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Abstract

This dissertation presents a new method for text representation learning and applies it to

two Natural Language Processing (NLP) problems, namely, word sense disambiguation and

text classification. Word Sense Disambiguation (WSD) is a problem in NLP when there

are different possible meanings for words present in the text. These possible meanings are

extracted from a knowledge base. The correct meaning of a word in the text can be identified

based on surrounding words and prior knowledge. When Wikipedia serves as the knowledge

base, this problem is referred to as Wikification. We provide two algorithms for solving the

Wikification problem by segmenting the text and assigning weights to different meanings

of a word based on their context’s relevancy. For the WSD problem, we study the role of

representation learning in the final output of the WSD algorithm and incorporate our novel

representation learning approach. We use our method when solving the WSD problem with

the 1-nearest-neighbor algorithm and demonstrate that our representations work better than

the state-of-the-art models in the WSD task. We evaluate our novel representation method on

general English and biomedical texts. The results demonstrate that, by considering context

from various sources in representations, the results of the WSD task can be improved.

Text classification is the second NLP problem that we study. We consider a collection of

tweet posts and classify them into two groups of tweets, harassment versus non-harassment.

This binary classification task is addressed with standard supervised methods. Next, we

focus on categorizing harassment tweets into specified harassment types, for which we

combine our novel text representation with a graph convolutional network. In experiments,

we demonstrate the effectiveness of our approach by comparing it with other language

models and classical representation models.
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Chapter 1

Introduction

Text has been used in our communications and storing humankind’s knowledge and literature

for thousands of years. Our daily communication and activities for different purposes

frequently occur through various computing machines and online platforms via text. The

usage of computers and these platforms is rapidly growing. For example, we use text on

social networks, send emails, and write reports, to name a few. Multiple meanings might

be inferred from the text, and not all are necessarily correct in conveying the true meaning.

Humans understand the text’s correct meaning based on some extra information, including

shared knowledge stored in knowledge bases and encyclopedias such as Wikipedia. This

extra information, which we refer to hereafter as context, can also partly come from the rest

of the text. Considering our usage of computers in our daily lives, it would help if computers

could apply near-human understanding analysis on text written in human language. For

example, the number of users worldwide would dramatically increase when computers

can process different languages well. So, if computers can understand the text correctly

and completely, then it is possible to expect correct results from the analysis of the text by

computers. Therefore, it is crucial to enhance the machines’ ability to understand the text

correctly, like humans. This thesis focuses on the semantic understanding of the text.

In this thesis, first, we propose a novel model in semantic representation learning that

considers the context in its representations. This context comes from multiple sources,

including the knowledge bases and other parts of the input text. To evaluate the power of

this new method, we apply the proposed semantic text representation learning method to

two fundamental NLP tasks, namely “word sense disambiguation” and “text classification”.

In the following, Section1.1 provides an overview of this thesis’s contribution to the text

disambiguation task, and Section1.2 provides the overview of this thesis’s contribution to

the text classification task.

In Natural Language Processing (NLP), many different forms and approaches for rep-

resentation learning (embedding) have been suggested. For example, BERT [38] and

1
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SBERT [163] are two recent state-of-the-art language models that consider surrounding

words of each ambiguous word as extra information when generating the vector represen-

tation. However, suppose the numerical representations of the text do not carry sufficient

information about that text. In that case, the machine’s algorithm is not able to understand

the text correctly and so cannot provide good results in different NLP tasks, such as machine

translation [225], summarization [102], and part of speech tagging [111], to name a few. So,

representation learning has an essential effect on the final result of each NLP task [199].

This thesis introduces a new approach to the representation learning problem. This approach

has the novelty of combining contextual information from multiple sources in its vector

representations. These sources include knowledge bases and contextual information from

the input text. Combining this information as context when generating our vector represen-

tations differentiates this method from other state-of-the-art methods. This combination

happens via concatenating the vector representation of the extracted information from the

knowledge base and the vector representation of the surrounding words of each word that

is considered ambiguous. We consider recent state-of-the-art contextual language models

as baselines. The results of comparisons with these baselines show how well our method

works in various NLP tasks, including word sense disambiguation and text classification.

1.1 Text Ambiguity

Words are one of the building blocks of a text that we consider in this thesis. Some words

have multiple meanings. For instance, the word “bank” could refer to both a financial

institution and the land alongside a river. The words with multiple meanings are called

ambiguous words. When we have an ambiguous word in a text, humans can think of

the various meanings of that word based on their knowledge. Then, they try to find the

ambiguous word’s correct meaning based on the text’s neighboring words. All these

surrounding words, alongside our knowledge and other information about the text, provide

intelligence that leads us toward the correct meaning. We use the name “context” to refer to

these neighboring words of the input text and other words of the text and our knowledge.

When we have ambiguous words in a text, we call it an ambiguous text. In NLP, word sense

disambiguation (WSD) is a well-known task that tries to find the text’s true meaning, leading

to a more accurate understanding of the text. We work on this NLP task toward our goal of

semantic understanding of the text in chapters 2 and 3 of this thesis.
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It is shown in the literature that considering the context in an embedding approach

improves the quality of the representations for many NLP tasks, including the word sense

disambiguation task [199]. As mentioned above, we can consider the surrounding words

of each target word in a text as its context. In addition, we also have knowledge bases

and thesaurus, such as Wikipedia and BabelNet [139], which comprise information on

words and concepts related to each word. The information stored in the knowledge bases

can be considered alongside each word in a text when we convert words into numerical

vector representations for computers. Considering and combining these two sources of

information (one is the surrounding words, and the other is information from knowledge

bases) as context for the new proposed embeddings is the novelty of my work. I use context

in the proposed semantic representation learning model when generating the representations.

Concatenating the context from these two sources makes this new approach different and

unique from previous works in the literature. Running multiple experiments, we show

our representation vectors enable the 1-Nearest Neighbor algorithm to disambiguate text

significantly better than recent context-based language models as our baselines in terms of

accuracy.

We expand our experiments showing the applicability of our approach to both general

English text and Biomedical text as an application.

1.2 Text Classification and Categorization

In the second part of this thesis, I study the problem of categorizing tweets that include

harassment and then find the type of harassment as a text classification problem. Based

on the Oxford dictionary, “Harassment is the act of annoying or worrying somebody by

putting pressure on them or saying or doing unpleasant things to them”1, either verbal or

physical. For this online harassment classification task, I consider binary classification,

i.e., whether a tweet includes harassment or not, and multi-class classification, i.e., which

type of harassment is present in a tweet. The types present in our dataset are divided

into three classes: indirect harassment, physical harassment, and sexual harassment. To

show the importance of vector representations in solving this harassment classification

problem, first, I study using TF-IDF and Word2Vec features in multiple supervised machine

learning (ML) algorithms as baselines. The results help us match the features with the

1https://www.oxfordlearnersdictionaries.com/definition/english/harassment
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supervised ML method for better classification accuracy. Second, I was interested in studying

the impact of deep learning approaches to compare the power of these recent methods versus

classical machine learning approaches on this classification task. I create and use a Graph

Convolutional Network (GCN) model, which is a new approach to solving this problem

in the literature using our new embeddings. A graph convolutional network model is an

approach for semi-supervised learning on graph-structured data. To set this up, we consider

each tweet post as a node and connect a node with its nearest neighbor. The distance

measures are cosine similarities of the node’s vector representations. We try different

embedding methods and compare the results of classification. This deep learning method

and pre-trained embedding models significantly improve online harassment classification

compared to the baselines. We conjecture that the improved classification performance is

due to using the neighbors’ information in the contextual embeddings via the graph structure

of the data points.

1.3 Representation Learning Development

In multiple works around 1990, it was observed that numerical representations could be

generated by utilizing context features. During that time, in information retrieval, latent

semantic analysis was a model that showed dramatic changes in its results using this repre-

sentation. It was one of the early approaches to using context in embeddings, which have

continued till today in deep learning models. In this thesis, for the aim of semantic repre-

sentation of the text, first, we analyze state-of-the-art approaches with respect to the word

disambiguation task. These methods include BERT [38], LMMS [104], SensEmBERT [180],

and ARES [181], that are recent transformer-based language models in this task. We use

these representations and disambiguate documents using the 1-Nearest Neighbour algorithm.

We observe the pros and cons of the methods by analyzing the errors of each embedding

method at the time of disambiguation on part-of-speech tags. This analysis shows that

current contextual representation learning methods, such as BERT, have shortcomings in

disambiguating particular parts of speech, like verbs. We show how these models suffer

from the lack of contextual information, like the meaning of each word from the knowledge

bases. Based on these analyses, we propose a new semantic representation learning method

attempting to mitigate the negative aspects of current methods. This model considers the

information from knowledge bases and the information from input text in each word’s
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representations. To evaluate our new proposed semantic representation learning method,

we apply it to two NLP tasks. The first task is text disambiguation, and the second is

classification.

1.3.1 Text Disambiguation Solutions

We consider two specific problems for the text disambiguation task: word sense disambigua-

tion and Wikification. In word sense disambiguation, we need to find the correct meaning

of ambiguous words between a set of possible meanings. The results of this analysis of

the text disambiguation problem are presented in the first part of Chapter 2. Based on this

result, which shows the importance of context in embeddings, we bring the idea of adding

context from knowledge bases into embeddings in a new approach. We evaluate this method

versus other baselines on general English text. To investigate further applications of our

method, we explore Biomedical text. For the Biomedical domain, as baselines, we consider

BioBERT [93], Bio Graph [40], and DeepBioWSD [152], as they are recent contextual

language models that have been used for WSD on biomedical texts. The presented results of

our approach’s comparison with these baselines show how well our method works in this

specific domain and general English text.

Wikification is one specific example of a text disambiguation task when the knowledge

base is Wikipedia. This Wikification task has two parts: first, detecting ambiguous words,

and second, finding those words’ correct meaning. This thesis presents two new algorithms

for this second part of the Wikification task as a special example of the WSD problem.

Our algorithms include the idea of text segmentation and weighing of possible meanings

of ambiguous words. When we compare the results of these algorithms with the recent

baselines, we observe between 10-20% improvement in the accuracy measure in finding the

correct meanings on multiple datasets.

1.3.2 Text Classification Solutions

For the text classification task, we use our new representation learning model in a graph

convolutional network as a deep learning approach toward solving the online harassment

classification problem. To build a solid baseline to compare our model, we use transformer-

based language models, BERT and SBERT, and two classical embedding approaches,

TF-IDF and Word2Vec. We complement these techniques with supervised ML approaches.
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In this online harassment classification task, we demonstrate that the supervised machine

learning model exhibits greater adaptability when using the TF-IDF and Word2Vec feature

sets.

To show the vital role of representation learning in harassment classification with current

methods, we use the graph convolutional networks method [224]. We build a graph with the

set of tweets and use our new representation learning method as the embeddings. Comparing

the classification results using GCN with our embeddings and BERT embeddings shows

that our method improves accuracy above 91% in this online harassment categorization task.

We also evaluate the role of this GCN deep learning method in solving this classification

task and compare it with FastText [13], LSTM [62], and CNN [92] methods. The results

present how this deep learning model works better than other recent methods.

1.4 Goals and Contributions

The goals of this thesis include the following:

• Analyzing and investigating different representation learning approaches, understand-

ing how they work, and evaluating their effects on two related NLP tasks; WSD

and text classification. Designing techniques that incorporate context (in different

forms) into embeddings. Proposing a novel vector representation learning method that

reduces the shortcomings of current embedding approaches while preserving their

advantages.

– Studying the problem of word sense disambiguation and current approaches for

this task. Evaluating our new representation learning method on the WSD task

and comparing the results of disambiguated words on parts of speech.

– Investigating the text classification problem by recent deep learning approaches

and comparing the results with classical ML methods. Considering various

embedding methods as features of the classifiers and showing representation’s

role in the final results of the classifier.

• Proposing novel algorithms for the task of Wikification; the task of Wikification

considers Wikipedia as the knowledge base when disambiguating ambiguous words.

We investigate some of the previous approaches and compare the results of our method
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with these baselines. Our comparisons prove that the novel idea of segmenting the text

and assigning weights would improve accuracy compared to the baseline methods.

Most of the code developed in this thesis is open source and can be publicly accessed on

the author’s Github page 2. The exact Github repository of each project is addressed at the

beginning of each chapter.

1.5 Thesis Organization

We can divide this thesis into two parts; the first part includes our work on the text disam-

biguation task in chapters 2 and 3, and the second part includes our contribution on the text

classification task in chapters 4 and 5. The detailed organization of the thesis is as follows:

• Chapter 2 focuses on text representation learning. It starts with analyzing the per-

formance of current state-of-the-art embedding approaches and their pros and cons,

giving a better view to design a new representation learning model. Based on the

results of this analysis, we provide a novel sense embedding method designed to

improve the defects of the prior embedding models. The results of comparing this

method with other state-of-the-art methods on general English text and Biomedical

text are presented in this chapter, which shows the potential of this approach.

• Chapter 3 is our study on the Wikification problem. We propose two algorithms

for solving link ambiguity based on the keyword selection baseline approach [173].

In the comparisons with different approaches, we show how important the role of

context is in dealing with text ambiguity, as demonstrated by our algorithm’s results.

Furthermore, we demonstrate how we can rank a candidate’s senses based on their

relevance to the context and then choose the correct meaning for the candidate.

• Chapter 4 provides a detailed description of the online harassment classification

problem we are trying to solve. The dataset that we consider in this task is introduced

in this chapter. This chapter aims to build a strong baseline to compare the results

of classical machine learning models on this classification task. So, we outline

the process of categorizing text, including instances of harassment on social media,

through the application of supervised machine learning methods that take into account

2https://github.com/mozhgans
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various text features. We specifically show the applicability of these approaches to

classify a dataset collected from Twitter. The results show which supervised ML

model works best with each text’s feature for online harassment classification task.

• Chapter 5 contains our contribution to solving this online harassment classification

problem using different embeddings and deep learning approaches. We build a graph

convolutional network model to solve this tweet classification problem and show

how this model performs well with our embeddings as well as other context-based

embedding approaches. We further provide detailed results comparing classical

machine learning and deep learning approaches to address this problem.

• Chapter 6 is the concluding chapter, including a summary of the results and a discus-

sion of possible directions for future research.



Chapter 2

Contextual Knowledge-Base Representation Learning in Text

Disambiguation

Contextual word embedding has been shown to carry useful semantic information to improve

the final results of various Natural Language Processing (NLP) tasks [228]. However, it is

still challenging to integrate these embeddings with the information of the knowledge bases.

This integration is helpful in NLP tasks, specifically in the lexical ambiguity problem [155].

Word Sense Disambiguation (WSD) is one of the main problems at the core of the NLP

domain [11]. The WSD problem arises when we encounter ambiguous words in a text

and need to determine their correct meanings. Text representation is a crucial aspect

of all WSD models [34]. It encodes the text and relevant information to determine the

most appropriate meaning for disambiguating the text [14]. While various approaches

exist for context-based representation learning, there is a lack of studies examining the

pros and cons of encoding word senses [106]. In this study, we show the effectiveness of

transformer-based language models in the task of WSD by providing an in-depth quantitative

error analysis of these contextual embeddings in the WSD task. We use different recent

contextual embedding methods and disambiguate the document by applying a simple nearest

neighbor (k-NN) approach. We analyze the errors that occur with each model through

part-of-speech tags. In analysis with part-of-speech tags, we first introduce quantitative error

rate formulas to formulate the errors, and second, we use a confusion matrix to complete

our analysis. Our experiments show that using context-based embedding results in a more

coherent text document after disambiguation. Furthermore, we show that BERT-based

pre-trained language models’ accuracies vary in disambiguating different parts of speech.

After analyzing the current language models and investigating their pros and cons, we

propose a new embedding approach that considers the information from the context (the

input text) and the information from the knowledge base. The name of this approach is C-

KASE (Context-Knowledge base Aware Sense Embedding), a novel approach to producing

sense embeddings for the lexical meanings within a lexical knowledge base. C-KASE

9
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representations enable a simple 1-Nearest Neighbor algorithm to outperform state-of-the-art

models in the English WSD task. Since this embedding is tailored to each knowledge base, it

outperforms similar tasks that rely on specific knowledge bases, i.e., Wikification and Named

Entity Recognition. Our experiments provide proper settings for the C-KASE representation

learning model comparable to supervised and knowledge-based approaches. The results of

comparing our approach with current state-of-the-art models show the effectiveness of our

method 1.

2.1 Introduction

Natural Language Processing (NLP) encompasses various tasks, and multiple studies have

demonstrated that representation learning significantly influences NLP task outcomes [51].

Word Sense Disambiguation (WSD) is among these tasks influenced by the chosen embed-

ding approach. WSD refers to the problem of determining the correct meanings of words

with multiple possible meanings within a text. In the literature, a word with one meaning is

called monosemous, while a word with multiple possible meanings is called an ambiguous

word [207]. Each possible meaning of an ambiguous word is called a word sense. Finding

and matching these ambiguous words to their correct meaning (sense) in the text is called

the word sense disambiguation task in NLP. These different meanings for ambiguous words

have been collected in a predefined list of senses (meanings). We refer to these lists in

the NLP domain as the knowledge base or sense inventory. Recent pre-trained embedding

methods, such as ELMO [153], BERT [38], and XLNET [223], have demonstrated vital

roles in the WSD task [209].

Different approaches have been applied to solve the WSD problem. We can cate-

gorize these approaches into two broad categories, supervised and knowledge-based ap-

proaches [137]. In the first category of supervised methods, algorithms rely on semantically

annotated corpora for training [86]. In the second category of knowledge-based approaches,

the algorithm depends on the structure of a semantic network. In this category, the algo-

rithms try to investigate the graph structure of the knowledge base to find a list of possible

meanings for each ambiguous word in the text.

While the recent contextual language models have shown success on the task of WSD,

we still need more studies analyzing these language models to understand their behaviors

1Part of this chapter is published in [168], [166], and [171].
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more accurately [24]. Especially in the task of WSD, we need to understand these language

models carefully and analyze their behavior on each word type. In this regard, recently,

Loureiro et al. tried to track the behavior of language models based on different layers of

the model [106]. In our work in this chapter, we follow two goals. First, we aim to analyze

the behavior of recent context-based language models and investigate their pros and cons.

Second, to address the limitations of current embedding approaches, we propose a new

embedding approach that improves upon current embedding approaches by addressing their

shortcomings. We show our approach is effective in solving the task of WSD in multiple

experiments. Finally, following our first goal, we identify which parts of speech are most

commonly disambiguated incorrectly by different methods. After these analyses, we focus

on the error analysis of word categories and suggest some possible future directions. All the

code and data are publicly available 2.

2.2 Related Work

In the following, we provide a general background of semantic similarity methods, language

models, and WSD approaches. Then, we continue this chapter by delivering our new

proposed embedding model and showing how it solves the WSD problem.

2.2.1 Semantic Similarity

In NLP, different metrics are concerned with document similarities. These metrics measure

how similar the meanings of the two documents are. Words are represented as vectors in a

high dimensional vector space such that words with similar vectors have similar meanings.

Multiple mathematical tools are defined in the semantic similarity domain to calculate

the distance between the words. For example, the vector space model is one tool for this

distance/similarity measurement [52]. Some examples of these commonly used similarity

measures are Cosine Similarity and Euclidean Distance. These methods are widely used

in various NLP applications such as text classification [117], information retrieval [61],

machine translation [219], and many more.

We need to convert text as an unstructured data type into a numerical representation;

this numerical representation is helpful when designing algorithms to allow a machine to

2https://github.com/mozhgans/Error-analysis-of-concept-embedding-Approaches
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work with text as input data (for example, it is helpful in increasing algorithm robustness).

To develop effective novel representation learning algorithms and address various NLP

tasks, such as word sense disambiguation and text classification, it’s essential to first com-

prehend word embedding approaches and their impact. In semantic similarity methods,

text data must be transformed into vector representations of text features. The quality of

the resulting similarity scores heavily relies on this vector representation. Many semantic

similarity methods, like cosine similarity and Euclidean distance, integrate well with word

embedding techniques, leading to promising results [36]. Therefore, gaining a comprehen-

sive understanding of word embedding methods and their effects is a crucial step in these

endeavors.

2.2.2 Text Representation Learning

In most machine learning and NLP tasks, when we work with data, we want to recognize and

predict any patterns in the dataset, if possible [194]. Representation learning is important

because it converts high dimensional data into low dimensional data [9]. When working

with lower dimensions, it is easier to recognize the patterns and predict the behavior of the

data points. In NLP, this means learning a lower-dimensional representation of raw text data.

Word Embedding

In word embedding, when we convert the words into a numerical vector representation, the

representation of words with closer meaning is closer in the vector space. One basic word

embedding method is “Term Frequency Inverse Document Frequency” (TF-IDF) [178, 176,

183, 27]. TF-IDF is a numerical statistic that is used to reflect the importance of a word

in a document or a set of documents. It is often used as a weighting factor in information

retrieval and text mining. The TF-IDF value increases proportionally to the number of times

a word appears in the document. However, it is offset by the frequency of the word in the

entire corpus of documents so that common words such as “the” and “is” are not given too

much weight [27]. To have an embedding with high quality, we need to have this learning

happen on a large amount of text; it can be learned alone or jointly during word embedding

model training. The former is good when we use the same learned embedding for the other

tasks. The latter is suitable when the embedding is part of another task. When working with

these numerical representations of words, we want to have the semantic information in the
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word vectors. Most representation learning methods recently aim to consider this need [54].

