) = —Z@b(pi). (2)



Using the above two definitions, they define the 1)-cross entropy as

Hy(p|lq) = Hy(p) + By(p, q)- 3)

This is a generalization of the standard notion of cross-entropy, as taking the convex function ¢ (t) =
tlogt yields

Htlogt(pH Q) = Htlogt(p) + Btlogt(pa Q)

== [pilog(p)] + > [pilog(p:) — ailog(qi) — (1 +log(ai)) (pi — )]

=1 =1
n
= —pi+  — pilog(q:) “4)
=1
n
= —pilog(g:)
=1
= H(p,q),

which is the usual cross-entropy.
The proof of the following is detailed in Haffari and Sarkar (2007):

Theorem 1. The modified Yarowsky algorithm minimizes the following:

Kt2(¢a 9) = Z Z [Ht2(¢x H 9f)]7 5)

xeX feFx

where ¢ is the labelling distribution for an instance x and ¢ is the prediction distribution of a feature
f. That is, for every feature f in the set of features of an instance x (this set of features is called Fy), ¢
describes the probability of an instance x having a particular label given that it possesses the feature f.
Thatis, 07 = (0y,,...,05,) models (p(y = 1| f),...,p(y =n]|f)).

In the context of the Yarowsky algorithm, the classifier parameters 6y = (6y,,...,0y,) represent
probability distributions of the label y given that the feature f is present.

For labelled instances (x(l), y), the labelling distribution ¢« is simply the Dirac distribution at v,
while it is unknown for unlabelled instances x(*). Thus, ®x(w) must be learned for all x() e S, according
to the above objective.

2.1 Discussion

This result from Haffari and Sarkar (2007) is particularly interesting because it allows for a parallel to
be drawn between the semi-supervised self-training approach and supervised learning where the loss
is specified by some notion of distance between probability distributions. However, there is a key dif-
ference. In supervised learning with cross-entropy loss > . » H (px, 4x), Px is thought of as the fixed
“true” distribution of the labels given x, while ¢ is the model’s predicted distribution. The minimization
procedure in this case entails finding ¢ that minimizes the above. However, in the semi-supervised case
reflected by Equation 5, because we do not have access to ¢, (), the “true” distribution ¢ is no longer
fixed, and ¢, (.) must be learned as part of the minimization procedure along with the model’s predicted
distribution, which is parametrized by 6.

However, this result leaves us with some outstanding questions. Haffari and Sarkar (2007) made two
modifications to the original Yarowsky algorithm which were necessary in the proof of their result. The
effect of these modifications was not verified empiricially. The modifications pertained to the function
which predicts the label based on the classifier parameters 6; and the parameter update rules. Hence,
an interpretation of the original Yarowsky algorithm remains elusive, and it is unclear as to whether or
not the modified versions of it which are analyzed in Haffari and Sarkar (2007) achieve the same level of
performance.



3 Generative Models with Expectation Maximization

Another promising breakthrough for semi-supervised learning in NLP came in the form of generative
models which make use of the expectation maximization (EM) algorithm (Dempster et al., 1977), such as
Nigam et al. (2000), where a naive Bayes classifier is used to maximize the joint likelihood of inputs and
labels, where unknown labels are treated as latent variables. Their approach was developed specifically
in the context of text classification, where a label must be predicted for a span of text. Examples of this
include topic classification and sentiment analysis. We provide a summary of their approach and discuss
its implications.

Rather than modelling p(y | x) directly, a generative model instead models the joint distribution of
inputs and labels p(x,y). Then, the desired conditional probability can easily be obtained from Bayes

Rule:
Py | %) = py)p(xly) _ np(y)p(x ly) ©)
p(x) > i plei)p(x] ¢i)
Since the denominator is identical for each class c¢;, it suffices to take argmax;p(x,c;) =
argmax;; p(c;)p(x| c;) as the prediction.
In the supervised case, where S = S}, the parameters 6 for p(y) and p(x | y) are learned by maximizing
the joint likelihood over all of the documents in S' (which are assumed to have been sampled i.i.d.):

L(0;8) = [[ pewpe(xly). (7

(x,9)eS

More precisely, the joint log likelihood is maximized:

06;8) = Y log (po(y)pe(x|y)). (®)

(x,9)eS

For the specific case of text classification, Nigam et al. (2000) represent x as a vector of words
(wi,...,wy), where each word is assumed to be independent of the others given the label. This in-
dependence assumption is necessary for the computational efficiency of naive Bayes, though it rarely
holds in practice. In spite of this, naive Bayes has still been shown empirically to achieve solid text
classification performance. Additionally, Nigam et al. (2000) discuss maximum a posteriori estimation
(MAP), where there is a Dirichlet prior for 6 (this is done for smoothing purposes), but this detail is not
essential to our forthcoming discussion of EM, so we focus on maximum likelihood.

In the semi-supervised case (i.e. S = S; U S,, S, # 0), maximum likelihood estimation cannot be
done in the same fashion as in the above due to the class labels for instances in .S, being unknown. To
remedy this, Nigam et al. (2000) employ expectation minimization, where latent indicator variables z;;,
1 <7< m,1 < j < nareintroduced to replace the class labels. The z;; are defined such that z;; = 1 if
y; = c; and it equals zero otherwise. Then, the authors define the “complete” likelihood to be

Ce(0] Dsz) = > zi5log (polcs)po(xi | c5)). 9

x; €8 j=1

We remark that if the class label (and thus, the z;;) was known for every instance, this is exactly the log
likelihood of the joint distribution, as in Equation 8. Since this is not the case, the E-step of the EM
algorithm replaces the z;; in /. with

2ij = Eglzij] = po(ys = ¢j | x). (10

Then, in the M-step, /(0 | D; z) is maximized and new model parameters 6 are obtained. The E-step and
the M-step are then repeated iteratively until convergence to obtain a maximum likelihood estimate of
the model parameters 6. (Note that prior to the first iteration, @ is initialized as the maximum likelihood
estimate on the labelled data only). A proof that the EM algorithm indeed converges to a maximum
likelihood estimate of 8 is provided in Wu (1983).



The authors caution that the above generative model is limited by a simplifying assumption. Indeed,
this formulation assumes that D is produced by a mixture model, where each mixture component cor-
responds exactly to one of the class labels. The authors alleviate this problem by down-weighting the
unlabelled examples in /., since, in practice, there are far more unlabelled examples than labelled ones
and only the labelled examples carry information about the label distribution. Additionally, they provide
a general version of the model which allows for multiple mixture components per class.

Experimental results on various text classification benchmarks show that the semi-supervised EM ap-
proach does lead to performance gains (and even greater gains with the modified approach), especially
when the amount of available labelled data is small. As this amount increases, entirely supervised ap-
proaches are competitive with the semi-supervised approach. In fact, the authors do remark that in select
cases where the amount of labelled data was high, performance degradation was observed for the un-
modified EM.

3.1 Discussion

These results leave much to ponder from a theoretical perspective. Interestingly, the naive Bayes model
performs well in practice in spite of its independence assumption. And yet, the unmodified EM, which
makes additional assumptions on how the data was generated, does not consistently perform well. There
is no theoretical explanation as to why this is observed.

In addition, we can draw parallels between the generative modelling with EM approach and the self-
training approach discussed in the previous section. In both cases, an iterative procedure is employed,
where the model’s own predictions on the unlabelled data are used to train it. Indeed, in the E-step
of EM, for each unlabelled instance, the class labels are weighted probabilistically based on the model
parameters 6 (this is reflected by Ey [z,-j}). For example, if for some unlabelled instance x; € S, we
have p(c;j | x;6) ~ 1, then Eg[z;;] ~ 1, and so the term in the complete likelihood ¢, corresponding to
the instance x; is dominated by log (p(c;; 0)p(x; | ¢;;0)). And so, in the M-step, when /. is maximized,
the instance x; can essentially be viewed as a labelled training instance (x;, c;). This is similar to the
Yarowsky algorithm, which labels the instances on which the classifier is most confident and adds them
to the seed set.

Taking the comparison further, we observe that the latent variables z;; play a similar role to ¢x in
the analysis of the Yarowsky algorithm. Indeed, the z;; are defined as indicators for the class labels.
In the modified Yarowsky algorithm, ¢« serves the same purpose. In both cases, the values of z and
¢ are known and fixed on the labelled examples. They are unknown on the unlabelled examples and
are thus estimated by the model’s own predictions. Equations 5 and 9 reflect that the goal to bring the
model parameters 6 of the model distribution in line with the true distribution (parametrized by ¢ and z,
respectively).

4 Discriminative Models

In contrast to generative methods, discriminative methods model the conditional distribution p(y | x)
directly. In the supervised setting, there exist several well-known discriminative models, such as logis-
tic regression, support vector machines, and feedforward neural networks. In this section, we explore
discriminative semi-supervised learning models and, especially, we explore the PAC learning bounds
derived for these methods by Balcan and Blum (2010).