Word2vec [120, 121] and GloVe [151] are two of these approaches. These methods use a

co-occurrence frequency matrix of words for the vector representations of each word. For

these two models and almost all word embedding approaches, the goal is to measure the

semantic similarity of various parts of the text, in different tasks, like machine translation

and word sense disambiguation [99, 27]. One of the most critical challenges in each text

embedding approach is meaning conflict [24], which refers to a situation in which there

needs to be more agreement or understanding about the meaning of a word, phrase, or

concept. For example, consider the word “bank” that can have multiple meanings, such as

a financial institution in the sentence “I need to visit the bank to withdraw some money”,

or it could refer to a river bank as in the sentence “I went for a walk along the bank of the

river”. It is crucial to enhance the representation so that the correct meaning for each word

or phrase is considered in the generated embedding [95, 129].

Two broad categories of representation learning techniques are contextual representation

learning and non-contextual representation learning methods. Non-contextual representation

learning techniques aim to learn representations of data independent of their context. For

example, each word is assigned a fixed-size vector representation in a word embedding

model such as Word2Vec [120, 121] based on its co-occurrence with other words in a large

corpus of text. The resulting vector representation of each word is the same, regardless of the

context in which the word appears. In contrast, contextual representation learning techniques

aim to learn representations of data dependent on the context. For example, in a contextual

word embedding model such as BERT [38], each word is assigned a vector representation

that varies depending on the surrounding words in the sentence. The context-dependent

representations capture the meaning and relationships between words in different contexts.

For example, the vector representation of the word “bank” will be different for its different

word senses. In the context of a financial institution, the vector representation will be

closer to the vector representations of other words related to finance, such as “money” and

“loan”. In the context of a riverbank, the vector representation will be closer to the vector

representations of other words related to geography, such as “river” and “shore”.

Some hybrid approaches generate semantically aware word representations. NASARI
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vector is one of these approaches [26], which stands for New Approach to Semantically-

Aware Representation of Items. In this approach, BabelNet 3 is the knowledge base, and

this approach considers two types of concept relations of hypernyms and hyponyms [139].

Hypernyms are words with a broader meaning than a specific word. For example, “animal”

is a hypernym of “dog”. Hyponyms are words with a more specific meaning than a general

word. For example, “Golden Retriever” is a hyponym of “dog”. NASARI vectors are created

using the following steps. In the first step, it gathers Word2Vec embedding vectors for the

target concept and all its related words through hypernyms and hyponyms relations, which

are extracted from BabelNet 4. In the second step, it computes the cosine similarity between

each word embedding and the target concept [88, 25, 27]. The final representation for the

target concept is a vector which includes the calculated cosine similarities. The similarity

measure between two NASARI vectors is the Weighted Overlap (WO) measure [156]. The

weighted overlap is a measure of similarity between two vectors, that takes into account

the relative importance of each dimension. This measure takes into account the relative

importance of each dimension by weighting the cosine similarity scores by the absolute

rankings of the dimensions in the two vectors. This ensures the dimensions that are more

important to the meaning of the vectors have a greater impact on the similarity score. This

measure also takes into account the lexical specificity of the dimensions by using the inverse

of the rank of each dimension. This means that dimensions that are associated with more

specific words or concepts are given a higher weight. WO is defined as follows:

WO(v1, v2) =

√∑
d∈O(rank(d, v1) + rank(d, v2))−1∑|O|

i=1(2i)
−1

(2.1)

In the above equation, v1 and v2 are the NASARI vectors for the two concepts to be

compared. O is the set of overlapping words in the vectors v1 and v2, d is a word in the set O,

and rank(d, vi) is the rank of the word d in the vector vi, based on the specificity described

above [25]. The rank of a dimension in a NASARI vector is simply its position in the vector.

The rank of a dimension can be used to interpret the meaning of a NASARI vector. For

example, if two NASARI vectors have a high overlap in dimensions with high ranks, then

this means that the two concepts are very similar. The rank of a dimension can also be used

3BabelNet is a multilingual encyclopedic dictionary with a wide coverage of terms;
https://babelnet.org/about

4Brief information on BabelNet with an example is provided in Appendix B.
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to improve the performance of NLP tasks that use NASARI vectors. For example, in a word

similarity task, the similarity score between two words can be weighted by the ranks of

the overlapping dimensions. This ensures that dimensions that are more important to the

meaning of the words have a greater impact on the similarity score. For more details and an

example implementation of the WO measure in Python please refer to Appendix C.

2.3 Word Sense Disambiguation

Our focus in this chapter is on the task of Word Sense Disambiguation (WSD). The com-

plexity of this problem depends on multiple sources. One of these sources is the need for

representation learning. As discussed above, there are various word and text representation

learning methods, and each has unique dependencies and difficulties. The other source of

complexity is the dependency of the problem on the knowledge base. Therefore, it is crucial

to consider the proper knowledge source, depending on the use case and the text domain

subject. Considering the adequate knowledge base provides the opportunity to collect

appropriate senses from the knowledge base [49]. For example, consider disambiguating

a biomedical text; if the knowledge base covers general concepts rather than biomedical

terms, the accuracy of correct disambiguation would be lower than when the knowledge

base covers all the biomedical concepts.

In a text document, there might be words or phrases with multiple meanings, and we

as humans will understand the correct meaning based on the context of the text, which is

the surrounding words. In WSD, the algorithm enables the machine to identify this true

meaning. The multiple meanings of ambiguous words are called senses. Therefore, there

should be a source of knowledge covering the words with their different meanings, which

we call a knowledge base or sense inventory. If we consider these various senses as classes

and try to assign the correct meaning (sense) to each word, then WSD is an example of a

classification task [137].

We can generally consider four main sub-tasks to design a WSD system. These sub-tasks

are as follows:

• Candidate selection (i.e., word senses)

• Knowledge base selection

• Context representation
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• Selection of the classifier

Various word sense inventories include different senses of words. In each research work

on the WSD task, one of the critical actions is choosing this word sense inventory [20]. So,

paying attention to which external knowledge source we use in the task is important.

2.3.1 External Knowledge Sources

Knowledge sources (lexical resources) are fundamental sources of information in the task

of WSD. They provide a set of meanings (senses) for the ambiguous words we try to

disambiguate. There are different types of knowledge sources, depending on the subject of

the text and the relations between the words. Some examples include thesauri, machine-

readable dictionaries, ontologies, and corpora. Among the widely used knowledge sources

are Wikipedia, WordNet [122, 44] and SemCor [124].

2.3.2 Context Representation

As discussed above in Section 2.2.2, we need to apply some pre-processing steps to the

text data to make it suitable for the machine [147]. Some pre-processing steps include

tokenization, part of speech tagging, and lemmatization [141]. These pre-processing steps

aim to convert the text into numerical featured vector representations.

2.3.3 Selection of the Classifier

We can consider two main machine learning-based algorithm types for solving WSD;

Supervised learning WSD and Unsupervised learning WSD methods. Besides the machine

learning-based approaches, knowledge-based approaches are the other methods to solve the

WSD problem.

Knowledge-based Approaches

The structure of the knowledge base plays an essential role in this type of approach; therefore,

WSD is a graph-based problem [137]. SensEmBERT [180] is one of the latest methods in

this category that combines knowledge from a semantic network with a language model.

Following this approach, ARES [181] provides sense embeddings in a lexical knowledge
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base. Unfortunately, despite using powerful knowledge bases, the accuracy of knowledge-

based approaches is almost always less than supervised approaches [10].

Supervised Approaches

The supervised approaches usually use sense-annotated data at the time of training. These ap-

proaches mostly use neural networks architectures [115], or support vector machine (SVM)

models [67]. These methods normally achieve the best accuracy. Some approaches consider

the WSD problem as a translation task, where the input is a word in its context, and the

output is a sequence of senses for that word [158]. This approach utilizes neural machine

translation models, such as encoder-decoder architectures, to learn the mapping between

the input word and its possible senses [201]. The major drawback is that it requires large

amounts of labeled data for training the model. On the other hand, some other works

showed the potential of contextual representation learning in WSD task [115, 153], such as

NASARI vectors [24], LLMS vectors [104], and ARES vectors [181]. In NASARI (Novel

Approach to a Semantically-Aware Representation of Items) vectors, the representations

are based on structural knowledge extracted from a multilingual semantic network [24].

LMMS (Language Modelling Makes Sense) vectors consider sense-level embeddings with

complete WordNet coverage and show the power of this representation for WSD by applying

a simple Nearest Neighbors (k-NN) method [104]. ARES (context-AwaRe Embeddings of

Senses) used the 1-NN method with its representations and showed improved results in the

disambiguation task [181].

The k-nearest neighbors (k-NN) method in WSD uses labeled training data to learn the

relationship between the features of the text and then applies that knowledge to classify

new, unseen instances of the words based on their features. The k-NN algorithm finds

the k training examples closest (most similar) to the input and then assigns the input the

most common label among those k examples. K is always a positive integer that can be

determined experimentally. For example, in the WSD task, the 1-nearest neighbor matching

is one of the simple ways to disambiguate a word [58]. Using this k-NN method to find the

nearest vectors similar to word senses to solve the WSD problem has been used in many

works based on contextual word representation learning approaches [115, 153]. We can

use various distance metrics to calculate the distances between the test vector and training

vectors. Euclidean distance and cosine distance metrics are the most used metrics in most
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NLP tasks [56].

Unsupervised Approaches

Unsupervised word sense disambiguation is another technique for determining a word’s

correct sense in a given context without using labeled training data. Instead, these methods

typically rely on statistical or machine learning techniques and use external sources such as

WordNet or Wikipedia [161, 150]. Some examples of unsupervised WSD methods include:

• Distributional methods: These methods use distributional semantics to infer the sense

of a word based on its co-occurrence patterns with other words in a corpus [150].

• Clustering methods: These methods group words into clusters based on their similarity

in context and then use these clusters to disambiguate word senses [110].

• Graph-based methods: These methods represent words and their contexts as nodes in

a graph and use graph-based algorithms to disambiguate word senses [3].

• Neural methods: These methods use neural network architectures like RNNs and

transformers to disambiguate word senses [165].

It is important to note that unsupervised methods generally tend to have lower accuracy

than supervised methods. Still, they have the advantage of not requiring labeled data.

In the following section, first, we evaluate the performance of some of the recent context-

based embedding approaches on the WSD task. Then, we analyze the errors of each of these

models and evaluate their performances. Our goal for this evaluation is to understand the

pros and cons of these recent embedding models and to build a new representation learning

model that reduces the defects of the current approaches.

2.4 Error Analysis Framework

We consider four different state-of-the-art contextual embeddings in the WSD task using the

nearest neighbor approach and analyzing each method’s errors. The embedding approaches

that we consider here are BERT [38], LMMS [104], SensEmBERT [180], and ARES [181],

as the most recent contextual embedding models in the task of WSD. Choosing this simple

1-Nearest Neighbor (1-NN) algorithm for WSD is based on recent works showing the power

of this approach in WSD task [58, 106].
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Table 2.1: The statistics of the dataset.

2.4.1 WSD Experimental Setup

To test each embedding on the WSD task, we use the 1-NN algorithm and compare the

disambiguated sense of each word with the ground truth annotations in the datasets. The

details of the dataset we used for this experiment, the definition of accuracy, and the results

are provided below.

Evaluation Datasets benchmarks

The dataset we use in this study to evaluate the quality of the embeddings in the WSD task is

a unified WSD benchmark introduced by Raganato et al. [160]. This dataset is a combination

of five standard WSD datasets. These sets are Senseval-2 [41], Senseval-3 [196], SemEval-

7 [2], SemEval-13 [140], and SemEval-15 [131]. This unified benchmark includes 3663

words and 4363 senses in total. This dataset covers four parts of speech, including nouns,

verbs, adjectives, and adverbs. The statistics of each part of speech in the dataset are shown

in Table 2.1.

We use the 1-NN disambiguation approach, applying different contextual embeddings on

the unified dataset and reporting the accuracy of each method. The accuracy is the percentage

of words disambiguated correctly, based on the ground truth. The results of this experiment

are shown in Table 2.2. The evaluation is based on the accuracy of the four considered

embedding models. The high accuracy means the model is more accurate in disambiguating

the ambiguous words as the ground truth data, picking the correct meaning (and also the

correct word type). We use this evaluation and start analyzing the errors of each embedding

approach.
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Model Senseval-2 Senseval-3 Semeval-7 Semeval-13 Semeval-15 All
BERT 77.1 73.2 66.1 71.5 74.4 73.8
LMMS 76.1 75.5 68.2 75.2 77.1 75.3

SensEmBERT 72.4 69.8 60.1 78.8 75.1 72.6
ARES 78.2 77.2 71.1 77.2 83.0 77.8

Table 2.2: The accuracy of 1-NN WSD evaluation framework on the unified dataset, using
the four recent contextual embedding approaches as baselines.

2.4.2 Error Analysis by Part-of-Speech

To analyze the errors, first, we consider the disambiguation performance after using each

embedding model on different word types covered by the dataset. In other words, we measure

the frequency of mis-disambiguation in different parts of speech (POS). The accuracy of

each embedding model using the 1-NN WSD approach on the dataset is shown in Table 2.3,

which is categorized by the four parts of speech.

Model Nouns Verbs Adjectives Adverbs
BERT 76.2 62.9 79.7 85.5
LMMS 78.2 64.1 81.3 82.9

SensEmBERT 77.8 63.4 80.1 86.4
ARES 78.7 67.3 82.6 87.1

Table 2.3: The accuracy of the 1-NN WSD of the four considered embeddings as baselines.
The dataset in this experiment is a concatenation of all five datasets, which is split by
Part-of-Speech tags.

Among BERT, LLMS, SensEmBERT, and ARES, ARES has the higher accuracy in

disambiguating the nouns with 78.7% accuracy, and BERT has the lowest accuracy of 76.2%,

as shown in Table 2.3. On adjectives, between the four embedding methods, ARES is the

most accurate one with 82.6% accuracy. LLMS is in the next place with 81.3% accuracy, and

in the third place, we have SensEmBERT with 80.1% accuracy, and the last one is the BERT

model with 79.7% accuracy. We can observe that the adverb has the highest disambiguation

accuracy among all other word types in all four different embedding methods in Table 2.3.

On the other hand, the verb is the type of word with the lowest disambiguation accuracy

among all the four-word types. Verbs have the lowest frequency of correct disambiguation.

In each embedding model, disambiguating the nouns is more accurate than verbs, which
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confirms the result of a recent work by Loureiro et al., when the embedding model is

BERT [106].

After observing the results of disambiguating different word types by the four various

models, one question would be why almost all the models perform more accurately on

disambiguating the nouns than verbs. There are multiple possible hypotheses. 1) Considering

the coverage of the number of words in the dataset, in Table 2.1, this number differs for

various word types. For example, since there are more nouns than verbs in the dataset,

each model learns to disambiguate the nouns more accurately in comparison with verbs, or

other word types. 2) The other important reason relates to the context. When the model

disambiguates the ambiguous words based on nearest neighbors to the context, it is more

likely that the model will choose the senses that are more similar to the type of context vector.

In general, the number of nouns in English text (and every sentence) is higher than other

word types, so the text’s vector (sentence’s vector) would be closer to the noun type. 3) One

other possible reason is related to the ambiguity level. The ambiguity level is calculated

as the total number of candidate senses, meaning the senses that share the surface form

of the target word, divided by the number of the words [160]. Considering the ambiguity

level of a specific word type as the number of all possible senses of that type divided by

the number of words of that type can explain the behavior of these models. The ambiguity

levels of different word types are relatively similar, by looking at Table 2.1, with verbs being

slightly more ambiguous than nouns. This suggests that verbs may be more difficult for the

model to disambiguate accurately, but this hypothesis is not yet convincing, as the ambiguity

levels of different word types do not differ enough. 4) Finally, one other possible reason

would be related to the POS tagger. The POS tagger would influence the accuracy of the

disambiguator. To further investigate this hypothesis, we consider replacing the POS tagger

and evaluate the results. The next section presents this investigation.

The Influence of POS Tagging on the WSD Task

To investigate the influence of the POS tagger, we try to answer this question: does an

incorrect POS tagger influence the disambiguation accuracy? In other words, how much

the model disambiguates the words incorrectly because of type confusion; for example,

when disambiguating the word “play” in the sentence “The children’s play was filled with

laughter and joy”, the model might get confused disambiguating it as a verb instead of a
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noun. So, in the disambiguation task, some errors arise when the word type is mistaken. For

quantitatively analyzing these errors, we consider error rate of each embedding approach,

the Eq. 2.2, and we use a confusion matrix. The confusion matrix shows the misclassification

rate of one specific part of speech inaccurately as the other parts of speech. To analyze the

errors that arise due to incorrect word types, we consider running the same disambiguation

experiments while changing the POS tagger.

A general overview of this procedure is provided in Fig. 2.1. We start this experiment by

passing the input text into the POS tagger and then the embedding model. After getting the

word vectors, we pass them into the 1-NN WSD algorithm to disambiguate the ambiguous

words and compare the disambiguation results with the ground truth data. Based on

this comparison, we can divide the errors into two categories: the words with incorrect

disambiguation due to incorrect meaning and the others with incorrect disambiguation due

to incorrect type. We focus on this second category and count the words in each word

type. We then change the POS tagger and start this procedure to count the number of the

disambiguated words in the four parts of the speech. By this counting, we will find how

many words get disambiguated correctly after changing the POS tagger; it means how many

of the wrong disambiguated words are now disambiguated correctly due to the POS tagger.

First, we run the experiments with NLTK and then replace it with a deep-learning-based POS

tagger, “en-core-web-md”. This POS tagger is a pre-trained statistical model for English

provided by the spaCy library [85]. This deep learning model is based on convolutional

neural networks (CNNs) and recurrent neural networks (RNNs).

Error Rate (e) = 1−Model Accuracy (2.2)

Considering the number of words in each word type category and finding the number

of words that each model is disambiguating incorrectly in each word type, we report

this analysis on ARES since it shows the best accuracy results in Table 2.3. We argue

that errors made by these representation learning methods are similar regarding the word

type. We present the rate of errors in each type in Table 2.4, in which the fifth column

shows the percentage that each type is mis-disambiguated (Mis-D) because of the wrong

sense (meaning), and the sixth column shows the percentage of times each type is mis-

disambiguated because of the wrong type. The main observation extracted from Table 2.4 is

that the representations produced by ARES fail to accurately capture the intended meanings
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Figure 2.1: The procedure of analyzing the errors of the contextual word embedding models
in the task of WSD and evaluating the effect of different POS taggers in these errors. These
numbers are shown in Table 2.5 for nouns. For the other word types, please look at Fig 2.2,
which shows the number of words that have been considered incorrectly as other word types.
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of verb senses compared to other word types. This result is similar when the embeddings are

extracted from BERT [106]. While the ARES representation is a context-based embedding

method, it fails to address verb ambiguity 32.7% of the time.

Embedding Method Type Freq ER Mis-D by Sense Mis-D by Type

ARES

Noun 2172 21.3% 16.7% 4.6%
Verb 834 32.7% 25.4% 7.3%
Adj. 482 17.4% 11.2% 6.2%
Adv. 175 12.9% 8.5% 4.4%

Table 2.4: Error frequency analysis of the 1-NN WSD evaluation framework with ARES
representations on the dataset, separated by type. Freq shows the frequency of the number
of each word type in the dataset, ER is the Error Rate of each model on the word types, and
Mis-D shows the percentage of the words that are mis-disambiguated in each word type.

To measure how the model is accurate regarding the word type after disambiguation,

we count the number of nouns, verbs, adjectives, and adverbs for each word type after

disambiguation. For example, when disambiguating the word type noun, we collect infor-

mation regarding the model’s correctness by considering the number of times when nouns

are disambiguated as a noun. Also, we count how many of those nouns are disambiguated

incorrectly as verbs, adjectives, or adverbs. This information for nouns is reported in Ta-

ble 2.5. This table shows the total number of nouns in the dataset and how many have been

disambiguated incorrectly. Between those that are disambiguated incorrectly, we report

how many are disambiguated incorrectly because of the wrong meaning and how many are

disambiguated incorrectly because of the wrong type. These nouns could be disambiguated

incorrectly as verbs, adjectives, or adverbs. To this end, we report how many of these

incorrect disambiguations by the type have been corrected after changing the POS tagger

errors in this table, Table 2.5, using a deep learning-based POS tagger, “en-core-web-md”.

Similar to this experiment for nouns, we also run experiments for verbs, adjectives, and

adverbs, representing the results in confusion matrices. The confusion matrices for disam-

biguating the four-word types using the ARES representation model are shown in Fig. 2.2.
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#Noun = 2172
#D with incorrect Type=102

As Verb As Adj As Adv
#D-C = 1709 (I-S,C-T) 37 45 20

#D-C after fixing the POS tagger errors = 1725 361 31 38 17

Table 2.5: Following the presented result in Table 2.4, here are the statistics of the number
of Disambiguated (#D) words either Correctly (C) or Incorrectly (I). The lower row under
the same column shows how many of those incorrect disambiguations got corrected after
using the deep learning-based POS tagger and fixing the POS tagger errors by assigning the
correct type of noun.

In this figure, each row of the matrix shows the percentage of incorrect disambiguation

because of the wrong type plus the percentage of corrected disambiguated words after using

another more accurate POS tagger. For example, between 463 incorrect disambiguated

nouns using ARES, 361 are disambiguated incorrectly because of wrong meaning, as shown

in Fig. 2.2, the left column of the first row. At the same time, their type is correct, which

means they are labeled as nouns after disambiguation. Of the remaining 102 nouns, 37

are disambiguated as verbs, 45 as adjectives, and 20 as adverbs. These results indicate

that part of this mis-disambiguation is because of the wrong word type, which shows the

importance of the role of the POS tagger in the WSD task. This experiment helped to

evaluate the POS tagger’s role in our WSD task. Furthermore, this experiment indicated

how much we can improve the results of WSD by fixing the errors that arise from the POS

tagger, which is the wrong word type [130, 103]. Some of the recent common POS taggers

that can be used for WSD include, but are not limited to, NLTK5, and deep-learning and

machine-learning based POS taggers [37, 114, 85]. Our result shows that about 1% of the

errors have been corrected by using the deep-learning POS tagger, compared to when we

use NLTK, when disambiguating the words. However, this improvement is not statistically

significant. To evaluate how significant is the effect of changing the POS tagger in the

final results of the WSD model, we need to run a statistically significant test, a t-test. The

t-test determines if there is a statistically significant difference between the two methods.

After conducting the two-sample t-test (independent samples t-test), with the significance

level α = 0.5, we conclude there is no significant difference between the means of these

two sets (using deep-learning-based PoS tagger versus using NLTK) in each of the two

experiments reported in Fig. 2.2.

5https://www.nltk.org/
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(a) The confusion results whit NLTK as POS tagger

(b) The confusion results with en-core-web-md as POS tagger

Figure 2.2: The confusion matrix for the word types in the 1-NN disambiguation task, using
ARES embeddings.
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Using the same analysis, we evaluate the other three embedding approaches, BERT,

LMMS, and SensEmBERT. These results show that, for example, when using BERT as the

embedding approach in the WSD task, for 75% of nouns, the model is correct, meaning the

word type after disambiguation is a noun. While at the same time, the model disambiguates

11% of the nouns as verbs. The BERT model also mis-disambiguates 1% of the nouns as

adjectives and mis-disambiguates 0.04% of the nouns as adverbs. These experiments show

that the ARES model is less confused when disambiguating the type verb than the other

models. Another observation is that the verbs are misclassified as the wrong word type

and mostly misclassified as nouns. Considering the calculation of the context vector at the

disambiguation time, we can see that since most of the words in a sentence (and in the whole

document in general) are nouns, the context vector is more like nouns (a noun-like vector).

So, applying the 1-NN approach, it chooses the nearest words, which are the type nouns,

because the type of the context vector is closer to the nouns than verbs or the other types.

These experiments demonstrate that LMMS and ARES effectively disambiguate the

adjectives to the right type for adjectives and adverbs. At the same time, SensEmBERT and

BERT are the two models that are less accurate when disambiguating the adjectives and

mis-disambiguating them as nouns. The last type is the adverb, and the experimental results

indicate that ARES is the model with less confusion when disambiguating adverbs compared

to the other models. The SensEmBERT is the next model whose performance is near ARES

regarding type confusion of adverbs. On the other hand, LMMS makes the mistake of

type confusing for 0.11% of adverbs as verbs. BERT is next after LMMS of confusing

adverbs as verbs, for 0.08% of the adverbs. These results indicate that while the contextual

representations in disambiguation are important, we still need to pay attention to other

factors, like the word’s position in the sentence/document at the time of disambiguation.

The following example from Christopher Potts’s course lecture shows a situation when

the word type is the same but has various senses for the same word in different sentences.

a. The vase broke.

b. Dawn broke.

c. The news broke.

d. Sandy broke the world record.

e. Sandy broke the law.

f. The burglar broke into the house.
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g. The newscaster broke into the movie broadcast.

h. We broke even.

The word “broke” in all of these sentences has the verb type, but the meaning is different.

This example shows the importance of context and the word’s position in the sentence.

This observation indicates another interesting direction of positional encoding in the text

ambiguity task.

To better visualize the position of each word’s representation and the position of a

sentence, we present the following scatterplot, Fig. 2.3. This plot represents the BERT

vectors’ positions in 2D and 3D obtained by Principal Component Analysis (PCA) of the

words in the sentence “The children’s play was filled with joy and laughter” and sentence

“They play soccer in the park”. In the first sentence, the type of “play” is a noun, while

in the second sentence, the “play” has a verb type. We show how close the position of

vector representations of different meanings of one word (play) is in the space. Also, this

plot,Fig. 2.3, includes the SBERT vector’s position representation of the sentence itself.

This experiment shows that the vector representation of “play” as a verb and as a noun

might be too close to each other because the BERT-based models are trained on a large

corpus of text without any explicit notion of parts of speech. Therefore, it is likely that the

model has learned to represent different contexts and meanings of the word “play” using

a very similar vector representation rather than an exact distinction between its noun and

verb forms. This is a known limitation of BERT and similar models, which rarely capture

fine-grained linguistic distinctions. However, it is essential to note that BERT was not

specifically designed to encode syntactic or semantic roles, such as parts of speech, but to

encode contextual word representations that capture the meaning of the word in its context.

Based on the above results, we need to consider good POS taggers when solving the

WSD problem while focusing on other factors, such as the nature of the embedding approach

we use in the WSD model. For this reason, we build a new embedding model that considers

the context of the input text in its vectors more than previous approaches. Bringing more

information from the context in the representation would help to choose the correct meaning

for ambiguous words when applying the 1-NN approach. If the context vector representation

is calculated more accurately, then the expectation is that the 1-NN approach would pick the

more similar word type while picking the correct meaning.
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(a) 2D plot of positions of embeddings (words and the sentence)

(b) 3D plot of positions of embeddings (words and the sentence)

Figure 2.3: Visualizing the positions of word embeddings and sentence embedding.
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2.4.3 Results and Conclusion Based on Analyzing the Errors

In this section, we evaluated the accuracy of contextual pre-trained embedding approaches

for the word sense disambiguation task. In this analysis, we considered the POS error rates of

the embedding models and showed the analysis results for each considered embedding model.

We further continued our quantitative analysis in different word types of the dataset. We

analyzed the errors of each embedding model on parts of speech tags and used a confusion

matrix for each word type. These confusion matrices show how the models disambiguate

words incorrectly as a wrong word type. Among the different parts of speech, we observed

that the verb is the most challenging type to disambiguate. Also, we evaluated some of the

possible hypotheses that we could think of as potential reasons for these results. Our results

indicate that the POS tagger does not significantly change the WSD results.

Conversely, the context vector embedding calculation is biased toward the type of words

that are more frequent in the context. Considering how the context embedding vector

is calculated, the WSD algorithm tends to pick noun word types for most of the words,

including verbs. This biased embedding occurs because the context vector is more strongly

associated with noun types than with other word types. Since in most English texts, the

number of nouns is higher than other word types [113], the context vector would be closer

to the noun type than other word types. So, building an embedding method in which the

context information has been considered well in its representation is important. Using this

contextual embedding helps to disambiguate different word types more accurately. We

follow this direction in the next section, Section 2.5, and try building a new embedding

model, considering the above experiments and observations. The other interesting possible

direction includes evaluating the accuracy of the models in disambiguating the four-word

types when the ambiguity level of all types is the same and training the embeddings on

unbiased data.

2.5 New Proposed Representation Learning

We present a new approach to the representation learning problem based on our previous

results in evaluating some of the most recent pre-trained language models. We first introduce

our new proposed approach and its steps. Later, we show the effectiveness of this new
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embedding approach in the task of WSD. We call our method “C-KASE”, Contextualized-

Knowledge base Aware Sense Embedding.

In our new C-KASE representations, we use Wikipedia, BabelNet [139], WordNet [122],

SemCor [124] as the knowledge bases, and BERT [38], and SBERT [163] as the embedding

models.

2.5.1 C-KASE

C-KASE is created by combining semantic and textual information; semantic information

from hypernym and hyponym relational senses of BabelNet, textual information from the

first paragraph of each sense’s Wikipedia page, and the context from the input document

text that includes the concept (the ambiguous word). Furthermore, C-KASE uses neural

language models, i.e., BERT and SBERT, to create these representations. We divide our

approach into the following steps.

• Pre-Processing Step: Semantic Context Retrieval

In this step, the model retrieves all the relevant contextual information from BabelNet

for every given ambiguous concept. We exploit the mapping between synsets and

Wikipedia pages available in BabelNet. The reason for choosing BabelNet is due to its

available hyponym and hypernym relations. It means that for each ambiguous mention,

we gather all the concepts related to it through hyponym and hypernym connections

in the BabelNet knowledge base. We consider Rs to be the set of extracted senses

from BabelNet related to ambiguous mention s.

When we gather all the related senses, we use the mapping between BabelNet and

Wikipedia to consider the Wikipedia pages of those senses in Rs. For each Wikipedia

page ps, we consider the first paragraph of the page and compute its lexical vector

representation by taking the average of the SBERT vector representation of the

sentences in this first paragraph. These lexical representations are later used for

computing the similarity score between ps and ps′ , for each s′ ∈ Rs by using the

weighted overlap measure [156], as we mentioned in Eq. 2.1. Pilehvar et al. show that

the weighted overlap is preferred over the more common cosine similarity method

to capture the senses’ similarity more accurately. It performs better when comparing

sparse vector representations [156]. Once we have scored all the (ps, p
′
s) pairs, we
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create partitions of Rs, each comprising all the senses s′ connected to s with the same

relation r, where r can be one among hypernymy, and hyponymy. In our experiments,

similar to the baseline [180], number of possible senses is set to 15, as this setting

showed better performance over other choices.

• Creating the Embeddings

In this step, we use BERT to extract the contextual embeddings of the given con-

cepts (ambiguous words) from the input text. When considering the hyponymy and

hypernymy relations based on BabelNet, we extract all the senses of the ambiguous

concept from BabelNet and build the set of Rs. For each one of these senses, we use

the link structure of Wikipedia and BabelNet to collect all the Wikipedia pages for

each sense. Then, for each sense, we apply BERT to extract sense representations.

Now, we build the final representation of each concept. We took the representation of

mention (ambiguous word), R(m), and the representation of each one of its senses

from the previous step. We show the representations of each of the k senses of mention

m with R(si), where i varies from 1 to k. Our unique representations combine the

mention’s representation with sense representation, concatenating the two vector

representations of R(m) and R(si). If mention m has k senses, C-KASE generates k

different representations of R(m, s1), R(m, s2), ..., R(m, sk).

In the first step, we took the representation of the input text paragraph, which contains

the ambiguous mention. We show it by R(PD), which stands for representation

of the Paragraph of the input Document. In the first step, we also represent the

first paragraph of the Wikipedia page, using SBERT. We represent it by R(PW ),

which stands for representation of the first Paragraph of the Wikipedia page. Finally,

we concatenate these two representations as R(PD,PW ). The dimension of this

concatenated representation is also equal to the word representation using the L2-

norm [142], making it possible to calculate their cosine similarities. To rank the most

related senses to the context, we use the cosine similarity as follows:

Sim(m, si) = Cosine(R(m, si), R(PD,PW )) , i = 1, ..., k (2.3)

This ranking provides the most similar sense to the context for each mention. We use
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the BERT-base-cased model in our experiments and SemCor. SemCor is a collection

of sentences. The words in these sentences are annotated manually with meanings

from WordNet. To this end, given a mention-sense pair (m, s), we collect all the

sentences c1, ..., cn where m appears tagged with s [153]. Then, we collect all the

retrieved sentences, pass them into BERT, and extract the embeddings, BERT(c1,m),

..., BERT(cn,m). We get the average of the context vector concatenating with sense’s

gloss vector. It means getting the average of BERT(c1,m), ..., BERT(cn,m). Similar

to the SensEmBERT approach, if a sense does not appear in SemCor, we only consider

the vector with its sense gloss representation.

At the end of these steps, we have encoded the contextual information of the input text

and the knowledge base information for each sense in one vector. This information has been

collected from Wikipedia pages as well as the sense glosses from BabelNet. The k senses of

each ambiguous mention are ranked in our representation based on their relevancy degree

to the context, which is one of the novelties of our model. For this aim, we concatenate

representations of the first step. The procedure for computing the C-KASE representations

is shown in Fig. 2.4.

2.5.2 Experimental Setup

We present the settings of our evaluation of C-KASE in the English WSD task. The

evaluation benchmark in this section is the same dataset we used for error analysis. This

benchmark is the English WSD test set framework, constructed from five standard evaluation

benchmark datasets6, as is introduced in Section 2.4.1. This data includes Senseval-2 [42],

Senseval-3 [197], SemEval-07 [157], SemEval-13 [138], SemEval-15 [131], shown as ALL,

i.e., the concatenation of all the test sets [160]. All these datasets are WordNet-specific and

mostly use SemCor [124] as their training set. The unified benchmark provides 7253 test

instances for 4363 sense types, which covers 3663 word types across four parts of speech:

nouns, verbs, adjectives, and adverbs.

6http://lcl.uniroma1.it/wsdeval/evaluation-data
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Figure 2.4: Demonstration of the C-KASE representation and its three components. Compo-
nent 1) Collecting all Wikipedia pages for ambiguous words and possible meanings (senses),
Component 2) Using hypernymy and hyponymy relations to extract all synsets for ambigu-
ous words from Babelnet, Component 3) Concatenating (word, sense) representation for all
senses from the second component with (Document’s paragraph, Wikipedia’s paragraph)
representation from the first component as context.
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Comparison Systems

We compare our representation with the same evaluated models on the English WSD task that

we introduced in the previous section, employing the 1-nearest neighbor approach. LMMS

is one of these systems that generates sense embeddings with complete coverage of WordNet

and uses pre-trained ELMO and BERT models [104]. SensEmBERT is the next system

that relies on different sources for building multilingual sense vectors [180]. These sources

include Wikipedia, BabelNet, NASARI lexical vectors, and BERT. The next comparison

system is ARES, a semi-supervised technique that builds sense embeddings [181]. To our

knowledge, ARES is the most recent contextual word embedding system at the time of

building our model. In our evaluations, we also consider BERT as one of the comparison

systems since it is at the core of all the considered methods [59]. The results comparing

the accuracy of our method and the baseline, ARES, are presented in the following tables,

Table 2.6 and Table 2.7.

Model Senseval-2 Senseval-3 Semeval-7 Semeval-13 Semeval-15 All
ARES 78.2 77.2 71.1 77.2 83.0 77.8

C-KASE 79.6 78.5 74.6 79.3 83.0 78.9

Table 2.6: The accuracy of 1-NN WSD evaluation framework on the unified dataset, using
our model and comparing it with the winner of the baselines, ARES. The result of ARES is
the same last row of Table 2.2, above. C-KASE is our new proposed contextual embedding
model, introduced in this thesis (Section 2.5). The higher accuracies are highlighted.

Model Nouns Verbs Adjectives Adverbs
ARES 78.7 67.3 82.6 87.1

C-KASE 79.6 69.6 85.2 89.3

Table 2.7: The accuracy of the 1-NN WSD of our model, C-KASE, and ARES, which is the
best one between the baselines, are taken from the last row of Table 2.3. C-KASE is our new
proposed contextual embedding model, introduced in this thesis, Section 2.5. The dataset in
this experiment is a concatenation of all the five datasets, which is split by Part-of-Speech
tags. The higher accuracies are highlighted.
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Ablation Study

When creating our new representations, we first concatenated the BERT representations

of ambiguous words and the BERT representation of one of the senses. Second, we

concatenated the SBERT representations of input text and the Wikipedia page’s text. Then,

we compared the similarity between these two concatenated vectors to find the most similar

sense based on the information from the knowledge base and the input text. One question

that one might ask would be the impact of each component of this representation in the

final disambiguation results. For this aim, we compare the results of the previous method

with those obtained when only using the BERT representation of the ambiguous words, and

compare it with the SBERT representation of the Wikipedia page’s text, showing it with

C-KASE’.

In this experiment, all the settings are as before, with the only difference in the dimension

of the representation vectors. In this experiment, since we do not concatenate the two

representations, the dimension of the final representation vector is the same as the dimension

of the vectors extracted from SBERT, while in the previous experiment (the original idea), it

was doubled.

The results of evaluating this version of our C-KASE representations are reported in

Table 2.8 and Table 2.9. These two tables are similar to the reported results in Tables 2.6

and 2.7, while we only provide the last row of those two tables here, which is C-KASE. The

plot visualizations of these two tables are also depicted in Fig. 2.5 and Fig. 2.6.

Model Senseval-2 Senseval-3 Semeval-7 Semeval-13 Semeval-15 All
C-KASE’ 76.3± 0.42 73.1± 0.15 67.1± 0.25 71.2± 0.22 73.6± 0.33 72.8± 0.21
C-KASE 79.6± 0.11 78.5± 0.23 74.6± 0.17 79.3± 0.26 82.9± 0.15 78.9± 0.12

Table 2.8: The accuracy of 1-NN WSD evaluation framework on the unified dataset, using
our C-KASE representation, introduced in Section 2.5, and C-KASE’. The C-KASE’ is the
modified version of C-KASE that compares the representation of senses (extracted from the
Wikipedia page of the sense) with a representation of input text. The higher accuracies in
each word type are highlighted in bold.

To have a better perspective of how effective is the original version of C-KASE versus the

modified version C-KASE’, we run a statistically significant test, a t-test. As we know, the
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Model Nouns Verbs Adjectives Adverbs
C-KASE’ 75.7± 0.23 61.9± 0.14 79.3± 0.21 84.7± 0.12
C-KASE 79.6± 0.32 69.6± 0.22 85.2± 0.15 89.3± 0.34

Table 2.9: The accuracy of the 1-NN WSD using the two versions of C-KASE. The C-
KASE is our method introduced in Section 2.5, and C-KASE’ is the modified version. This
experiment indicates the effectiveness of considering contextual information from both the
knowledge base and the input text during disambiguation. The higher accuracies in each
word type are highlighted in bold.

t-test determines if the two methods have a statistically significant difference. We conduct

two independent sample t-tests with α = 0.05. The test shows the original idea produced

significant improvements compared to the modified version. This experiment indicates

the effectiveness of contextual information from the knowledge base and the contextual

information from the input text. Considering the spatial space, this contextual information

in the representations makes the vectors closer to the correct meaning. By incorporating

contextual information, word representations can better capture the nuances of meaning and

relationships between words, improving the ability of word representations to accurately

represent the meaning of words in different contexts.

2.6 Results

We compare the effectiveness of C-KASE representation with the existing state-of-the-art

models on the standard WSD benchmarks. We report the results of C-KASE in Table 2.2

and compare them against those obtained from other state-of-the-art embedding approaches,

as shown in Fig. 2.7. All performance metrics are reported using accuracy.

The overall performance of all the models on the All dataset is higher than 70%, which

is a good accuracy for the task of WSD, considering the literature. Our model, C-KASE,

has a performance of 79% on the All dataset. ARES is the model with better performance

on each dataset between the baselines. After ARES, LMMS has higher accuracies on the

disambiguation task. This model, LLMS, has an accuracy of 75.3% on the All dataset, and

76.1% on Senseval-2. BERT accuracy on Senseval-2 is higher than LMMS with 77.1%

accuracy. SensEmBERT performance on SensEval-13 is higher even than other baselines.

The reason is because of the number of different word types in these datasets. The number

of nouns in SensEval-13 is higher than in other datasets, and as we mentioned above, the
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Figure 2.5: The accuracy comparison of the C-KASE model and the modified version of
C-KASE, on our WSD datasets. The green represents the results of the original C-KASE
method, and the blue represents the modified version, which we refer to as C-KASE’.
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Figure 2.6: The accuracy comparison of C-KASE and its modified version on the four-word
types of nouns, verbs, adjectives, and adverbs. The green represents the results of the
original C-KASE method, and the blue represents the modified version, which we refer to
as C-KASE’.
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Figure 2.7: Accuracy comparison of 1-NN WSD evaluation framework on the unified
dataset, using BERT, LMMS, SensEmBERT, ARES as baselines and our method, C-KASE.
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disambiguator model tends to pick the senses closer to the context vector. Since most of

the words in an English text are nouns, the type of the context vector is closer to noun type

senses.

2.6.1 Discussion

The intuition behind C-KASE lies in incorporating the right contextual information. This

contextual information, from the input text and the knowledge base, helps to better capture

the nuances of word meanings in different contexts. Below is an explanation of why we

designed C-KASE in this way and discuss the potential for performance improvement.

• Contextualized Representation: C-KASE uses contextual information from two types

of sources. (1) Neural language models like BERT and SBERT to create represen-

tations that capture the context of words in a sentence. This context coming from

the input text is one part of the contextual information that can be used at the time

of disambiguating the ambiguous concepts. (2) The context from knowledge bases.

C-KASE incorporates semantic information from knowledge bases such as BabelNet,

WordNet, and SemCor, which contain hypernym and hyponym relations. This infor-

mation enriches the representations with structured semantic knowledge about words,

which can improve word sense disambiguation results.

• Weighted Overlap Similarity Measure: C-KASE uses the weighted overlap measure to

compute the similarity score between word senses based on the first paragraph of their

Wikipedia pages. This measure is preferred over simple cosine similarity for sparse

vector representations, as discussed above, potentially improving the representation

quality. Using a more enhanced representation makes the model more likely to

produce accurate word sense disambiguation results.

C-KASE’s good performance on the WSD task suggests it is a competitive alternative to

previous context-based representation learning models. The evaluation results show that the

idea of including context from the input text (the paragraph including the ambiguous word)

and the knowledge base (the first Wikipedia paragraph) creating this C-KASE representation

has improved the results of the lexical ambiguity task. It is a good indicator of the dependency

of the WSD task on the representation learning component that is aware of the context and

the information extracted from the knowledge bases. However, it is essential to critically
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evaluate C-KASE’s performance on various tasks, languages, and datasets to fully validate

its superiority over other embeddings; I seek to follow these steps in my next research works.