Discriminative semi-supervised learning can only lead to improvements over supervised learning if
it is formulated in the correct way. The goal is to use insights from p(x) to aid in the inference of
p(y | x). However, Seeger (2000) points out that since p(y | x) decomposes as in Equation 6, p(x) has no
bearing on p(y | x) (the denominator p(x) is the same for all class labels). Thus, Balcan and Blum (2010)
provide an alternative perspective, where p(x) is instead used as part of a notion of “compatibility” that
determines which hypotheses in the hypothesis space H best align with the structure of the data.

For example, Balcan and Blum (2010) and Zhu (2005) discuss semi-supervised support vector ma-
chines, where an additional term is added to the supervised loss that encourages the margin between the
separating hyperplane and the unlabelled examples to as large as possible. The result is an overall loss



function which “trades off” the loss on the labelled data and the loss on the unlabelled data:

m m
L(h) = Zmax (0,1 — yih(x;)) + At Z max (0,1 — |h(x;)]) +  Ao||W[f5 . (11)
i=1 i=n+1 S
regularization term
supervised term unsupervised term

where w is the vector of parameters of h.

The unsupervised term is extremely similar to the supervised term, with the only difference being that
it lacks information from a label and it assumes that the predictions made by h on the unlabelled data
are correct (this is indicated by the absolute value | - |). Hence, for the unlabelled examples, only the
magnitude of the margin is considered, rather then whether or not the example is on the correct side of
the margin.

For general discriminative models, Balcan and Blum (2010) define compatibility as a function yx :
Hx X — [0, 1]. For example, in the semi-supervised SVM case, for h € H and x € X, the compatibility
function used is x(h,x) = max (0,1 — |h(x)|). This definition is then extended to distributions D over
X, where x(h,D) = Ex~p[x(h,x)]. For samples S = (x1,...,X;,) ~ D™, x(h, S) is defined to be
% Zzil X(hv Xi)'

Now, suppose that we have a sample S = (x,...,X,,) drawn i.i.d. from a distribution D over X'.
Let S; be the subset of labelled instances in .S and define m; := |.S;|. Similarly define S,, and m,, for the
unlabelled instances. Let A* be the target hypothesis which assigns the true labels to each of the points
in the sample. Then, for a candidate hypothesis, &, the labelled error is defined in the same way as in the
supervised case:

err(h) := Exp[I(h(x) # h*(x))], (12)

and the empirical labelled error 1T is simply the sample mean of this quantity using the sample S.
Now, the unlabelled error is defined using the compatibility function:

erryni(h) :== x(h, D), (13)

and the empirical unlabelled error is simply €1T,,;(h) = x(h, S).
Furthermore, Balcan and Blum (2010) define the following quantity for ¢ € [0, 1]:

Hp(t) :={h € H :erryy(h) < t}, (14)

which is the set of hypotheses with unlabelled error at most ¢. For the sample S, Hp , is defined
analogously using the empirical unlabelled error.
We are now ready to discuss the first result proven by Balcan and Blum (2010).

Theorem 2. Let 6, > 0. Suppose H is a finite set, h* € H, and err,,,; (h*) = 0. If

iy, — i{log(\m) +log (zﬂ

1 2
m; = g |:10g ‘H'D,X(E)‘ + ].Og <6>:|,

then a hypothesis h € H with ért(h) = 0 and €rty,;(h) = 0 has err(h) < € with probability at least
1—0.

This theorem makes very strong assumptions, namely the realizability assumption, the assumption that
the hypothesis space H is finite, and the assumption that the target classifier h* is perfectly compatible
with D (i.e. it has zero unlabelled error). However, the result has an intuitively satisfying interpretation,
as it tells us that the number of unlabelled examples grows with the (logarithm of) the size of H, while
the number of labelled examples grows with the size of the set of hypotheses that have unlabelled error at
most €, which may be significantly smaller than the original hypothesis set size. Hence, this formalizes
the aforementioned idea that the unlabelled examples allow for a restriction to a subset of “reasonable”
hypotheses which respect the structure of the data. This is also reflected in the proof.

and



Proof of Theorem 2. We fill in the details in the proof given in Balcan and Blum (2010).
Given h € H with erry,,;(h) > &, the probability that erT,,,;(h) = 0 is