The other evaluation we conducted is evaluating the effectiveness of each representation

across different parts of speech: nouns, verbs, adjectives, and adverbs, using the All dataset,

in which Table 2.1 provides the number of instances for each category. The accuracy of the

1-NN WSD for each contextual word embedding is summarized in Table 2.3 and visually

depicted in Fig. 2.8. Upon analyzing the results, we observed that the performance of all the

baseline models and our proposed model, C-KASE, on verbs, is comparatively lower than

on other word types. The accuracy ranges from 62.9% for BERT to 69.6% for C-KASE. Re-

garding nouns, the models exhibit slightly lower performance when compared to adjectives

and adverbs. BERT achieves an accuracy of 76.2% on nouns, while LMMS, SensEmBERT,

ARES, and C-KASE achieve 78.2%, 77.8%, 78.7%, and 79.6% accuracy, respectively. On

the other hand, for adjectives, the models demonstrate varying degrees of accuracy, ranging

from 79.7% for BERT to an impressive 85.2% for C-KASE. Remarkably, the type with the

highest accuracy across all models is the adverb, with 85% accuracy. These findings shed

light on the strengths and weaknesses of each representation for disambiguating different

parts of speech. Notably, C-KASE outperforms other models on adjectives, showcasing its

potential for effective word sense disambiguation.

2.7 Contextual Representation Learning in Biomedical Word Sense

Disambiguation

In the previous section, we have shown the effectiveness of our C-KASE representation

learning approach on the general English text. In this section, we apply a similar idea to

generate contextual word representations in the domain of Biomedical text. This is, in fact,

a use-case of C-KASE representation learning in the biomedical domain, which we call

“BioCBERT”. The details of generating this representation learning and experiments are

described in the following.

2.7.1 BioCBERT

BioCBERT stands for Biomedical Contextual BERT embedding. It is a contextual pre-

trained representation learning model in Biomedical text. Like C-KASE, the BioCBERT
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Figure 2.8: Comparing the accuracy of the 1-NN WSD of the four considered embeddings
as baselines, and our method, C-KASE. The dataset in this experiment is a concatenation of
all five datasets, which is split by Part-of-Speech tags.
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is created by combining semantic and textual information from the knowledge base and

the input text. BioCBERT uses neural language models, i.e., BioBERT and SBERT [163].

BioBERT is a pre-trained contextual language representation model [93], based on BERT,

and is trained on different combinations of general and biomedical domain corpora. BioCBERT

leverages additional knowledge sources like Wikipedia and UMLS during its development. 7.

BioCBERT follows similar steps as the original idea of C-KASE, including semantic context

retrieval and creating the word and sense embeddings.

Semantic Context Retrieval

This first component aims to collect contextual information (similar to the first step of

C-KASE) from the knowledge base, enhancing the representations. For each ambiguous

word in the input text, we create a set including candidate senses for the word from UMLS.

Like SensEmBERT [180], this procedure aims to collect relevant contextual information

from the knowledge base for each given concept in the semantic network. Similar to the first

step of C-KASE, we exploit the mapping between synsets and Wikipedia pages available in

UMLS and its taxonomic structure to collect textual information relevant to a target synset s.

For each synset s, we collect all the connected concepts to s from the UMLS. We show this

set of related synsets to s by Rs. In this work, similar to the C-KASE idea, for each s in Rs,

we get the Wikipedia page ps, using the link structure of UMLS and Wikipedia. Then, we

consider the first opening paragraph of the page and compute its lexical vector by taking the

average of the SBERT vector representation of the sentences in this first paragraph. These

lexical representations are later used for finding the similarity score between ps and ps′ , for

each s′ ∈ Rs by using the weighted overlap measure [156], which is defined by Pilehvar et

al. as in Eq. 2.1.

Next, we use BioBERT to extract the representation of the given ambiguous words

from the input text. For each ambiguous word (mention) of the input and the extracted

senses from UMLS in Rs, we take the BioBERT representation. Now, we build the final

representation of each mention by concatenating the representation of a mention with its

sense’s representation and then rank the representations based on their relevancy to the

context, which here is the concatenated vector of Wikipedia (the first paragraph) and the

input document text (the paragraph including ambiguous word). With this ranking based on

7https://www.nlm.nih.gov/research/umls/index.html
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the similarity to the context, we can find the most related sense of the ambiguous mention to

the context.

2.7.2 Experimental Setup

This section provides information on the settings of our BioCBERT evaluation in the WSD

task in biomedical text. To test each embedding on the WSD task, similar to the previous

experiment, we use the 1-NN algorithm. The nearest neighbors strategy is effective with

pre-trained language models [106]. Then, we compare the disambiguated sense of each

word with the ground truth annotations in the datasets. For evaluating the WSD approaches

on medical text, we use the MSH dataset8. This dataset includes 37888 instances for 203

ambiguous terms [152].

2.7.3 Results

For evaluation, we compare BioCBERT against other related recent methods in the biomed-

ical domain, including BioBERT [93], BioGraph [40], and deepBio [152]. We report the

results in Table 2.10.

Model Accuracy
BioBERT 83.4
BioGraph 71.52
deepBio 92.16

BioCBERT 94.71

Table 2.10: The accuracy results of 1-NN WSD evaluation on the MSH WSD dataset, using
the most recent pre-trained embedding approaches on biomedical text, and compare those
embeddings with our new proposed embedding, presented in the last row.

All four experimented methods achieved good performance on the Word Sense Disam-

biguation (WSD) task. BioGraph has an accuracy of 71.52% on disambiguating the words,

and BioBERT has an accuracy of 83.4%. As we can see, the difference between BioBERT

and BERT (evaluated in the previous section) is considerable, and the reason is obvious as

BioBERT is pre-trained on domain-specific biomedical and clinical text, including PubMed
8https://lhncbc.nlm.nih.gov/ii/areas/WSD/collaboration.html
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abstracts and PubMed full-text articles (14 million documents). BioBERT’s vocabulary is

specific to the biomedical domain, including medical terms, abbreviations, and specialized

jargon used in the medical literature. The next model is deepBio, which shows a good

performance of 92.16%, which is the closest to the performance of our BioCBERT model

and has an accuracy of 94.71%. We can see from the results presented in this table that our

model works well compared to other models. The result indicates that as the considered task

is WSD in biomedical text, involving the right information from the knowledge base and

context of the input text, as well as adaptability to specific domains, helped to improve the

results, which is the main advantage of our approach. In our model, we observed the right

information includes the first paragraph of Wikipedia (the knowledge base) and the focused

paragraph (the paragraph including the ambiguous word) from the input text.

2.8 Conclusion

In this chapter, first, we evaluated the performance of some of the recent contextual em-

bedding models in the task of WSD, using the 1-NN approach, and analyzed their errors.

Second, based on the analyzed errors, we presented C-KASE, a novel embedding approach

for creating sense embeddings considering context from a knowledge base and the context

of the input document text. We showed that this context-rich representation is beneficial for

lexical ambiguity in English. The results of experiments in the WSD task demonstrate the

effectiveness of C-KASE representations compared to other state-of-the-art methods, despite

relying on English data only. Furthermore, the results across different datasets showed how

good the quality of our representations is. We further tested our embeddings using the data

split into four parts of speech, including nouns, verbs, adjectives, and adverbs.

We applied the same idea of this new representation learning model to include context

and knowledge base information in the biomedical domain and call this new representation

learning BioCBERT. While using this idea in the biomedical domain, we still focused

on the ambiguity task. By evaluating our representation model on the WSD task and

comparing it with other context-based embedding approaches in the same task, we observed

the effectiveness of our proposed representation. This work showed how context could

play an essential role in the final results of the word sense disambiguation systems. The

integrated information from the input text and knowledge base leads to a better choice of

the disambiguation system as the correct meaning for the ambiguous words.
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We have multiple directions for future work. (1) Extending our approach to other

languages, considering the WSD task. By making WSD algorithms more accessible to

people who speak other languages, we can help break down language barriers and facilitate

communication between people from different countries. In this direction, we need access

to a lexicon or dictionary for the language we are interested in and a corpus of text in that

language. The corpus should represent the different senses of the words in the language and

be large enough to train our WSD model. (2) Fine-tuning the pre-trained language models

used in C-KASE with unbiased data. As the results of our error analysis on general English

text show, the effectiveness of the contextual embeddings in WSD varies on different word

types. One possible reason for this issue is the requirement for an equal distribution of

instances within each word category in the dataset. We conjecture that if we can have a more

balanced dataset regarding the number of instances in each word category, the algorithm

will have a more fair opportunity to disambiguate words of each category correctly. This

direction would prevent the results from being biased toward specific word types.



Chapter 3

Disambiguation in Wikification

Wikification is a method to automatically enrich a text with links to Wikipedia as a knowl-

edge base. One step in Wikification is detecting ambiguous mentions, and another is

disambiguating those mentions.

In this chapter, we present our work on the mention disambiguation problem. Some

state-of-the-art disambiguation approaches [173] have divided long input document text into

non-overlapping windows because of contextual relevancy and effectiveness in processing

long text. Later, for each ambiguous mention, they pick the most similar sense to the

chosen meaning of the key-entity (a word that helps to disambiguate other words of the

text). Partitioning the input into disjoint windows means the most appropriate key-entity

to disambiguate a given mention may be in an adjacent window. The disjoint windows

negatively affect the accuracy of these methods. This chapter presents CACW (Context-

Aware Concept Wikifier), a knowledge-based approach to finding the correct meaning for

ambiguous mentions in the document. CACW incorporates two algorithms; the first uses

co-occurring mentions in consecutive windows to augment the contextual information to

find the correct sense. The second algorithm ranks senses based on their context relevancy.

We compare the results of these two proposed algorithms with the other recent wikifiers

and show how our methods improve the accuracy of the final results. We also define a new

metric for disambiguation to measure the coherence of the whole text document. Comparing

our approach with state-of-the-art methods shows the effectiveness of our method in terms

of text coherence in the English Wikification task. We observed 10-20 percent improvement

in the performance compared to the state-of-the-art techniques1.

1Part of this chapter is published in [167].
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3.1 Introduction

The task of “Text Disambiguation” is to identify mentions2 of entities that have multiple

meanings and link them to the correct relevant entry in an external knowledge base. This

correct relevant entry is the correct meaning of the mention in that knowledge base, based on

the input text [1, 164, 127]. Automated text disambiguation has become an important topic

due to the vast growth in Natural Language Processing (NLP) applications [203, 212]. In

computational linguistics, text disambiguation is an open problem of NLP, which concerns

the automatic identification of a text’s correct meaning. This task is related to the word-sense

disambiguation (WSD) task, which is a narrower task that specifically focuses on resolving

the ambiguity of individual words, relies on a predefined sense inventory, and aims to solve

the ambiguity of words in a context. One benefit of text disambiguation is enhancing text

readability and unambiguousness by inserting connections between the text and an external

knowledge base, like Wikipedia, WordNet, BabelNet, and other knowledge bases. When

Wikipedia is the knowledge base in text disambiguation task– which is the most popular

among online encyclopedias [159]– the task is called the Wikification problem.

The problem of Wikification is closely related to other core NLP tasks, such as named-

entity recognition (NER) [210, 212, 28, 200]. Wikification, in particular, is the task of

associating a word in context with the most suitable meaning from the predefined sense

inventory of Wikipedia. Named-entity recognition involves identifying certain occurrences

of noun phrases as belonging to particular categories of named entities [64, 143, 116]. These

expressions refer to names, including person, organization, location names, and numeric

expressions, including time, date, money, and percent expressions [119, 133, 96].

The knowledge base is a centralized repository for information, like WordNet and

Wikipedia [87]. Therefore, the performance and details of each WSD method are highly

dependent on the knowledge base to link to. Knowledge bases are different in nature;

for example, WordNet is a lexical graph database of semantic relations (e.g., synonyms,

hyponyms, and meronyms) between words, while Wikipedia is a hyperlink-based graph

between encyclopedia entries [134, 4].

Wikipedia is a free online encyclopedia that has grown into one of the largest online

repositories of encyclopedic knowledge, with millions of articles available in various lan-

guages [22]. One of the essential attributes of Wikipedia is the abundance of links embedded
2A mention can be one or more tokens
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in the body of each article, connecting the most important terms to other pages. Wikipedia

contains one page per entity. Therefore, more detailed and related information can be found

by following the links on such a page. Links make Wikipedia an excellent information hub,

and representing the sense of a mention by linking to the corresponding Wikipedia page is a

great way to represent disambiguation results to the user.

The content of Wikipedia pages could identify the similarity between entities and the

structure of Wikipedia, as first presented by Mihalcea [118]. Links between Wikipedia

pages represent relationships between the entities explained on those pages. Moreover,

each page has a short introductory paragraph that sufficiently defines the entity. Both links

and the introductory paragraphs can identify the similarity between entities (necessary for

coherence-based methods) based on common neighborhoods in the Wikipedia graph and

common terms in the introductory paragraphs. Our work uses Wikipedia as a source for

automatic keyword extraction and entity disambiguation and is based on the 2020-11-01

English version of Wikipedia3.

In the Wikification task, two steps are entity recognition and entity linking. The entity

recognition step is also known under the names of Spotting or mention detection. It means

identifying the terms that should be wikified. These are the mentions with multiple meanings

in the knowledge base that need to be wikified. The other step is Entity Linking or Disam-

biguation to Wikipedia. In entity linking, we try to find the most related Wikipedia page [55].

These two steps are entirely separate steps. First, the spotter operates on the text to extract

all ambiguous mentions and assigns all potential entity candidates for each mention. The

entity linker disambiguates the candidate entities by selecting the most probable sense entity

for each mention [193]. Our focus is on the second step, and we use the output of the recent

spotting system, Wikisim [173] as the input to our algorithm (more details in Section.3.3).

A human reader can identify the correct meaning of each word based on the context

in which the word is used. Computational methods try to mimic this approach [192, 46].

These methods often represent their output by linking each word occurrence to represent the

chosen sense explicitly [217].

In this chapter, we categorized previous works on text disambiguation problem into two

groups: The machine learning-based approaches and the knowledge-based approaches [181].

In the machine learning-based approach, systems are trained to perform the task [202,

3https://dumps.wikimedia.org/enwiki/
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172]. The knowledge-based approach requires external lexical sources such as Wikipedia,

WordNet [123], a dictionary, or a thesaurus. The machine learning-based approaches mainly

focus on achieving maximal precision or recall and have run-time and space requirement

drawbacks during classifier training [23]. So, knowledge-based Wikification methods still

have advantages to study. One of the knowledge-based methods is the coherence-based

Wikification method [39]. In the coherence-based approach, one important factor is the

coherence of the whole text after disambiguation, and not the coherence of only a sentence.

This coherence factor of the whole text might change by considering the coherence of

each sentence or paragraph in other approaches. It is a significant challenge to perform

Wikification accurately and fast enough to process long text documents [112, 191].

One observation has been used to solve this ambiguity problem in long documents

efficiently. The observation says, “In a sufficiently short text segment, there is a word,

named key-entity, which can be assumed to represent the central concept of the text and

can help to disambiguate other terms in that text” [91]. The coherence-based approach

using such a key-entity models the relatedness between the senses and the key-entity in

disjoint windows of the text to speed up the disambiguation process. It disambiguates every

word so that the total pairwise relatedness of all chosen word senses and key-entity of the

same window is maximized [154, 174]. This method is still computationally expensive,

and run-time performance is considered a secondary issue in most existing Wikification

methods [193, 154].

Our work aims to implement a method that performs entity disambiguation and links to

Wikipedia’s most relevant pages. We demonstrate that using overlapping windows instead

of disjoint windows in the baseline key-entity-based approach of Wikisim [173] leads to a

new Wikification system with increased accuracy while increasing the computational cost

only slightly. We named this first overlapping windows algorithm 1, OWCW (Overlapping-

Windows Concept Wikifier), and further improved it by ranking senses based on similarities

to the context in algorithm 2, as CACW (Context-Aware Concept Wikifier). All the code for

this project is publicly available 4.

CACW is a knowledge-based approach to detect the correct sense for ambiguous entities

in a text-based context and link them to Wikipedia’s most relevant pages. We refer to

Wikipedia as our knowledge base in this study. Our experimental evaluation, conducted

4https://github.com/mozhgans/wikification
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on various datasets, demonstrated a higher level of accuracy using our method compared

to previous Wikification methods. A careful inspection of the word senses selected by our

method revealed that our method corrects most of the disambiguation errors made by the

baseline approach. These errors arise from partitioning the input into disjoint windows in

the baseline method. The baseline method did not disambiguate any entity correctly that

was incorrectly disambiguated by our method.

The contributions of this work are summarized as follows:

• A literature review of the Wikification methods.

• Proposing OWCW, an algorithm for the disambiguation task, which uses the idea of

overlapping windows.

• Proposing CACW, an improved version of the first proposed algorithm, ranks sense

candidates based on context (the input text).

• Running experiments on short and long text to evaluate the performance of algorithms.

• Representing comparisons of run-time and performance of our approach and previous

baseline approaches.

3.2 Related Work

Many NLP systems for the word sense disambiguation task rely on lexical knowledge

bases (LKB). These knowledge bases vary significantly in structure, size, and subject,

making them more appropriate for specific domains. For instance, WordNet was used

for synonym exploration [57, 132], and the sophisticated Unified Medical Language Sys-

tem (UMLS) ontology was used for medical text disambiguation [83, 109]. On the other

hand, disambiguation based on Wikipedia has been demonstrated to be comparable in

terms of coverage to domain-specific ontology [216, 208] since it has broad coverage, with

documents about entities in a variety of domains [112]. Moreover, Wikipedia has unique

advantages over the majority of other knowledge bases [229, 112]. For example, mentions

of entities in Wikipedia articles often link to the relevant Wikipedia pages, thus providing

labeled examples of entity mentions and associated anchor texts (clickable text within a

hyperlink) in various contexts, which could be used for supervised learning in Wikification.
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Using any knowledge base for text disambiguation requires an “entity linker”. When

UMLS is used as the knowledge base, MetaMap is widely accepted as the entity linker [78, 5].

In the case of Wikipedia, the entity linker in the literature is referred to as Wikifier. In most

studies, a Wikifier uses one specific feature from the set of features, including the context

around the entity mention [220], and some data-driven statistics regarding the mention-entity

relation, such as commonness or prior probabilities [162]. The most famous example is

the semantic coherence measure. This feature is established based on the assumption that

words in a given neighborhood (i.e., a segment of the text) will tend to share a common

topic. Examples of widely accepted Wikifiers include Wikify! [118], Wikipedia Miner [125],

TagME [45], and GLOW [162].

Wikify! is a Wikification method that disambiguates and ranks candidates to indicate

the most valuable ones to the user in terms of meaning coherence. To choose the most

appropriate sense, Wikify! uses the Lesk algorithm [94]. The Lesk algorithm identifies the

most likely meaning for an ambiguous word based on the contextual overlap between the

content of the Wikipedia pages corresponding to the candidate senses and the local context

of the ambiguous word. This can be expected to maximize semantic coherence between

the chosen meaning and the entity’s context. In Wikify!, the Lesk algorithm counts the

number of common words between the text paragraph where the ambiguous word occurs

and the Wikipedia page corresponding to each candidate sense to choose the sense with

the most common words. Wikify! is the first widely accepted Wikifier. However, it has

already been outperformed by more recent Wikifiers, such as large-scale named entity

disambiguation [35].

Large-scale named entity disambiguation aims to find the best match between the

contextual information of each candidate sense and the context of the text [35]. The

contextual information for each candidate sense is derived from a combination of features

extracted from its corresponding Wikipedia page. One particular feature is the set of

incoming Wikipedia links associated with each candidate sense. However, relying solely on

these incoming links can introduce a challenge. It is possible for irrelevant entities to be

included in this set simply because they share a significant number of common words with

the input text. Consequently, an irrelevant candidate entity might be mistakenly chosen. To

overcome this limitation, in our proposed method, we do not consider the incoming links

but instead focus on measuring the similarity between candidate senses and maximizing the
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overall coherence of the text. By prioritizing the similarity and coherence of the entire text,

our method avoids the drawback associated with large-scale named entity disambiguation

that arises from relying on potentially misleading incoming links.

The next Wikifier is Wikipedia Miner [125], outperforming Wikify! and the large-scale

named entity methods [118, 35] introduced above. The entity disambiguation approach

of Wikipedia Miner relies on the graph structure of Wikipedia. This structure performs

disambiguation based on two concepts: commonness and relatedness. The commonness

of a sense is the number of times that the sense is used as a destination in Wikipedia [144].

Hence, commonness is sometimes referred to as prior probability. The relatedness of a

candidate sense is its similarity to the context, based on the commonness. Their approach

aims to balance the commonness of a sense with its relatedness to the surrounding context.

Furthermore, they use machine learning to combine these features to adjust the balance

from document to document. Although Wikipedia Miner is not the first to use relatedness

for Wikification [21], a critical lesson from its results is the importance of relatedness

as a powerful feature for entity-linking tasks. These two concepts of commonness and

relatedness are then refined by other approaches [84]. Our algorithm considers this feature

by assigning weights to entity senses that indicate their similarity to their context. We run

our experiments on the same datasets as Wikipedia Miner.

TagMe [45] proposes a voting scheme where the candidates for each mention can vote

for all candidate entities of other mentions based on relatedness; candidates with higher

prior probabilities have stronger votes. In contrast, in our proposed solution, the voting

power of each candidate sense depends on its rank based on a previous voting round. Then

TagMe uses two algorithms to decide the chosen sense for each mention: disambiguation

by classifier (DC), which uses a probabilistic approach based on prior probability and

relatedness to select the correct candidate, and disambiguation by threshold (DT), which

makes a shortlist of the top candidates with relatedness above a predefined threshold, and

then chooses the candidate with the highest prior probability among them. The WAT

algorithm [154] is a more efficient version of TagMe [91], which is more sufficient in terms

of complexity in comparison with TagMe. TagMe works well on short texts like Twitter

posts, while our approach works well for short and longer texts.

GLOW [162] uses two sub-systems; a ranker and a linker. The goal of the ranker is to

select the best candidate, and the linker decides if the recommended sense by the ranker is
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good, or instead, switching the top-ranked disambiguation to null improves the objective

function. The ranker sub-system uses two sets of features, local and global. Local features

calculate the similarities between mentions and their candidate entities, incorporating the

term frequency-inverse document frequency (TF-IDF) vectors for Wikipedia pages and the

input text [73]. The global features measure the coherence among all candidate senses in

terms of the sum of pairwise normalized Google distance (NGD) [32] and point-wise mutual

information (PMI) [16] across all mentions in the whole disambiguation text. The linker

sub-system is trained as a linear support vector machine (LSVM) to separate correct and

incorrect linker outputs based on data collected from Wikipedia, which provides positive

and negative examples for each mention according to Wikipedia’s gold standard.

In their experiments, the authors of GLOW show that TagMe cannot process the whole

document text at once, meaning that they attempted to input test documents one sentence

at a time to TagMe since TagMe is designed for short text Wikification. Disambiguating

each sentence independently resulted in poor performance using TagMe, where GLOW

outperforms TagMe.

In the Wikisim project [173], the idea was splitting the text into disjoint windows for

more accurate wikifying longer text, and the candidate senses for each mention in a window

were ranked based on their average relatedness to all candidates of other mentions in the

same window. Then, the confidence of each mention is calculated as the ratio of the scores

of its top two candidates. The candidate with the highest confidence is then chosen as the

key-entity for that window. All mentions in each window are then disambiguated based on

the relatedness of their candidates to the key-entity. This approach improves the accuracy

compared to TagMe while still missing information from other entities in neighboring

windows. To address this problem, we consider context information around each mention

using overlapping windows to achieve a higher coherence in the whole text than other

approaches.

The state-of-the-art Wikifier is RedW [191] and is based on mapping the longest sub-

string match between the mention and the Wikipedia entity titles. RedW creates a table of

all Wikipedia titles. RedW tries to match the ambiguous mentions of n-grams to the table

for every text. Unlike TagMe and Glow, RedW does not consider global features such as

coherence. However, TagMe is designed for short text Wikification and is inferior to RedW

compared to long texts (in terms of run-time), and Glow has not been compared against this
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Figure 3.1: Demonstration of the Wikification problem. Text T is our input text with a list
M of ambiguous mentions. The task is finding E, including the correct chosen entity ei for
each mention.

scheme. However, experiments show our proposed solution outperforms RedW, considering

the text’s coherence.

3.2.1 Formal Definition of Wikification Problem

We follow the same notations as in Wikisim [173]. We represent a text as a list of terms

T = {t1, ..., tL}. We also consider a key-value inventory I = {(`i, [e1, · · · , eki ])}, where

each lemma key `i is a sequence of terms that can be matched to a Wikipedia page title, and

values are lists of potential associated Wikipedia entities. A “mention” is then defined as

a lemma key from this inventory in the text. A mention (phrase) list M = {m1, ...,mn}
is associated with every text, where mi = {tri , ..., tsi} and si < rj for every i < j, so

mentions do not overlap. Each mention mi is either one term ti from T , or a combination of

consecutive terms from T , and each mi can have ki potential senses (or candidate entities).

The set of these candidate senses is denoted as Ci. The goal is to find set E = {e1, ..., en},
where ei is the correct sense of mention mi represented as a link to the corresponding

Wikipedia page, see Fig. 3.1.

3.3 Methodology

As mentioned in the introduction, one of the steps in the Wikification process is mention

detection, and another is disambiguation.

Mention Detection Step

Mention detection takes as input the text and a dictionary of known terms and finds
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occurrences of these terms in the text [100]. In this work, we used the output of a recent

Wikifier system (Wikisim) for this mention detection step [173]. Wikisim uses a finite state

transducer to extract mentions using a long-dominant right heuristic. In the long-dominant

right heuristic, the longest string is chosen right before mentions overlap 5, and hence avoids

detecting overlapping mentions. Later, this model takes a dictionary of Wikipedia page titles

and matches it to the input text. Most of the definitions and formulas notations present in

this chapter are based on our baseline, the Wikisim project [173]6.

Disambiguation Step

The disambiguation step aims to find the correct sense for each ambiguous mention. We

start with our Wikisim baseline approach and follow their definition, rules, and notations.

Then, we modify Wikisim to improve its accuracy. As indicated by Sajadi et al., each

mentions mi can have ki potential senses (or candidate entities) [173]. The set of these

candidate senses is denoted as Ci. The goal is to find the set E = {e1, ..., en}, where ei is

the correct sense of mention mi, represented as a link to the corresponding Wikipedia page,

see Fig. 3.1. Our contribution is in this step. For candidates, the list of the k most frequently

linked entities (in the Wikipedia knowledge base) from each mention is selected to choose

the best match between them. This is called a popularity feature. This feature has been

defined as “the frequency of a given entity being linked to by the given mention” by Sajadi

et al. [173]. In our work, ki = k, i = 1, . . . ,m; meaning for every mention, we extract the

same number of senses from Wikipedia. Our experiments show that when k = 10, the list

includes the correct entity for each mention for about 85% of the mentions. The range we

consider in experiments is k ∈ [5, 15], and this choice is based on a similar observation in

the Wikisim baseline approach. If the number of candidates for a mention is less than k, then

the algorithm considers k equal to the number of all possible candidates for that mention.

When disambiguating a mention, we can consider different features; for instance, popu-

larity, context coherence, and key-entity coherence. Most of the previous works considered

the popularity feature [162, 173], but in this case, the less-popular candidates for entities are

not covered. In our work, we propose a weighting schema that assigns weights to all the

senses of a mention, so in this manner, even less popular senses have the opportunity to be

compared with the context. If the similarity of these less popular senses of a mention with

the context is higher than other popular senses, they will get chosen as the correct sense.

5https://github.com/OpenSextant/SolrTextTagger
6Most of the definitions present in this chapter are from our baseline, Wikisim project [173].
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3.3.1 Notation and Definitions

We use the following notation and definitions, following Wikisim baseline [173]. Given a

text document as input with a specified set of ambiguous mentions in it, CACW wikifies the

ambiguous mentions based on these four key features:

1. Key-Entity Recognition

2. Overlapping Windows

3. Sense Ranking based on Assigned Weights

4. Text Coherence Maximization

The first feature was introduced in Wikisim [173]. Our first contribution is considering

co-occurring mentions in consecutive windows, enabling us to augment the contextual

information to find the correct sense. This algorithm is presented as OWCW in Section 3.3.3.

We then improved this algorithm further in Section 3.3.4, introducing the CACW, which

works based on ranking (different than previous approaches) the senses of ambiguous entities

in OWCW.

Text Coherence

Our entity linker relies on the concept of coherence between word senses. The goal is to

choose senses for all mentions in a text that maximize the selected coherence measure.

The most popular way to measure the coherence of a text is defined by the sum of all

pairwise “semantic relatedness” scores of the senses chosen for all mentions [173]. We

use r(s1, s2) to denote the relatedness between two senses s1 and s2. In this approach, the

semantic relatedness for a given pair of mentions is calculated as the relatedness function

r(., .) of the entities in a text [145]. A solution is a set E = e1, ..., en i.e, each mi is resolved

to ei. The aim here is to maximize the coherence, which is shown in Wikisim [173] as:

E∗ = arg maxE∈(C1×...×Cn)
Σi<jr(ei, ej) (3.1)

Finding E∗ by searching the whole space (C1 × ... × Cn) is computationally expensive.

Therefore, different approaches were proposed to reduce the number of candidate solutions

to be considered [174]. One of these approaches is based on Vector Space Modeling (VSM)

of the Lesk Like method [173]. This method considers the context in which a mention m
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occurs and selects the candidates based on their similarities with the context (the input text).

To explain this method, we first need to review some definitions from Wikisim [173].

Definition 3.3.1. For any candidate c of a given mention, R(c) is the candidate representa-

tion as a vector embedding of the corresponding Wikipedia entity. For the rest of this work,

we use the Word2Vec representation7. Our proposed Wikifier is independent of the choice

of embedding. In the experiment section, the same embedding was chosen for all methods,

to have a fair evaluation.

Following our baseline Wikisim [173]:

Definition 3.3.2. The representation of m, R(m), is the average of its candidate representa-

tions [173]

R(mi) =
1

|Ci|
∑
c∈Ci

R(c) (3.2)

Definition 3.3.3. Context vector w.r.t mention m, R̂(m), is the average of all other mention

representations in the text (every mention exclude m):

R̂(m) =
1

n− 1

∑
mi∈M\m

R(mi) (3.3)

The context-vector disambiguation used in Wikisim [173] consists of:

• “Calculate mention representations R(mi) for all i = 1, ..., n”,

• “Extract context vectors R̂(mi) for all i = 1, ..., n”

• “The disambiguated entities e∗ are those with maximum cosine similarity to their

context”:

E∗ = [arg maxc∈Ci
R(c).R̂(mi)|i = 1, ..., n] (3.4)

There is a conjecture introduced by Lazi et al. that states there is a single context word

that suffices to disambiguate all mentions in a text [91]. By using this conjecture, it has

7Any other appropriate embedding could be used to replace the Word2Vec embedding.
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been demonstrated that, for a given text, there exists one entity among candidates of one

of the mentions in the text, referred to as the key-entity and denoted by e∗, that can help

to disambiguate the rest of the mentions [173]. The senses of all mentions are chosen to

maximize the total pairwise relatedness between the key-entity and the mentions.

Key-Entity Recognition

Each mention mj has a different number of possible candidate senses from 1 to kj , indicated

by the set Cj in Algorithm 1. By comparing the representation of each candidate’s sense

of a mention to the representation of the mention’s context, we can have a ranking of these

candidate senses according to their relevance within this context. Now assume that for

each mention mi, k1i , and k2i are the best and the second-best candidates according to this

ranking. Considering the inner product as the similarity measure, which can effectively

capture co-occurrence information versus other measures, here are the calculations for k1
and k2:

k1i = arg maxt∈Ci
R(t).R̂(mi), (3.5)

k2i = arg maxt∈Ci\{k1i }
R(t).R̂(mi) (3.6)

Definition 3.3.4. The confidence value of mi is the proportional difference between the

relatedness score of k1i and k2i to the context, based on [173]:

conf(mi) =
R(k1i ) · R̂(mi)−R(k2i ) · R̂(mi)

R(k2i ) · R̂(mi)

The key-entity e∗ is the top candidate k1i of the mention mi with the highest confidence:

e∗ = k1i where i = arg maxi≤nconf(mi) (3.7)

The intuition of why this is a good way to choose e∗ is directly related to the confidence

score. The maximum confidence means the mention has the highest margin between its first

and second best senses (related to the input text as context).

The entities with the true meaning, based on Wikisim, are those whose cosine similarities
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to R(e∗) are maximum.

E∗ = arg maxt∈Ci
R(t) ·R(e∗), i = 1, · · · , n (3.8)

This method is much faster; chunking the text into smaller windows significantly reduces

the number of word pairs that need to be compared. In the naive approach, comparing every

pair of words results in a quadratic increase in computational complexity as the text length

grows. This approach also achieves better accuracy (5% better) than the naive approach

based on the pairwise relatedness between all pairs of words [173]. A common approach for

long texts is to divide the text into fixed-sized windows and independently disambiguate

the mentions in each window. The assumption is that if the windows are large enough,

each window contains a meaningful key-entity [91]. The motivation is the choice of a more

localized key-entity to improve the accuracy. The algorithm benefits from a contextual focus

within each window. Considering a smaller window size as context can better capture the

specific meanings of words within that context. In contrast, the naive approach considers

the entire text, which may introduce ambiguity and unnecessary complexity when words

have multiple meanings in different parts of the text.

3.3.2 Coherence Measure

Definition 3.3.5. In this study, we defined coherence measure to measure how coherent

the text is after disambiguation. As mentioned, each entity has a representation, R(e).

When the disambiguation procedure is done, the algorithm has selected one candidate sense

–with representation R(ci)–for each mention mi. After the disambiguation, we can measure

how coherent the text is using selected candidate senses for each mention. We define the

text’s coherence by the average cosine pairwise similarity between the selected senses of

all mentions. To compute the average, we divide the sum of similarities between all pairs

by the number of pairs,
(
m
2

)
. This new coherence metric is based on the idea of sense

representation.

Coherence(T ) =
Σm
i,j=1,i6=jcos(R(ci), R(cj))(

m
2

) (3.9)

We use this measure to compare the coherence of the disambiguated text with our method

and the baseline methods. Disambiguated Text is the annotated text, including Wikipedia
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pages of the senses chosen for all ambiguous mentions [174].

3.3.3 OWCW: Overlapping-Windows Concept Wikifier Algorithm

The Wikisim approach [173] divides the text into disjoint windows and performs disam-

biguation by key-entity selection independently in each window. The novel idea of our

Wikifier came from the defect of this last coherence-based approach. As we verify experi-

mentally, this separate window-based approach may incorrectly disambiguate mentions if

their “optimal” key-entity is in a neighboring window; thus, it is still close to the mention

but “invisible” due to the disjoint partitioning. Their method segments the input text and

uses these disjoint text windows as the context to disambiguate each entity. Similarly, our

algorithm refers to the windows as the context for each entity. By considering the windows

as a sentence, a paragraph, or a specific text length, i.e., m mentions, our algorithm performs

best when m = 20 in the datasets that we used in our experiments. The defect with the previ-

ous approach is ignoring the information of the neighboring contexts when disambiguating

entities. To clarify this problem, we consider the following running example.

Example: How Neighboring Contextual Information is important in Disambiguation

Considering this sentence, “Mars, galaxy, and bounty are all chocolate,” with mention list

M=[mars, galaxy, bounty, chocolate]. By segmenting the text into disjoint windows of size

3, as shown in Fig. 3.2(A), the windows are:

W1= [Mars, galaxy, bounty],

W2= [chocolate].

Wikisim approach disambiguates “mars” as “Mars-planet”, “galaxy” as “galaxy- astro-

nomical -system”, “bounty” as “bounty-bay”, and “chocolate” as “chocolate-foodstuff”.

The first three mentions are assigned incorrect senses. In the above example, the correct

key-entity “chocolate-foodstuff” which is necessary to choose the correct senses, is in a

different window. With CACW, we use overlapping windows to address this problem while

imposing only a modest increase in the running time.

Our main contribution is managing the Wikification problem by looking for more

information around each mention. We achieved this goal by implementing sliding windows

across the long text, finding correct senses based on each window’s key entities, and

maximizing similarities between chosen senses for each mention of the same window.
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Marse, galaxy, bounty chocolate, ...

Marse, galaxy, bounty chocolate, ...

a)

b)

Figure 3.2: Partitioning the extracted mentions of sentence “Mars, galaxy, and bounty are
all chocolate” into separate windows of size 3 in (a), and partitioning it into overlapping
windows of size 3 with offset 1 in (b).

In our method, we calculate semantic relatedness by r(., .) function, line 8 in Algorithm 1,

which is the cosine similarity of two representation vectors. We use cosine similarity due to

its better performance in comparison with other similarity metrics [26]. We partition the text

document (D) into smaller segments by defining a window-size variable (WS) and overlap

two consecutive windows by an offset variable (OFF) as inputs of the Algorithm 1. This

segmentation idea is shown in Fig. 3.3.

We assign the key-entity in each window, line 4 of Algorithm 1, as defined in Eq. 3.8 and

disambiguate each mention with a sense that has maximum similarity with that key-entity,

line 9-10 in Algorithm 1.

As mentioned, segmenting the text into fixed-size windows is controlled by changing the

variable WS. Once we have the key entities of each window, we use another variable offset.

The offset indicates the size of the mention list mines the number of common mentions

between two consecutive windows. For example, if window-size is 20 and offset is 19,

the first window covers m1 to m20, and second window covers m20 to m39, so these two

windows overlap only one mention which is m20. Using offset, sliding each window over

the next neighboring window by using offset, allows one to consider more information

around each mention to disambiguate it. Considering these overlapping windows makes the

accuracy of our method better since it results in the appearance of mentions in more than

one window, except for the first and the last mentions. Due to the overlap, those mentions

belonging to multiple windows will be compared with each key-entity in their windows,
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Chunk 1:

Chunk 2:

Chunk 3:

Chunk 4:

Chunk 5:

Figure 3.3: Segmenting the text into overlapping windows. In this figure, our text has
24 mentions. The considered window’s size is 20, and the Offset size is 1; it means two
consecutive windows overlap 19 common mentions, and we have 5 windows in total.

Algorithm 1: OWCW. The input text document D is chunked into smaller parti-
tions as windows using the window size variable WS. Overlapping two consecu-
tive windows by offset variable OFF . OWCW chooses the key-entity in line 4 by
Eq. 3.7 and disambiguates each sense by maximum similarity with the key-entity
of the same window, as mentioned in lines 6 to 9.

Input: D, M , WS, OFF , C1, · · · , Cn
Output: E

1 W ← Set of windows obtained by segmenting D based on WS and OFF
2 Ê ← ∅
3 for Wi ∈ W do
4 e∗i ← key entity of Wi

5 for mj ∈M do
6 for Wi ∈ W, mj ∈ Wi do
7 for cjl ∈ Cj do
8 s(l,i) ← r(R(cjl), R(e∗i ))

9 êij ← e` where ` = arg maxs(l,i)

10 Ê.append arg(maxi(êij))

11 return Ê
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and the entity with the minimum distance to the key-entity will be considered as the correct

meaning for that ambiguous word. For example, if we set the window size to 20 and the

offset to 19 (choosing these variables is based on our experiments), then the input text’s first

and last mentions appear in one window. The second mention from the beginning of the

text and the second mention from the end of the text appears in two separate windows. The

same procedure applies to the appearance number of all the mentions in the windows. We

consider one mention in one window and find the similarity of its candidate entities with

the key-entity of the same window based on the maximum coherence measure method. We

repeat the same procedure for finding the similarity of the same mention’s candidate entities

with the key-entity of other windows to which this mention appears. Finally, the candidate

entity with the highest similarity across all relevant key entities is selected for this mention.

Since we consider the similarities with more than one key-entity, this chosen entity is more

likely to be coherent with the context of the entire input text.

Consider the example from the previous Section 3.3.3 and partition the text with a

window size equal to 3 and an offset equal to 1, as shown in Fig. 3.2 (B). The windows are:

W1= [Mars, galaxy, bounty],

W2= [galaxy, bounty, chocolate].

In the disambiguation process, because we slide the windows, the sense of “chocolate-

foodstuff” impacts the possible senses for mentions occurring in the window of “chocolate”,

i.e., mentions “bounty” and “galaxy”. The similarity between “chocolate-foodstuff” and

“bounty-chocolate-bar” is higher than the similarity of “chocolate-foodstuff” with “bounty-

bay”, so the disambiguated entity for “bounty” is “bounty-chocolate-bar” instead of “bounty-

bay”. This disambiguation is because of considering the comparison of “bounty” with

“chocolate” that are appearing in the same window. This small example shows the power of

overlapping windows, considering more information around each mention for disambigua-

tion. The mention of “galaxy” is in the same window as “chocolate” and “bounty”, so the

algorithm considers its similarity with these two mentions and finds its most relevant sense as

“galaxy-chocolate-bar” instead of “galaxy-astronomical-system”. In the first window, we are

still comparing the similarity of senses between “Mars”, “galaxy”, and “bounty”. The cosine
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similarity of the pairs (mars-astronomical-system, galaxy-astronomical-system) and (mars-

astronomical-system,bounty-bay) are higher compared to (mars-astronomical-system,galaxy-

chocolate-bar) and (mars-astronomical-system,bounty-chocolate-bar). So, we will mis-

disambiguate the mention of “mars” in this sentence. By assigning higher importance

weight to the second sense of “galaxy” and the second sense of “bounty”, the algorithm has

more potential to choose the correct sense of “mars”. In the next section, we introduce a

context-aware ranking of word senses that propagates information between windows and

helps address the problem we just observed in the example.

3.3.4 CACW: Context-Aware Concept Wikifier

The second novel idea of our Wikifier is related to the defect of overlapping windows, as

mentioned above. This problem happens when the difference between the top two senses

ki
1 and ki2 for each mention mi is too high or too low, i.e., when two senses for the same

mention are too close together or, on the other hand, are too far from each other. In such

cases, the algorithm mis-disambiguates the correct sense for those mentions. In this section,

we propose our second idea to address this problem.