—Mmy€e

<(1—¢g)m
<e

= exp ——k%ﬂ?ﬂ)—*0g<§)]
5

o[

Then, by the union bound, the probability that some h € H has this property is at most %. That is, the
probability that there exists h € H with err,,;(h) = 0 and h ¢ Hp,(g) is at most %. Furthermore,
for all h € Hp,, with érr(h) = 0, then we can apply the same strategy as in the above to conclude that
err(h) > e with probability at most g. Hence, by the union bound, given h € H with err(h) = 0 and
€Iy (h) = 0, the probability that b ¢ Hp ,(¢) or that h € Hp , but err(h) > ¢ is at most 0. O

In the case of infinite hypothesis spaces, learning bounds involve a notion of complexity of # rather
than the size of H, as in the supervised setting.
Balcan and Blum (2010) define the quantity:

& = \/ffi log (SHS,X(t)[ml, S]),

where H g, (t)[my, S] is the number of partitions of the m; labelled points of S by hypothesis in Hg .
Note that this is increasing in .
Then, Balcan and Blum (2010) prove the following agnostic result:

Theorem 3. Ler hj = argming, cqyerr(h’) : erryn (h') < t] and define é(h') = &y for t' = etryn(h').
Let
h = argming, ¢y [erT(R") + £(R')].

Then,
log(8/4)

my

err(h) < mtin lerr(hy) 4+ é(hy)] +5

Unlike the previous result, the above does not assume realizability or a bound on err(h*). Here, the
chosen hypothesis h is obtained by minimizing a loss which trades off the empirical labelled error érr(h)
and a term which is increasing in the unlabelled error €rt,,;(h).

4.1 Discussion

The theoretical PAC framework proposed by Balcan and Blum (2010) is quite flexible, as it simply
requires that a notion of compatibility is defined. In their work, the authors show that many existing
semi-supervised learning approaches fit into this framework by appropriately defining the compatibility
function, including graph-based and co-training models, which were briefly discussed in Section 1. In
fact, they show that generative models can even fit into this framework by defining x(h,x) = pg(x),
but they caution that this comes with the caveat that generative models make an assumption that the
data being generated by a mixture model. As was mentioned in Section 3, this assumption is potentially
detrimental.

With the above in mind, an interesting outstanding question is whether or not this framework can be
applied to other semi-supervised methods, such as self-training. The latter method trains a model on its
own most confident predictions. This does not seem to align with the notion of compatibility defined
earlier in this section.



S Word Embeddings

Particularly since the introduction of word2vec (Mikolov et al., 2013), pre-trained word embeddings
(also called “distributed representations of words’’) have become a fixture of natural language processing.
They allow for words to be embedded in a low-dimensional vector space (here, “low” is meant to mean
low with respect to the size of the vocabulary), where the cosine similarity reflects the similarity between
two words. For example, one would expect that the cosine similarity between the vectors for the words
“cat” and “dog” is high. This phenomenon can be empirically observed with word2vec (Mikolov et al.,
2013) and GloVe (Pennington et al., 2014) embeddings, among others. Word embeddings are trained on
unlabelled text corpora using word co-occurrence statistics (i.e. how often pairs of words appear together
within a given context window) and then fed as input into a downstream model for a specific NLP task,
which is trained in supervised fashion. Essentially, the word embeddings serve as features. We can view
their incorporation into downstream models as a form of semi-supervised learning (Turian et al., 2010).

Skip-gram with negative sampling (SGNS) (Mikolov et al., 2013), the most popular word2vec algo-
rithm, trains two sets of vectors: context vectors c and target word vectors w. The former are typically
discarded after training, while the latter comprise the word embeddings used for downstream tasks. At a
high level, the objective of SGNS is for (w;, c;) to be high for pairs of words (i, j) which occur together
(i.e. co-occur) frequently and to be low for pairs which do not. A target word and a context word are said
to co-occur if the context word appears in a window of fixed size L on either side of the target word in
the text. In applications, L = 5 is typically used, though SGNS can be refined to accomodate arbitrary
notions of coocurrence (Levy and Goldberg, 2014a). Then, the function being maximized by SGNS for
a single co-occurrence (i, j) is the following:

k

logo((wi, ;) + Y Ee,nvr[logo(—(wi.co))],
(=1

where o is the sigmoid function and U is the unigram distribution (i.e. the probability distribution over
individual words, which is estimated from word frequencies in the corpus). The first term reflects the
desire for the dot product between w; and c; to be high, while the second term is a “negative sampling
term” which reflects the desire to drive down the dot product between w; and context vectors for words
which sparingly co-occur with j. The number of negative samples k is a model hyperparameter.

Then, summing the above over all context-target word pairs, (Levy and Goldberg, 2014b) formulate
the overall objective function as:

L=) "> Ny(logo((wi,c;)+k-Ee,nv[logo(—(wi,cp))]),

W; Cy

where N;; is the number of times the words 7 and j co-occur in the corpus.

As pointed out by Levy and Goldberg (2014b), if two distinct words a and b appear in the same
contexts, then their target word vectors w, and wy, have high dot products with the same context vectors.
From this, it seems intuitive that (w,, w;) will also be high. This has been verified empirically for SGNS
and is in line with the “distributional hypothesis”, which states that “similar words appear in similar
contexts”. However, the authors were unaware of any theoretical proof that dot products between target
word vectors reflect word similarity as defined by the distributional hypothesis, and, to our knowledge,
this remains an open question.

However, Levy and Goldberg (2014b) prove the following:

Theorem 4. Let all w;, c; be such that the objective function of SGNS is maximized. Then,

Ny - N
(wi, cj) = log ( ) — log k, (15)
! N;N;

where N;, N; denote the frequencies of i and j in the corpus, respectively, and N is the total number of
co-occurrences in the corpus.



The quantity log (%ﬁ[\}j ) is the pointwise mutual information PMI of the words ¢ and j. To interpret

this, we follow (Kenyon-Dean et al., 2020) and consider

NH
o N Nyj ; ij
PMI(, j) = log <NN]> = log (N,-NNJ- ) = log <p])? (16)
1tV W . W p'Lp]

where p;; is the empirical probability of observing an (4, j) co-occurrence, and p;, p; are the empirical
probabilities of viewing word ¢ and word j as a target word, respectively. Written this way, the PMI of
i and j measures the deviation of the joint distribution of (7, j) from independence. If i and j co-occur
more often than would be expected if they were independent, then the PMI is positive. Similarly, if they
co-occur less often than would be expected if they were independent, then the PMI is negative. It is this
notion that is being modelled by the context vector-target vector dot product (w;, c;), rather than the
frequency at which ¢ and j co-occur.

5.1 Discussion

Word embeddings are not as theoretically well-understood as the other methods presented in this work.
Though Levy and Goldberg (2014b) find that SGNS has an interpretable objective, and Kenyon-Dean et
al. (2020) also find that GloVe has a similar objective in terms of PMI, there remain several unanswered
questions, as well as some promising signs of progress. As was previously mentioned, we are not aware
of any proof that the dot product between word vectors indeed reflects semantic similarity. Furthermore,
(Mikolov et al., 2013) show that SGNS embeddings have an additional notable property, often called the
“analogy” property, which is best illustrated an example:

WBerlin — WGermany + Wrrance = WParis- (17)

This phenomenon was not well understood until the work of Allen and Hospedales (2019), which shows
how word analogy relations such as the above arise from word embeddings.

Outside of studying word embedding properties, another vital theoretical question is that of how word
embeddings lead to improve downstream task performance in NLP. We are left only with the intuition
that word embeddings carry information about word similarity and word co-occurrence, which may be
difficult to learn when training in a supervised fashion on the downstream task alone. It is not clear
if or how word embeddings can be analyzed with the insights and theoretical tools discussed in the
previous sections. A key difference between semi-supervised learning with word embeddings and the
other approaches that we discussed is word embeddings are trained on unlabelled data in a task-agnostic
way. That is, they are not trained on unlabelled data with the objective of inferring class labels for a
downstream problem. This is in stark contrast to the Yarowsky algorithm and EM in particular, which
make predictions on the unlabelled data.

Another interesting question to consider for word embeddings would be to investigate the effect of
changing the notion of similarity to a notion of distance between words. With this, the SGNS objec-
tive would change to one where we wish to minimize the distance between frequently co-occurring
words, and where the negative sampling term seeks to maximize the distance between the target word
and randomly sample words. It is likely that a clever choice of distance function would be required.
The Euclidean distance, a naive choice, is unbounded, which may be problematic for maximizing the
objective.

6 Conclusion

In this work, we explored various semi-supervised learning methods, namely self-training, generative
models with expectation maximization, discriminative models, and word embeddings. These methods
were motivated through the lens of natural language processing, where data annotation is expensive
and unlabelled text data is readily available. We provided summaries of these methods, as well as of
theoretical work which analyzes them. We also addressed the connections between the different methods,
as well as open questions.
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