The main difference between OWCW and CACW is in calculating the key-entity of each

window. The key-entity for a window W is defined as the candidate entity with the highest

confidence among all mentions in that window. In OWCW, the confidence is calculated

based on the aggregate similarity of each entity with all candidate entities for any other

mention in the same window. However, one should notice that not all candidate entities for

each mention are equally relevant to the context. Therefore, assessing the significance of

each candidate entity when selecting the key-entity by its relatedness to the context becomes

advantageous. In light of this, we introduce Algorithm 2, which facilitates the allocation of

weights to candidate entities for all mentions within a specific range by means of an iterative

procedure

First, we initialize weights for entity candidates of a mention, line 3 of Algorithm 2. The

aggregate weight of all candidate entities for each mention in the window is always 1. Then,

from the second iteration, we update the weights by considering the weighted relatedness

measure between each entity of a mention and all candidate entities for any other mention in

the same window through lines 5 to 13 of Algorithm 2. We can think of it as applying the

PageRank algorithm in a graph, where the vertices correspond to candidates ci,j , and the
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edges between them correspond to semantic relatedness values r(·, ·). In Algorithm 2, we

show this weight assigning in the procedure of choosing the key-entity by taking care of the

confidence value. Moreover, we applied the same weight-assigning procedure for ranking

sense entities of all other mentions. The T in Algorithm 2 denotes the number of iterations

through which we update all the weights for all entities in window W . IW denotes the set of

all indices of mentions mi ∈ W . Finally, we use e∗W to denote the selected key-entity for

window W .

By assigning these weights to the senses of our example in Section 3.3.3, the second

sense for “galaxy” and “bounty” have higher ranks because of similarities from the second

window. As a result, when finding similarities in the first window, “mars-chocolate-bar” is

closer to “galaxy-chocolate-bar” instead of “mars-planet”, so this sense of “mars-chocolate-

bar” has maximum similarity. By applying this algorithm to this sentence, the disambiguated

senses for mentions include “mars” as “mars-chocolate-bar”, “galaxy” as “galaxy-chocolate-

bar”, “bounty” as “bounty-chocolate-bar”, and “chocolate” as “chocolate-foodstuff”. So, all

the mentions are disambiguated correctly. This example shows how the proposed CACW

algorithm corrects disambiguation errors due to the separate windows in the past coherence-

based approaches and finds the best meanings for each mention based on the context of the

input document.

3.4 Evaluation

We now explain the experimental setup of our evaluation on the disambiguation task for our

proposed Wikifier. This section provides details of the datasets we used, the configuration for

our model and variable setups (including different window sizes and offsets), characteristics

of our system, baseline approaches that we compared with, and lastly, we talk about

measurement metrics for the evaluation. In this work, we follow the usual convention for

defining metrics for disambiguation [7]. In particular, accuracy is the proportion of mentions

that were disambiguated correctly. The specification of the machine that is used for running

the experiments is as follows: Intel(R), Xeon(R), CPU E5-2650, 2.00GHz, 64 bits, with 256

GB RAM and 8 cores.
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Algorithm 2: CACW: Iterative Weighted Key-Entity Selection. Assigning
weights to the candidate entities for each mention in a window. It starts with
initial weights (lines 1-3), then goes through an iterative process to assign those
weights based on similarities between two entities (in the while loop).

Input: {mi, i ∈ IW}, Ci, T
Output: e∗W

1 for i ∈ IW do
2 for ci,j ∈ Ci do
3 wi,j = 1/|Ci|

4 t = 0
5 while t < T do
6 t += 1
7 for mi ∈ W do
8 for ci,` ∈ Ci do
9 temp = 0

10 for mj ∈ W do
11 for cj,k ∈ Cj do
12 temp += r(ci,l,cj,k)∑

i′
∑

l′ r(ci′,l′ ,cj,k)
wj,k

13 wi,` = temp

14 for mi ∈ W do
15 ai = arg maxj∈{1,··· ,|Ci|}wi,j
16 bi = arg maxj∈{1,··· ,|Ci|, j 6=ai}wi,j
17 conf(i) = (wi,ai − wi,bi) /wi,bi
18 ` = arg maxi∈IW conf(i)
19 return C`[a`]
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3.4.1 Evaluation Datasets

We evaluate our algorithms on the datasets for the disambiguation task with Wikipedia,

which is the standard dataset for the task as stated in the Wikification literature [7]. Each

dataset is organized in the same way, just with different types of content. Each record

contains two fields, text, and mentions. The text field comes pre-tokenized and contains all

of the text as a list. The mentions field is a list of pairs containing the index of the mention

in the text field and the Wikipedia page ID to link to [173].

The datasets consist of two English news collections: AQUAINT and MSNBC. Addi-

tionally, there is another dataset called Kore, which contains sentences curated by humans.

AQUAINT and MSNBC are texts from the news and are generally more straightforward

to disambiguate due to the formality of the text. Finally, we have a dataset based on

Wikipedia that uses the opening paragraphs of various Wikipedia pages. We performed

an evaluation on Wiki5000 and Wiki30000, which consist of 5000 and 30000 articles on

Wikipedia (based on the order of article creation). These datasets were used to evaluate

previous wikifiers [154, 173].

AQUAINT is a corpus of 50 documents taken from three news sources: the Xinhua News

Service (People’s Republic of China), the New York Times News Service, and the Associated

Press World Stream News Service. This corpus has been used in official benchmark

evaluations conducted by the National Institute of Standards and Technology (NIST). The

data files contain roughly 50 texts, 10667 words, and 727 mentions. The sampling for this

corpus covers the period from January 1996 to September 2000, inclusive, for the Xinhua

text collection, and from June 1998 to September 2000, inclusive, for the New York Times

and Associated Press [125].

MSNBC is a corpus of 10 selected news categories of Business, U.S. Politics, Enter-

tainment, Health, Sports, Tech Science, Travel, TV News, U.S. News, and World News.

From each category, 2 top stories are annotated by a human. The data consists of 20 news

document texts, 10903 words, and containing 656 mentions in total [35].

Kore consists of 50 human-curated hard-to-disambiguate sentence texts that contain

relatively short texts with few mentions. The number of words is 769, and the number of

mentions is 192. This dataset is handcrafted to make it more complicated. Most of the

mentions in this dataset are less popular mentions. On the other hand, in the news datasets,

most of the mentions are those with popular correct senses [63, 173].
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Wiki5000 is the same dataset used in the Wikisim project. This dataset includes 265974

words, and the number of mentions is 30612. Wiki5000 is the first 5000 articles of Wikipedia,

based on the order of articles created, ordered by their IDs. The opening paragraph of

each article has been chosen to create this dataset since entities are not necessarily linked

throughout the whole article [173].

Wiki30000 includes articles from Wikipedia that do not overlap with Wiki5000 [230].

The number of texts is 30000, the number of words is 1431271, and the number of mentions

is 169880. Wiki30000 has been produced in the same way, similar to Wiki5000. This dataset

includes the next 30000 articles on Wikipedia after Wiki5000. The article IDs used in this

data include article IDs from 5001 to article ID number 35000.

All these mentioned datasets are non-specific subject datasets. At the same time, one

could ask how likely our algorithm is correct on a subject-specific dataset, for example, in

the biomedical domain. To test this, we run experiments on the MSH WSD dataset8. MSH

WSD is the result of developing a WSD test collection using the Unified Medical Language

System (UMLS) Metathesaurus [71]. MSH WSD consists of 106 ambiguous abbreviations,

88 ambiguous mentions, and nine of both, for a total of 203 ambiguous words. Each instance

containing the ambiguous word is assigned a CUI (Concept Unique Identifier) from the

2009AB version of the UMLS [12]. For each ambiguous mention/abbreviation, the data

set has a maximum of 100 instances per sense obtained from MEDLINE 9, totaling 37,888

ambiguity cases in 37,090 MEDLINE citations [195].

3.4.2 CACW Configuration and Parameters of Test Evaluation

We experiment with window sizes (WS) between 5 and 40 with a step of size 5 in our

algorithm. Also, we change the offset between 1 to |WS| − 1. The performance of our

proposed Wikifier for different window sizes is shown in Fig. 3.4 on the Wiki30000 dataset,

which is our largest dataset. This figure reports three different offset values, including 1,

|WS|/2, and |WS| − 1. The result shows that WS = 20 is the best choice in terms of

accuracy for all the offset values. We also set the number of iterations in Algorithm 2 to be

10 (e.g., T = 10).

8https://lhncbc.nlm.nih.gov/ii/areas/WSD/collaboration.html
9Medical Literature Analysis and Retrieval System Online (MEDLINE) is a bibliographic database that

provides access to a vast collection of biomedical literature.
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Figure 3.4: The effect of Window Size |WS| on CACW’s accuracy, using “Wiki30000”
dataset, with different offset (OF). In a) the number of senses for each mention is set to 5. In
b), the number of senses for each mention is 10, and in c), the number of senses for each
mention is set to 15.

3.4.3 Baseline Wikifiers

We compare our Wikifier with two knowledge-based entity linkers: Wikisim [173], which is

the most recent key-entity Wikifier, and TagME [45] which is available as a web service 10.

We also compare with GLOW [162] and Wikipedia Miner [125] since we have their

accuracies on three common datasets. Lastly, we compare our approach’s accuracy and run

time with RedW [191], which is a context-free Wikifier. In the experiments, the initial list

of ambiguous candidate mentions is the same for the evaluated baselines to preserve the

fairness of comparison.

3.4.4 Evaluation Measure

The proposed algorithms and approaches for Wikification, as mentioned above, were evalu-

ated by using standard information retrieval (IR) measures, namely precision, recall, and

the F1-measure [7]. In particular, we evaluated the Wikifier as a multi-class classifier,

where classes are the possible senses (i.e., entities in Wikipedia). Each mention is to be

classified by the Wikifier in its correct sense. To consider the usual IR metrics, we need to

define true positive, true negative, false positive, and false negative concerning each class

(i.e., sense). We follow the same definitions Sebastiani provided in [185] as follows. This

result is reported in the following.

Considering a particular sense, namely sense i, we compare the result of Wikification of

10https://tagme.d4science.org/tagme/
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Candidate Sense Expert Decision
ci Yes No

Algorithm Yes TPi FPi
Decision No FNi TNi

Table 3.1: The definition of True/False, Positive/Negative concerning a given sense, i-th
candidate sense (ci), from Wikipedia. The source of this table is [185].

one ambiguous mention by the algorithm and the expert, as shown in Table 3.1, with the

following definitions of each notation.

• True Positive: A mention that is correctly disambiguated to sense i by the algorithm,

while its correct sense based on the expert’s opinion is sense i.

• False Positive: A mention that is disambiguated to sense i by algorithm, while based

on the expert’s opinion, its correct sense is any other sense different from sense i.

• False Negative: The correct sense of the mention based on the expert’s opinion is

sense i, while the algorithm disambiguates this mention to a different sense.

• True Negative: The correct sense for the ambiguous mention is not the i sense, and

the algorithm does not pick sense i either.

For precision, recall, and F1 measures, we used definitions as mentioned in [108, 84, 87],

which are as follows.

• Precision (P) is the ratio of correctly disambiguated mentions to all disambiguated

mentions.

• Recall (R) is the ratio of correctly disambiguated mentions to the total number of

mentions to be disambiguated.

Note that the total mentions being disambiguated can differ from the total number

of disambiguated mentions by the Wikifier since the mention detection might fail to

detect some of the ambiguous mentions.

• F-measure is the harmonic mean of precision and recall.

F =
2× P ×R
P +R

(3.10)
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In addition to the recall, precision, and F1, we used micro-averaged precision and

macro-averaged precision as below:

π̂µ =
Σs
i=1TPi

Σs
i=1(TPi + FPi)

(3.11)

π̂M =
Σs
i=1π̂i
s

(3.12)

where TPi denotes the number of true positives with respect to sense i, FPi the number of

False Positives with respect to sense i, π̂i is the precision with respect to sense i, and s is the

size of the collection of all senses for the mentions existing in our document.

3.5 Results

Our experiments aim to explore the effectiveness of the proposed approach for the Wikifica-

tion problem. The hypothesis of engaging more contextual information from knowledge

bases and the input text simultaneously to disambiguate entities in a way that is more

related to the context after disambiguation is supported by the results in Table 3.2. In this

experiment, we compared the baselines of GLOW, Wikipedia Miner, TAGME, Wikisim,

RedW, and our two proposed approaches, OWCW, and CACW, on all the evaluation datasets

mentioned in Section 3.4.1. On the Kore dataset, the accuracy of the GLOW is 69% which is

close to the accuracy of Wikipedia Miner with an accuracy of 71%, but better than Wikisim,

which is 63% accurate. One of the key features of Wikipedia Miner is its use of a large

knowledge base of Wikipedia pages and its graph structure. Using this graph structure helps

to disambiguate more accurately in comparison with GLOW, which uses NGD and PMI

across all the ambiguous mentions. Between our two models, CACW has an accuracy of

78% and OWCW has 72% accuracy, which shows how the ranking improves the results

of disambiguation. On the AQUAINT dataset, Wikisim is 64% accurate, and TAGME has

an accuracy of 66%. GLOW and Wikipedia Miner have close accuracies of 72% and 74%,

respectively. OWCW is also close to these two approaches with an accuracy of 73%, while

CACW is 79% accurate. On this dataset, RedW has the highest accuracy of 83%, which

shows how this model performs well on short documents. On the MSNBC dataset, TAGME

has an accuracy of 61%, Wikisim has an accuracy of 65%, Wikipedia Miner is 68% accurate,

and GLOW has an accuracy of 74%. The accuracy of our first model, OWCW is 77% and
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CACW has an accuracy of 81%.

Method Kore AQUAINT MSNBC Wiki5000 Wiki30000
P GLOW 0.69 0.72 0.74 0.65 0.66

Wikipedia Miner 0.71 0.74 0.68 0.68 0.69
TAGME 0.74 0.66 0.61 0.57 0.58
Wikisim 0.63 0.64 0.65 0.61 0.60
RedW - 0.83 - 0.57 -

OWCW 0.72 0.73 0.77 0.79 0.88
CACW 0.78 0.79 0.81 0.85 0.93

R GLOW 0.68 0.74 0.73 0.67 0.66
Wikipedia Miner 0.70 0.73 0.67 0.67 0.68

TAGME 0.63 0.64 0.51 0.64 0.65
Wikisim 0.67 0.62 0.53 0.55 0.56
RedW - 0.79 - 0.67 -

OWCW 0.75 0.76 0.75 0.77 0.87
CACW 0.79 0.79 0.79 0.81 0.89

F1 GLOW 0.68 0.72 0.73 0.65 0.66
Wikipedia Miner 0.70 0.73 0.68 0.67 0.70

TAGME 0.68 0.64 0.55 0.60 0.61
Wikisim 0.64 0.62 0.58 0.57 0.57
RedW - 0.81 - 0.62 -

OWCW 0.73 0.74 0.75 0.78 0.87
CACW 0.78 0.78 0.80 0.83 0.91

Table 3.2: Precision, Recall, and F1-measure on the Wikification task of unsupervised
knowledge-based approaches of GLOW, Wikipedia Miner, TAGME, Wikisim, and RedW in
comparison with our proposed algorithms OWCW and CACW.

The performance of GLOW on Wiki5000 and Wiki30000 is similar, which is 65% and

66%, respectively. Similarly, the performance of Wikipedia Miner on these two datasets is

similar, which is 68% on Wiki5000 and 69% on Wiki30000. The accuracy of TAGME and

Wikisim are close to each other, near 58%. The RedW model has the lowest accuracy of

57%, which shows this model does not perform well on longer documents. The performance

of OWCW on Wiki5000 is 79% and on Wiki30000 is 88%, while the performance of CACW

is 85% and 93% on these two datasets. Using CACW, we are more confident that we are

considering all relevant information in the document for disambiguating the ambiguous

mentions. The improvement in our results over the baselines is statistically significant (χ2

test with p < 0.05). The reported result shows that CACW surpasses all approaches on short

and longer texts, except on the AQUAINT dataset, which RedW performs better. At the

same time, on longer documents, the entity disambiguator of CACW with assigning weights
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works better than the title-matching approach of RedW on a long corpus. The reason is using

the title matching method of the RedW, which gives a shorter range of possible candidates

for each ambiguous mention. To summarize, RedW works well on short documents with a

limited number of ambiguous mentions, while CACW works better on long input text.

To compare the computation cost of CACW with the baselines, we run another experi-

ment using disjoint windows and overlapping windows. The results are reported in Fig. 3.5.

We show differences between run times of these settings in Fig. 3.5; The red boxes are for

the disjoint window method, Wikisim, while the blue boxes are for our approach, CACW.

We conclude that the complexity of CACW increases slightly more than the Wikisim algo-

rithm. Also, the performance comparison of these two approaches is presented in Table 3.3.

This table shows the accuracy and the run-time of the OWCW algorithm and the Wikisim

baseline algorithm on three datasets, including Kore, Aquaint, and MSNBC. We vary the

size of windows from 5 to 10 in this experiment, meaning that we have five mentions in

each window in the first run, and in the second run, we have ten mentions in each window.

The run-time for each experiment is reported as well in this table, which is shown as T ,

as the third row in each window size set-up. The results of this table show that OWCW’s

accuracy is better than Wikisim on the Kore, Aquaint, and MSNBC datasets. At the same

time, we observe the run time of the OWCW has increased compared with the Wikisim run

time, but it is not a dramatic increase in the cost of the method, making it a good approach

to apply. In general, as we observe, when the window size is increased, the performance of

the proposed model is better, while it still varies between datasets with different sizes.

The proposed algorithm leads to a new Wikifier with increased accuracy, at the cost of a

modest increase in computational complexity, compared with RedW [191] and Wikisim. The

comparison between the run-time of these schemes is shown in Table 3.4. The comparison

of these models is implemented over two sets of datasets, the AQUAINT dataset as a

short corpus and Wiki5000 as a long corpus. With the suggested method, more than 5%

performance improvement is achieved consistently across datasets.

The accuracy of the CACW algorithm on the biomedical dataset is 68%, which is not

as good as this algorithm’s performance on the news dataset. One reason for this poor
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Figure 3.5: Run-time comparison of the Wikisim approach and CACW approach, by
changing window size; WS= 3, 5, 10, 15, 20, 25, 30, 35, 40, and offset=1, each run. In (a),
we compare the models on the short texts, while (b) represents the results of comparing
the models on the averaged length text, which is Wiki5000. The subfigure (b) on the right
displays the results of comparing the models on the larger dataset, the Wiki30000. This result
shows that while the new algorithm’s accuracy increases, the run-time slightly increases
compared to the Wikisim algorithm.
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Window Size Measurements Approach Kore Aquaint MSNBC
|WS|=5 π̂µ Wikisim .443 .631 .642

OWCW .451 .653 .650
π̂M Wikisim .435 .630 .687

OWCW .571 .651 .701
T Wikisim 1:32 6:03 6:01

OWCW 2:17 19:21 38:33
|WS|=10 π̂µ Wikisim .443 .641 .639

OWCW .572 .753 .762
π̂M Wikisim .435 .639 .698

OWCW .592 .711 .732
T Wikisim 1:33 6:27 7:12

OWCW 4:15 8:16 9:03
|WS|=15 π̂µ Wikisim .471 .645 .643

OWCW .598 .798 .785
π̂M Wikisim .445 .641 .699

OWCW .631 .789 .823
T Wikisim 1:41 6:35 7:56

OWCW 5:45 12:22 14:35
|WS|=20 π̂µ Wikisim .477 .668 .687

OWCW .688 .802 .821
π̂M Wikisim .449 .648 .702

OWCW .689 .812 .867
T Wikisim 1:54 7:43 8:14

OWCW 6:05 14:27 15:46

Table 3.3: Comparing disambiguation results of baseline Wikisim approach (non-
overlapping window approach) with the proposed approach (overlapping windows approach):
Micro Averaged Precision (π̂µ) and Macro Averaged Precision (π̂M ), across different candi-
date numbers and datasets. The precision of the proposed approach (OWCW) is higher than
baseline (Wikisim) across different window sizes (WS) and different datasets. The last row
of T shows the run-time.

Model Short corpus Long corpus
RedW 67 s 554 s

Wikisim 81 s 902 s
CACW 135 s 1412 s

Table 3.4: Run-time performance of RedW, Wikisim, and CACW on AQUAINT dataset as
the short corpus, and Wiki5000 as the long corpus, reported in seconds (s).
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performance on the biomedical dataset would be because of using the English Wikipedia

general text as the knowledge base and not a domain-specific biomedical knowledge base,

as shown in domain-specific works [148]. While we are using Wikipedia as the knowledge

base, our method works well on general English text. A combination of our approach with

biomedical text embeddings and a biomedical-specified knowledge base, like UMLS, would

be one possible future direction to improve the results.

The other aim was to identify the best window size and the best offset in each dataset

based on the text’s size and subject. After testing this idea on different datasets, estimating

the relationship between window size and offset was impossible since disambiguation

depends on the context, which varies in every subject. In the algorithm, similar to the

Wikisim setting for a fair comparison, we considered window sizes of 5, 10, 15, 20, 25, 30,

35, and 40 and limited the number of possible senses for each mention to 5, 10, and 15.

Also, we changed the offset between |W | − 1 to 1. The best results were achieved when

|WS| = 20, meaning the number of mentions in each window is 20. The optimal number of

possible senses was 10, and the optimal offset was 1, as presented in Fig. 3.4. Considering a

small number of mentions in each window is because of the nature of our datasets. Three

of our datasets were news datasets. Considering these datasets, each item in the dataset

includes a small number of words, and mostly all the documents were only one paragraph.

So, we decided to consider the number of mentions low in this study. In the continuing

studies, as a future direction, we aim to experiment with a higher number of mentions in

each window for those datasets coming from Wikipedia.

Our last experiment measures how coherent the whole text is after choosing entity senses

with our method compared to the previous method. We calculated the text coherence with

the formula introduced in Eq. 3.9. After text disambiguation with our CACW method,

the text’s coherence is 12% higher on average than the coherence of the same text after

disambiguating with Wikisim, both on the short corpus and the long corpus. Here, we report

the results of this experiment on the Kore dataset. As mentioned above, this dataset includes

192 mentions. The results of calculating the coherence of the text using our proposed

methods and the baseline method Wikisim are provided below in Table 3.5.
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Wikisim OWCW CACW
Coherence 0.65 0.75 0.83

Table 3.5: Calculating the text’s coherence after disambiguation using the baseline (Wikisim
approach) and our two proposed models, CACW and OWCW. We use the coherence metric
introduced in Eq. 3.9.

3.5.1 Discussion and Ablation Study

To thoroughly assess the contribution of each component in our proposed models, we

conducted an ablation study. The objective was to understand the impact of individual

parameters on the model. To achieve this, we performed a series of experiments where

we fixed all parameters except one at their optimal values. The optimal values are those

obtained from our experiments. Then, we varied the parameter of interest and observed its

effect on the outcomes. If we observed substantial variability in the results, we concluded

that the particular parameter played an important role in the disambiguation process.

In the first experiment, we focused on the number of possible candidate senses for

each mention. We changed the number of senses between one to twenty. In the second

experiment, we focused on the window size variable and changed it between five to forty.

By fixing all other parameters, we individually examined these two factors’ influence, in

individual experiments. For each value of the number of possible candidates and the window

sizes, we trained and evaluated the model to measure the accuracy. We took the average

of the accuracies in each setting and reported this average in Table 3.6. Subsequently, we

evaluated the effect of the weighting ranked senses extracted from the CACW algorithm.

We used windows without overlap for this experiment and applied a fixed window size

throughout the entire input text document. Then, this window overlap was changed from

zero to forty, each in a separate experiment. Additionally, we explored the impact of the

mention list by changing the number of mentions extracted from the Wikisim baseline from

one to fifteen. Each one of these fifteen evaluations was examined separately. If the number

of senses for a mention is less than the considered value, we set the algorithm to consider

the maximum possible number of senses for those mentions. At the end of each evaluation,

the averaged value is reported in Table 3.6.

The evaluation results on the MSNBC dataset are presented in Table 3.6. The table

shows that the number of candidate senses and the mention list have a minor impact on

the proposed method. Therefore, our algorithm does not rely heavily on them. However,
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Accuracy
Original Settings 0.80
Fixing all parameters except the number of senses 0.79
Fixing all parameters except the window size 0.76
Fixing all parameters except the Offset 0.77
Fixing all parameters except the mention list 0.79

Table 3.6: Ablation Study using MSNBC Dataset. All experiments use the key-entity
selection algorithm CACW and are trained with the same epochs. At each experiment, we
fix all but one of the variables to evaluate its effect on the model’s accuracy. The averaged
accuracies are reported.

we notice a clear dependency on the window’s size and offset, as the accuracy dropped

to 76% and 77%, respectively. It indicates the critical roles of window size and offset in

influencing the disambiguation algorithm’s performance. Window size and overlap size

are more important for capturing the context of a word or phrase, which is essential for

Wikification task. If the window size is too small, the model may not be able to capture

enough context to identify the correct Wikipedia article accurately. At the same time, if it

is too high, the model gets confused. Similarly, if the overlap size is too small, the model

may be unable to identify relationships between words and phrases in different windows,

leading to errors. The other reason is that the number of mentions and the number of senses

are less important for Wikification because they are not as good at discriminating between

different Wikipedia articles. For example, two different Wikipedia articles may have the

same number of mentions in a document, or two different Wikipedia articles may have the

same number of senses. In these cases, window and overlap sizes are more likely to help

identify the correct Wikipedia article.

The results show that the number of possible candidate senses for each ambiguous

mention has a limited effect on the accuracy. The window size and offset changed the error

pattern and corrected some mis-disambiguation errors. This parameter’s change resulted in

a 4% drop in accuracy. The effect of the mention list on the system’s performance is limited,

showing that the algorithm does not rely too much on the first step of Wikification, which is

mention detection. The comparison between our model and the Wikisim approach shows

the importance of the offset parameter and the weighting idea, bringing more context during

the disambiguation task.

Regarding the run-time, the similarity calculation should be as fast as possible to be
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useful in human interactive processes such as search engines or the inner loop of other

computationally intensive algorithms, such as clustering or classification. The complexity

of the key-entity modeling is O(|C|2) when C is the set of all the mentions. In similarities

calculation, the key-entity modeling is calculating 2|C| similarities, while in our approach,

we calculate |W | × |C|, where |W | is the number of windows. This increase in complexity

is not dramatic, considering its effect on the accuracy improvement, so this approach still

works well to apply for Wikification.

3.6 Conclusion

In this chapter, we worked on the Wikification problem. First, we presented the OWCW (Over-

lapping Windows Concept Wikifier) algorithm, an unsupervised knowledge-based algorithm

for the disambiguation step in the Wikification task. This algorithm finds the correct sense of

ambiguous entities based on their context. This algorithm segments the text into overlapping

windows in order to consider the context when disambiguating each entity. Second, we

proposed CACW (Context-Aware Concept Wikifier) as an extension of the first algorithm to

improve the sense disambiguation accuracy by ranking senses based on their similarities to

the context. By comparing our Wikification method with other knowledge-based Wikifiers,

we showed the validity of our approach in terms of its accuracy for finding correct senses

based on the context of the text document. The accuracy ranged between 0.72 for OWCW

to 0.93 for CACW. In comparison with the most recent best wikifier RedW, our performance

improvement is higher than 5%. We also presented a run-time comparison of our method

with a current Wikifier. In summary, our results show that CACW competes with the baseline

Wikifiers in terms of complexity while preserving accuracy. We also use a metric to measure

the text’s coherence after disambiguation, which can also be used in other Wikifiers. This

metric shows that the coherence of the text after disambiguation with our proposed algorithm

is higher than the value of this metric for the disambiguated texts with previous methods.

Analysis of the errors made by our Wikifier and the previous ones shows that our Wikifier

corrects the errors raised by the last knowledge-based Wikifiers.



Chapter 4

Classical Machine Learning Models for Categorizing Online

Harassment on Twitter

Harassment on social media is challenging since these online platforms are virtual spaces

where people express themselves with few restrictions. Furthermore, many users generating

publications on online media like Twitter contribute to the difficulty in controlling sexism

and sexual harassment, calling for robust methods of Machine Learning (ML) to be applied

in this task. This work aims to compare the performance of supervised ML algorithms in

categorizing online harassment in Twitter posts and building a baseline. We test Logistic

Regression, Gaussian Naïve Bayes, Decision Trees, Random Forests, Linear Support Vector

Machines (SVM), Gaussian SVM, Polynomial SVM, and Multi-Layer Perceptron AdaBoost

methods on the SIMAH Competition benchmark data using TF-IDF vectors and Word2Vec

embeddings as features. As a result, we achieved above 0.80 accuracies for detecting

sexism and sexual harassment types in the data. When using TF-IDF vectors, we also show

that Linear and Gaussian SVM are the best-tested methods to predict harassment content,

while Decision Trees and Random Forests better categorize physical and sexual harassment.

Overall, using TF-IDF vectors presented a higher performance on this data, suggesting that

the training corpus for Word2Vec negatively influenced the classification task outcomes1.

This chapter focuses on providing a deep understanding of this dataset, as well as

exploring the effectiveness of different classical classifiers for harassment classification,

establishing a baseline performance benchmark. This chapter also shows how TF-IDF

and Word2Vec might misinterpret the meaning of a sentence due to their limited context

awareness, leading to potential misclassifications in harassment detection. We will improve

this harassment detection accuracy by using context-aware models in the next chapter,

illustrating how the context-aware features can better understand the nuances of language

and intent, leading to improved classification accuracy.

1Part of this chapter is published in [172].
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4.1 Introduction

We begin by exploring the various definitions of sexism. In the Oxford dictionary, in a

more general way, it has been defined as “the unfair treatment of people, especially women,

because of their sex 2”, while its manifestations on social platforms are different, and it needs

to be conceptualized. Sexism in language has been discussed in different communication

media, such as advertisements, newspapers, TV, and online social networks. Sexism can be

defined as an aggregate of negative stereotypes towards women [206] manifested in language,

behaviors, and cultural traits. On social media platforms, sexist comments present different

categories according to the intent they are written [189]. It is a widely known problem

to automatically detect sexist content online [187, 189, 188]. The data has a significant

role when exploring the content on social platforms such as Twitter and employing ML

techniques [187]. The reason is that several processes must be done to balance, collect,

label, or even measure the overlap of datasets’ classes [187].

Detecting harassment on online social media is a challenge in Natural Language Pro-

cessing (NLP). For instance, Facebook and Twitter were created in 2004 and 2006. Since

then, tools to control the spread of offensive posts against women and other groups have

been released despite being unable to detect 100% of the content in these networks. The

discussion concerning online harassment types, in turn, only gained large audiences in 2017

due to the #MeToo movement, which encourages women to denounce offensive content

towards them in real life and on online platforms [188]. Therefore, this is a promising

research area [189, 187], and its results have an influential role in promoting an educational

culture among social network users, as well as combating online harassment.

In this study, we focus on sexual harassment categorization in tweets. The tweet dataset

we use in this study is gathered by Sharifirad et al. [187]. Using NLP and supervised

classifiers, in the first task, we classify tweets into two groups: “harassment” versus “no

harassment”. Considering the harassment types in the dataset introduced by Sharifirad

et al. [186], the second task categorizes different types of online harassment tweets into

three categories: “indirect harassment”, “physical harassment”, and “sexual harassment”.

The machine learning algorithms we use for both tasks include Logistic Regression, Naïve

Bayes, Decision Tree, Support Vector Machines, Random Forest, Multilayer Perceptron,

and AdaBoost. The necessity of a robust classifier to detect this kind of content justifies
2https://www.oxfordlearnersdictionaries.com/definition/english/sexism
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testing all of those different methods. The code for this project is publicly available 3.

The remainder of this chapter is organized as follows: Section 4.2 presents related work

to the problem. Section 4.3 includes the methodology, the dataset, algorithms, and word

embeddings employed in this work. In Section 4.4, we will go through the experiments

and their required steps. In Section 4.5, we present the results obtained in our experiments.

Finally, Section 4.6 presents the conclusion and future works.

4.2 Related Work

The task of classifying sexism was introduced by Waseem et al. [215]. They collected 16

thousand tweets from a TV show called ’My Kitchen Rules’ and annotated them using

the hashtag “mkr”. Then, they categorized those tweets as racist, sexist, or neither. They

used different methods, such as word grams and logistic regression with 10-fold cross-

validation, to classify the tweets. A group of researchers classified the tweets that might

include sexism, considering the three features “protective paternalism”, “complementary

gender differentiation”, and “heterosexual intimacy” [70]. The deep neural network models

used by Badjatiya et al. [6] for hate speech detection in tweets combine long-short term

memory (LSTM) with random embedding. Among these models, the one utilizing gradient-

boosted decision trees demonstrated the best performance [6].

The importance of the pre-processing step in improving the performance of methods for

analyzing Twitter messages has been recognized [18, 82, 48]. Another technique commonly

used to enhance harassment detection on Twitter is text augmentation, which involves adding

more information to the dataset to address the lack of training data for specific types of

harassment, like indirect harassment that is often presented as sarcasm or jokes targeting

women [188].This method has been used in different applications like bioinformatics [90],

image processing [76], computer vision [30], video and audio processing [50, 107]. However,

no text augmentation is performed since our main goal is to measure how robust supervised

classifiers are when running on imbalanced, non-structured, and ambiguous textual data.

3https://github.com/mozhgans/Competition-Categorizing-Online-Harassment-on-Twitter
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4.3 Methodology

This section describes the Twitter harassment dataset, the nine classifiers trained to classify

sexist content on social media, and the Word2Vec model [120].

4.3.1 Data

The dataset comprises 10,622 posts collected from Twitter in the English language, with

statistics presented in Table 4.1. In this benchmark for harassment content classification,

6,374 data instances are available for training, 2,125 data instances were released for valida-

tion, and 2,123 were provided for the test. The number of tweets that present harassment

content is 3,956, and sexual harassment is the most numerous hate speech in this set, with

3,419 data instances. Besides sexual, there is also indirect and physical harassment content

in the data. The former concerns sexism and indirect offenses, involving conduct that is not

directed at a particular individual but results in overall unwanted content, like the invasion of

personal space, suggestive remarks or sounds, offensive jokes, ridicule, or innuendo, while

the latter refers to violent threats on social media. Analyzing the table shows that the classes

are imbalanced. So, special attention is required in the pre-processing step for balancing the

dataset classes.

Subset Data
Instances

Harassment
Type

Indirect
Harassment

Physical
Harassment

Sexual
Harassment

Training 6,374 2,713 55 76 2,582
Validation 2,125 632 71 36 525

Test 2,123 611 197 100 312
Total 10,622 3,956 323 212 3,419

Table 4.1: Dataset Statistics. The detailed number of tweet posts in each harassment type of
our dataset is shown in this table.

The content of the Tweets in this dataset comprises coarse language and swear words, as

shown in Fig. 4.1. Each kind of harassment presents specific language constructions. For

instance, the words in tweets with indirect harassment content are related to sexism and

offensive jokes (Sub-Fig. 4.1b). Physical harassment tweets present violent threats (Sub-

Fig. 4.1c), and sexual harassment posts are composed of terms and expressions with a sexual

connotation (Sub-Fig. 4.1d).
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(a) Harassment content. (b) Indirect harassment.

(c) Physical harassment. (d) Sexual harassment.

Figure 4.1: Word clouds for the tweets that present each kind of harassment content.

4.3.2 Algorithms

The contribution of this work is on both binary and multi-class classification tasks. The

goal of binary classification is to learn a function f(x) that minimizes the misclassification

probability P (yf(x) < 0), where yx is the class label for x with +1 for positive and −1

for negative [128]. Multi-class classification aims at assigning one of the n classes to

each input by mapping each input vector x to binary vectors y, where y ∈ {0, 1}n. Since

detecting harassment is a relatively new NLP task, we proposed comparing supervised

classifiers’ performance for this problem. Therefore, different algorithms were chosen to be

tested in our study. Among the classification methods, we use the supervised models, as

listed below, since the supervised algorithms are more accurate compared to unsupervised

algorithms [53].

• Logistic Regression [128];

• Gaussian Naïve Bayes [128];

• Decision Trees (DTs) [128];

• Linear, Gaussian, and Polynomial Support Vector Machines (SVM) [15];
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• Random Forest (RF) [17];

• Multilayer Perceptron (MLP) [128];

• AdaBoost [47].

Many effective binary classification methods include kernel, ensemble, and deep learning.

Ensemble methods include boosting, random forests (RF), and deep learning based on

artificial neural networks (ANNs). In addition, tree-based learning algorithms are considered

one of the best and most used supervised learning methods [179].

4.3.3 Feature Extraction

Feature extraction is transforming raw data into numerical features that can be processed

while preserving the information in the original data set [136]. This process can be done

automatically or manually. The selected features contribute most to the prediction variable

or output we are interested in. It often yields better results than applying machine learning

directly to the raw data. In NLP, feature extraction and data cleaning are two of those trivial

steps that are helpful to understand better the context of what we are dealing with. After the

initial text is cleaned and normalized, we need to transform it into its features to be used

for modeling. We use specific methods to assign weights to particular words within our

document before modeling them. We use numerical representation for individual words as it

is easy for the computer to process numbers; in such cases, we use word embeddings.

As discussed, word embeddings are continuous representations of words and their

semantic features in low-dimensional vector spaces [24, 65]. It can capture the context

of a word in a document, semantic and syntactic similarity, and relation with other words.

Word2Vec [120] is one of the most popular techniques to learn word embeddings, whose

representations can be obtained using two methods involving neural networks. The first

method is common bag-of-words (CBOW), and the second is skip-gram, using hierarchical

softmax or negative sampling. CBOW takes the context of each word as the input and

tries to predict the word corresponding to the context [24], minimizing the values for the

following loss function:

loss = − log(p(−→wt|
−→
Wt)) (4.1)
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in which wt is the target word in the sequence of words Wt (represents the set of context

words that surround the target word). In the CBOW model, the sequence of words is

transformed into a vector representation by replacing each word in the sequence with its

corresponding one-hot encoding. The skip-gram model predicts the surrounding words

based on a target word, which is also regarded as the central word [120].

4.4 Experiments

The experiments pipeline starts with the dataset pre-processing, which comprises tokeniza-

tion, stop-word removal, stemming or lemmatization, and word vector extraction. Then, we

test different approaches to develop features for the classifiers, and after that, we perform

the classification tasks, validating the models on a 10-fold cross-validation setup.

4.4.1 Pre-processing

This work starts with the pre-processing step, which includes removing hyperlinks, hashtags,

numbers, and punctuation marks. For the pre-processing step, we use the functions provided

by NLTK library4. They are then tokenized with “word-tokenize”. Next, the stop-words are

removed for the English language. The lemmatization is done with WordNet Lemmatizer 5,

or stemming with the SnowBallstemmer 6. Finally, in addition to the standard English stop

words from Scikit-learn7 package, we remove from the text the Twitter acronyms and HTML

tags shown in Table 4.2 since they play a role as noise in the dataset. As we tested two

different representations for the words in the tweets, the lemmatized words were used to

extract their representations in the Word2Vec model. In contrast, the stemmed forms of

the exact words were used to yield their term frequency-inverse document frequency (TF-

IDF) [177] representation with the ‘TfidfVectorizer’ function from Scikit-learn.

Aditional Stop Words
‘don’, ‘http’, ‘amp’, ‘cc’, ‘rt’, ‘x89’, ‘x8f’, ‘x95’, ‘x9d’, ‘na’, ‘im’, ‘co’, ‘id’

Table 4.2: Acronyms and HTML tags assigned as stop words in the tweets dataset pre-
processing.

4https://www.nltk.org
5https://www.nltk.org/_modules/nltk/stem/wordnet.html
6https://www.nltk.org/_modules/nltk/stem/snowball.html
7https://scikit-learn.org/

https://www.nltk.org/_modules/nltk/stem/wordnet.html
https://www.nltk.org/_modules/nltk/stem/snowball.html
https://scikit-learn.org/
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After that, the TF-IDF vectors were computed for the model to classify. The original

dataset (prior training and test sets) had 19,945 words, which led to a large and sparse

matrix. Thus, it was necessary to decrease the dimension of this structure to reduce time

and computational complexity in the classification. We pruned the number of terms to select

the most relevant ones. We started by selecting the 25 most relevant terms according to

TF-IDF scores. We increased this number to 50, running the nine supervised classifiers

described in Section 4.3.2, with 10-fold cross-validation and measuring accuracy for each

model. Accuracy is the ratio of correctly classified instances (regarding the ground truth)

to the total number of instances in the dataset. The 45 most relevant words in the data

when using TF-IDF scores to extract features from the text are shown in Table 4.3. On the

validation set, the achieved accuracies for supervised classifiers while varying the number

of features from 25 to 50 with a stride of 5 suggested that 45 is the best number of features

extracted from the tweets, as demonstrated in Table 4.4. Using 45 features is the best since

it shows the best accuracy results for four of the nine models.

Words Selected According to TF-IDF Scores
‘alway’, ‘ass’, ‘ava’, ‘becaus’, ‘bitch’, ‘black’, ‘chop’, ‘cumshot’, ‘friend’,

‘fuck’, ‘girl’, ‘good’, ‘got’, ‘guy’, ‘horni’, ‘just’, ‘know’, ‘like’,
‘littl’, ‘look’, ‘love’, ‘make’, ‘nake’, ‘nude’, ‘peopl’, ‘porn’, ‘pussi’,
‘realli’, ‘right’, ‘sassi’, ‘say’, ‘sex’, ‘shame’, ‘shit’, ‘slut’, ‘think’,

‘time’, ‘today’, ‘video’, ‘want’, ‘watch’, ‘whore’, ‘women’, ‘xxx’, ‘year’

Table 4.3: The 45 most relevant words in the dataset after stemming with SnowBall stemmer.
The words in the table are the direct results of the stemmer.

This dataset is imbalanced, as Table 4.1 shows. It means that the distribution of classes

within the dataset is significantly unequal, indicating that one class or category has a much

larger number of instances than others. To avoid the major class’s dominant influence on

the algorithms’ outcomes, we have employed SMOTE (Synthetic Minority Over-sampling

Technique) [29] before running the models. SMOTE makes minor classes equal to major

classes by yielding synthetic samples with fewer recurrent labels.

4.4.2 Task A – Binary Classification

According to TF-IDF scores, we test different numbers of features extracted from text, as

mentioned in Section 4.4.1. Then, we run the models for each set of features to classify
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whether a tweet has harassment content. The accuracy scores for each model on the

validation set are presented in Table 4.4. Among the classifiers, LR, RF, Linear SVM,

Gaussian SVM, MLP, and AdaBoost reached validation accuracies above 0.90. GNB and

DT did not perform as well as the other models; since they are based on probabilities, many

words overlap in both classes, leading to lower performance in assigning the correct label

to the data points. In other words, this lower performance in assigning the correct labels is

attributed to the presence of overlapping words or features in both classes, which affects the

classifiers’ ability to differentiate between the classes accurately.

Classifier 20 F. 25 F. 30 F. 35 F. 40 F. 45 F. 50 F.
Logistic Regression 0.896 0.904 0.905 0.907 0.907 0.907 0.906

Gaussian Naïve Bayes 0.838 0.840 0.844 0.842 0.831 0.825 0.822
Decision Trees 0.887 0.888 0.894 0.888 0.891 0.888 0.890
Random Forest 0.889 0.894 0.896 0.896 0.899 0.900 0.899

Linear SVM 0.896 0.904 0.904 0.908 0.906 0.906 0.904
Gaussian SVM 0.887 0.897 0.896 0.901 0.802 0.903 0.895

Polynomial SVM 0.788 0.702 0.702 0.702 0.702 0.702 0.702
MLP 0.896 0.702 0.903 0.702 0.906 0.901 0.903

AdaBoost 0.891 0.903 0.904 0.905 0.904 0.906 0.898
Average 0.874 0.848 0.872 0.850 0.861 0.871 0.869

Table 4.4: Accuracy values for the supervised methods on the validation set using features
extracted by TF-IDF scores. The number of different features (most relevant terms according
to TF-IDF scores) varied from 20 to 50, and each one is represented in one column. The
highest results of each classifier on each feature are highlighted in bold.

We validate all the models on 10-fold cross-validation before classifying the validation

set. In the case of 10-fold cross-validation, the data is divided into 10 equal-sized parts

or folds, then training the model on 9 of the folds and evaluating its performance on the

remaining fold. This is repeated 10 times using a different fold as the evaluation set, while

the other nine folds are used for training.

The learning curves for each model on k-fold cross-validation with k = {2, 4, 6, 8, 10}
are shown in Fig. 4.2. Linear and Gaussian SVMs achieved the highest scores, whereas

GNB and Polynomial SVM achieved the lowest. The remaining classifiers surpassed 85%

accuracy.
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Figure 4.2: Classifiers learning curve on a k-fold cross-validation over the validation set
with 45 TF-IDF features.

4.4.3 Task B – Multi-Class Classification

This section concerns the multi-class classification of online harassment in tweets into three

categories, namely “indirect harassment”, “sexual harassment”, and “physical harassment”.

We run the same algorithms over the dataset using the 45 features extracted in Section 4.4.1.

Physical harassment was the most complex content to classify, with 86% average accuracy,

since it is the least frequent one among the classes in the dataset. On the other hand, sexual

harassment was easier to detect in the tweets, with 94% average accuracy, as shown in

Table 4.5, because sexual threats are explicitly written in the posts. RF results surpassed the

remaining methods on the three labels, achieving 0.935 of average validation accuracy. The

reasons include: 1) Ensemble Learning: Random forests are ensemble learners, meaning

they combine multiple decision trees into a single model. This can be particularly effective

for complex tasks like harassment classification, where the data may be noisy or non-linear.

By combining multiple trees, the random forest can capture a wider range of patterns in the

data and reduce the risk of overfitting. 2) Reduced Overfitting: Decision trees are prone

to overfitting, which is when they learn the training data too well and fail to generalize to

unseen data.

Random forests address overfitting by introducing randomness at two stages: (1) Boot-

strap Aggregation (Bagging): Each tree is trained on a random subset of the data with
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replacement. This helps to reduce the variance of the forest and prevents any single tree

from dominating the prediction. (2) Feature Randomness: At each split in a tree, only a

random subset of features is considered. This further reduces the risk of overfitting and helps

the forest to learn more generalizable patterns. 3) Robustness to Noise: Random forests are

robust to noise in the data. This is because individual trees can make errors, but the overall

prediction of the forest is based on the majority vote of these trees. Therefore, errors in

individual trees are averaged out, making the forest less susceptible to noise.

Gaussian Naïve Bayes and Polynomial SVM were the worst-performing models, as

noted in Section 4.4.2. The reasons for this behavior of Gaussian Naive Bayes include:

1) Oversimplification: Naive Bayes assumes that all features are independent of each other,

which is often not the case with real-world data. This can lead to inaccurate predictions,

especially for complex tasks like harassment classification. 2) Limited Feature Interaction:

Naive Bayes cannot capture complex interactions between features, which can be important

for understanding the nuances of harassment language. 3) Sensitivity to Noise: Naive Bayes

is sensitive to noise in the data, which can be problematic for harassment data, which may

be noisy and contain typos or slang.

The reasons for the behavior of Polynomial SVM include: 1) High Variance: Polynomial

SVMs can have high variance, meaning that small changes in the training data can lead

to large changes in the model’s predictions. This can make them prone to overfitting and

unreliable for real-world applications. 2) Computational Cost: Training a polynomial SVM

can be computationally expensive, especially for large datasets. This can be a significant

disadvantage compared to other models, such as Random Forest. 3) Feature Engineering:

Polynomial SVMs require careful feature engineering, which can be time-consuming and

difficult. This is because the performance of the model depends heavily on the choice of

features and the degree of the polynomial kernel.

To verify how good word embeddings are in detecting harassment content on social

media, we trained a 50-dimensional CBOW model on the English Wikipedia corpus, the

largest text collection freely available to collect and train models [8]. The results of the

validation set are shown in Table 4.6. As this table demonstrates, logistic regression and

MLP are the two top accurate classifiers in the binary classification task, the first has 82%

accuracy, and the latter is 81% accurate. The reasons for the Logistic Regression results

include: 1) Simplicity and Interpretability: LR is a relatively simple model with only a
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Classifier Indirect
Harassment

Physical
Harassment

Sexual
Harassment

Logistic Regression 0.913 0.913 0.949
Gaussian Naïve Bayes 0.827 0.807 0.944

Decision Trees 0.899 0.921 0.948
Random Forest 0.923 0.931 0.952

Linear SVM 0.912 0.872 0.949
Gaussian SVM 0.893 0.854 0.949

Polynomial SVM 0.779 0.736 0.949
MLP 0.918 0.877 0.949

AdaBoost 0.913 0.897 0.948
Average 0.886 0.868 0.949

Table 4.5: Accuracy values on the three classes of harassment over the validation set using
45 features extracted by TF-IDF scores. The top accurate classifiers for each harassment
type are highlighted in bold.

few parameters. This makes it easy to understand how the model works and to interpret its

predictions. Additionally, LR can provide insights into the importance of different features

through its coefficients. 2) Robustness to Noise: LR is relatively robust to noise in the data,

which can be particularly beneficial for TF-IDF features, which can be sensitive to irrelevant

words and typos. 3) Good Performance with Linearly Separable Data: When the data is

linearly separable, meaning the classes can be separated by a straight line, LR can achieve

perfect accuracy. This is often the case for some binary classification tasks where TF-IDF

features are used. 4) Computational Efficiency: LR is computationally efficient to train and

predict, making it suitable for large datasets and real-time applications.

The reasons for MLP results include: 1) Non-Linear Relationships: MLPs can capture

non-linear relationships between features, which can be important for complex tasks like

harassment classification. TF-IDF features can capture some non-linear relationships, but

MLPs can exploit these relationships more effectively. 2) Feature Representation Learning:

MLPs can learn new feature representations from the input data. This can be helpful when

the TF-IDF features are not sufficient to capture all the relevant information in the data.

3) High Capacity: MLPs can have a high capacity, meaning they can learn complex models

with many parameters. This allows them to fit complex data more accurately. 4) Adaptability:

MLPs can be adapted to different types of data and tasks by changing their architecture and

hyperparameters. This makes them versatile models that can be used for a wide range of

applications.
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For categorizing indirect and physical harassment, the Gaussian SVM and random forest

are the two top models. Random forest and Gaussian SVM have an accuracy of 97% on

average. For categorizing sexual harassment, the best models are random forest, logistic

regression, Gaussian NB, and polynomial SVM, and the performance of these models is

very close, all about 95%. On average, the best model is AdaBoost with 90% accuracy, and

the second best model is random forest with 91% accuracy.

Classifier Harassment Indirect
Harassment

Physical
Harassment

Sexual
Harassment

Logistic Regression 0.822 0.834 0.846 0.949
Gaussian Naïve Bayes 0.750 0.834 0.814 0.949

Decision Trees 0.706 0.957 0.957 0.939
Random Forest 0.787 0.963 0.973 0.950

Linear SVM 0.731 0.711 0.892 0.948
Gaussian SVM 0.727 0.966 0.982 0.776

Polynomial SVM 0.822 0.825 0.849 0.949
MLP 0.819 0.913 0.870 0.813

AdaBoost 0.786 0.935 0.938 0.948
Average 0.772 0.882 0.902 0.913

Table 4.6: Accuracy values for the Word2Vec embeddings on the validation set. The top
accurate classifiers for each harassment type are highlighted in bold.

4.5 Results and Discussion

The final experiments are performed on the test set, the same data from the challenge

proposed by the SIMAH Competition. We compare the performance of TF-IDF feature

vectors to Word2Vec embeddings and report the best scoring methods on both sets of

features. The results of the test data are presented in this section.

4.5.1 Classification with TF-IDF vectors

We perform both classification tasks on the 45 features extracted by TF-IDF values and

measure the accuracy for each run on the test set. LR, Linear SVM, and AdaBoost surpassed

the remaining algorithms for binary classification. However, DT and RF achieve the highest

results when we run experiments over the three kinds of harassment content. The complete

results are shown in Table 4.7.

In order to evaluate the outcomes of the algorithms, we also compute the macro F1 scores

for each class, presented in the following table. This performance measure is the harmonic
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Classifier Harassment Indirect
Harassment

Physical
Harassment

Sexual
Harassment

Logistic Regression 0.814 0.891 0.834 0.859
Gaussian Naïve Bayes 0.776 0.871 0.818 0.876

Decision Trees 0.799 0.879 0.887 0.876
Random Forest 0.813 0.886 0.895 0.876

Linear SVM 0.814 0.896 0.835 0.859
Gaussian SVM 0.810 0.870 0.817 0.859

Polynomial SVM 0.782 0.809 0.759 0.859
MLP 0.811 0.900 0.861 0.859

AdaBoost 0.814 0.887 0.867 0.862
Average 0.803 0.876 0.841 0.865

Table 4.7: Accuracy values for the TF-IDF vectors. The first column indicates the results of
each model on the binary classification task, harassment detection. The next three columns
show the results of the models in the multi-class classification task. The last column shows
the average accuracy of the classifiers. The top accurate classifiers for each harassment type
are highlighted in bold.

mean of precision and recall, and it aims to evaluate the classification performance of all the

classes without considering whether the data are balanced. Physical harassment is the hardest

kind of offensive content to detect, as is shown in Table 4.8. DT and RF have better physical

and sexual harassment classification results, but on average, LR and Linear SVM were the

best scoring methods [19]. The results in Table 4.8 are lower than the ones in Table 4.7 since

accuracy scores are sensitive to the presence of the major classes [128]. Accuracy is a metric

that measures the overall correctness of predictions by comparing the number of correctly

classified instances to the total number of instances, which is a commonly used measure in

classification tasks [198]. However, class imbalances can influence accuracy, where some

classes have a significantly larger number of instances than others. In such cases, accuracy

may not provide a complete picture of the model’s performance because it tends to be biased

toward the major classes. So, we also calculated the F1 score. In Table 4.8, the results are

based on the macro F1 score. As mentioned above, the macro F1 score calculates the F1

score for each class independently and then takes the average, giving equal weight to each

class. The lower results in Table 4.8 compared to Table 4.7 indicate that when considering

the performance of the model on individual classes (as captured by the macro F1 score), it is

not performing as well. This suggests that the model may struggle with correctly predicting

the minority classes or classes with fewer instances. Thus, the sensitivity of accuracy scores

to the presence of major classes might have masked or overshadowed the lower performance
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of minority classes in Table 4.7. Therefore, the macro F1 score, which gives equal weight to

all classes, provides a more comprehensive evaluation of the model’s performance in this

scenario.

Classifier Harassment Indirect
Harassment

Physical
Harassment

Sexual
Harassment

Logistic Regression 0.726 0.775 0.598 0.793
Gaussian Naïve Bayes 0.691 0.738 0.593 0.798

Decision Trees 0.697 0.673 0.613 0.802
Random Forest 0.717 0.686 0.623 0.813

Linear SVM 0.728 0.773 0.596 0.793
Gaussian SVM 0.737 0.745 0.597 0.793

Polynomial SVM 0.668 0.687 0.568 0.793
MLP 0.726 0.763 0.595 0.793

AdaBoost 0.724 0.726 0.613 0.798
Average 0.712 0.729 0.599 0.797

Table 4.8: Macro F1 values for the TF-IDF vectors on each class. The first column indicates
the results of each model on the binary classification task, harassment detection. The next
three columns show the results of the models in the multi-class classification task. The last
column shows the average of the F1 value of the classifiers. The higher accuracies in each
harassment type are in bold.

4.5.2 Classification with Word Embeddings

When we run the supervised methods on the dataset represented by the word vectors

yielded by the Word2Vec model, the accuracy values for the binary classification are lower

than the ones on the TF-IDF features, as Table 4.9 shows. The main reason for this

difference in performance is the nature of the training data input to the Word2Vec model.

As Wikipedia generally presents only formal language, the swear words in the tweets do not

have meaningful representations in the model. Furthermore, if we had trained Word2Vec on

the data used in this study, the word representations could lead to overfitting. Among the

supervised algorithms, RF and Gaussian SVM had the best results on most tries.

By computing the macro F1 scores (Table 4.10), we can see that LR and Polynomial

SVM present the highest average F1 score values as the top scores in most classes. Some

possible reasons for this behavior of these two models could be, (1) LR and Polynomial

SVM are both linear models. Linear models are relatively simple and easy to train, but they

can be very effective for classification tasks. In particular, they are well-suited for tasks

where the data is relatively well-structured and there are a large number of features. (2) LR
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Classifier Harassment Indirect
Harassment

Physical
Harassment

Sexual
Harassment

Logistic Regression 0.781 0.837 0.822 0.858
Gaussian Naïve Bayes 0.735 0.831 0.809 0.860

Decision Trees 0.660 0.899 0.933 0.857
Random Forest 0.760 0.909 0.948 0.858

Linear SVM 0.727 0.894 0.847 0.859
Gaussian SVM 0.707 0.907 0.952 0.847

Polynomial SVM 0.781 0.843 0.836 0.859
MLP 0.768 0.869 0.848 0.669

AdaBoost 0.752 0.899 0.912 0.857
Average 0.741 0.876 0.879 0.836

Table 4.9: Accuracy values for Word2Vec Embeddings. The first column indicates the
results of each model on the binary classification task, harassment detection. The next three
columns show the results of the models in the multi-class classification task. The last column
shows the average accuracy of the classifiers. The higher accuracies in each harassment type
are in bold.

and Polynomial SVM are both able to learn complex relationships between features. This is

important for harassment detection, as harassment can be expressed in a variety of ways,

using different words and phrases. Concerning the harassment content in the tweets, sexual

harassment was the easiest to detect, primarily due to its higher prevalence in the dataset.

Classifier Harassment Indirect
Harassment

Physical
Harassment

Sexual
Harassment

Logistic Regression 0.731 0.666 0.599 0.791
Gaussian Naïve Bayes 0.692 0.665 0.589 0.794

Decision Trees 0.608 0.579 0.575 0.782
Random Forest 0.681 0.527 0.528 0.785

Linear SVM 0.533 0.667 0.595 0.793
Gaussian SVM 0.414 0.475 0.487 0.458

Polynomial SVM 0.729 0.670 0.604 0.793
MLP 0.716 0.513 0.523 0.583

AdaBoost 0.697 0.652 0.589 0.787
Average 0.644 0.601 0.565 0.729

Table 4.10: Macro F1 values when using Word2Vec Embeddings. The first column indicates
the results of each model on the binary classification task, harassment detection. The next
three columns show the results of the models in the multi-class classification task. The last
column shows the average F1 score of the classifiers. The highest accuracy is in bold.

To assure the performance of our approaches for harassment content classification on

social media, we compute the average accuracies for the three kinds of offensive tweets using

the scores from Table 4.7 and compare them to the results reported by Sharifirad et al. [187].
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The four lines at the top and the bottom of Table 4.11 were extracted from their work. In

the top 4 rows of the table, AWR refers to “All Words Replacement”, a text augmentation

technique [186]. In our experiments, we did not perform this kind of data enrichment. Our

results on the 45 TF-IDF vectors surpassed the results reported by Sharifirad et al. [187],

without text augmentation. However, our approaches must be improved compared to their

augmented dataset results. The rise in accuracy compared to the literature results that do not

use text augmentation shows that pre-processing tasks considerably influence the results.

Nevertheless, our approach is stable and robust to detect harassment content on Twitter.

Classifier Average
CNN + AWR 0.980

LSTM + AWR 0.980
SVM + AWR 0.920

Naïve Bayes + AWR 0.940
Logistic Regression 0.861

Gaussian Naïve Bayes 0.855
Decision Trees 0.880
Random Forest 0.885

Linear SVM 0.863
Gaussian SVM 0.848

Polynomial SVM 0.809
MLP 0.873

AdaBoost 0.872
CNN 0.750

LSTM 0.740
SVM 0.680

Naïve Bayes 0.600

Table 4.11: Average accuracy values for detecting harassment content (using scores from
Table 4.7), compared to the results in the literature for detecting harassment, using the same
tweet dataset introduced in this chapter. The highest accuracy is in bold.

4.6 Conclusion and Future Works

This chapter aims to improve the classification performance of different models on Twitter

data. By considering different types of online harassment on social media, we used nine

supervised algorithms to categorize this content. We also empirically compared TF-IDF

feature vectors and Word2Vec embeddings trained on the Wikipedia English corpus. Finally,
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we validated all the executions of the algorithms on a 10-fold cross-validation process,

applied them over a validation set, and then classified the posts collected from Twitter.

Among the nine models to categorize offensive content, DT, RF, and Linear SVM

showed the best results. DT and RF classified instances according to information gain,

whereas Linear SVM found the hyperplane that maximizes the classes’ boundary decision.

In social media content, the information gained from the first two algorithms is influenced

by the frequency of each word associated with some label. At the same time, in the last

one, the hyperplane is calculated according to optimization functions (see [15] for more

details). We noticed that embeddings trained on textual corpus whose domain differs from

the target data tend to decrease the classification performance. It also showed that these

representations are not robust enough to perform well regardless of the data domain over

which the predictions are performed. To indicate some of the reasons for our observations

based on our experiments, we can point to, (1) DTs and RFs are able to learn complex

relationships between features without overfitting. TF-IDF and Word2Vec embeddings

are both high-dimensional feature representations, so DTs and RFs are likely to perform

well on tasks that use these representations. (2) The superior performance of DTs and RFs

is also due to the fact that they are ensemble methods. Ensemble methods combine the

predictions of multiple individual learners to produce a final prediction. This can help to

reduce overfitting and improve classification performance. (3) Linear SVMs are also well-

suited for classification tasks, but they are more sensitive to the choice of hyperparameters.

However, since we used a 10-fold cross-validation process to tune the hyperparameters of

the linear SVM model, it likely helped to improve its performance. (4) Embeddings trained

on a textual corpus with a different domain from the target data may not be as effective for

classification. This is because the embeddings may not be able to capture the nuances of

the language used in the target domain. For example, if we trained embeddings on a corpus

of news articles and then used them to classify tweets, the embeddings may not be able to

capture the informal language and slang that are commonly used in tweets.

Some of the Word2Vec Features include: 1) Capturing Semantic Similarity: Word2Vec

represents words as vectors in a continuous space, where semantically similar words are

closer together. This allows the model to capture the meaning and context of words more

effectively than TF-IDF, which simply counts the frequency of words. 2) Efficient Feature

Representation: Word2Vec features are dense and high-dimensional, which can be more
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effective for capturing complex relationships between words compared to sparse TF-IDF

features. 3) Less Prone to Noise: Word2Vec features are less sensitive to irrelevant words

and typos compared to TF-IDF, which can be particularly beneficial for noisy data.

Some of the TF-IDF Features include: 1) Simple and Interpretable: TF-IDF features are

directly interpretable, as they represent the frequency of words in the documents. This makes

it easier to understand how the model is making predictions. 2) Robust to Out-of-Vocabulary

Words: TF-IDF features are robust to out-of-vocabulary words, which can be a problem

for Word2Vec, as it requires words to be pre-trained in the vocabulary. 3) Effective for

Text Classification: TF-IDF has been proven effective for various text classification tasks,

including sentiment analysis and topic modeling.

Therefore, the different performance of Word2vec and TF-IDF models can be attributed

to the following reasons: 1) Feature characteristics: Word2Vec captures semantic similarity

more effectively than TF-IDF, while TF-IDF is simple and interpretable. 2) Model strengths:

Random forests are robust to noise and excel at complex non-linear relationships, while

LR and MLP perform well with linearly separable data and are computationally efficient.

3) Task complexity: The complexity of the binary classification task can influence the

effectiveness of different feature types and models. In conclusion, the optimal choice of

model and feature representation depends on the specific characteristics of the data and

the desired outcome. Word2Vec may be preferable when capturing semantic similarity is

crucial and the data is complex, while TF-IDF may be better for simpler tasks and when

interpretability is important. Random forests can be a strong choice when dealing with noisy

data and complex relationships, while LR and MLP can be efficient options for linearly

separable data.

When we have automatic approaches to detect the various types of harassment on social

media, it makes it more applicable to prevent this type of behavior from growing. We also

expect this work to leverage the discussions on harassment detection on Twitter and other

social networks. Furthermore, in future work, we plan to test deep learning architectures on

our set of features and different test strategies of data augmentation.



Chapter 5

Graph Convolutional Network for Categorizing Online Harassment on

Twitter

Twitter is one of the social media platforms where people express themselves freely. Ha-

rassment is one of the consequences of these platforms, which is hard to prevent. Text

categorization and classification is a task that aims to solve this problem. Many studies

applied classical machine learning methods and recent deep neural networks to categorize

text. However, only a few studies have explored the effectiveness of graph convolutional

neural networks simultaneously using classical approaches to categorize harassment in

tweets.

In the previous chapter, Chapter 4, we studied the problem of harassment categorization

using classical machine learning models. Our experimental results indicate there is still

room to improve our categorization accuracy. Harassment categorization is a problem that

can be modeled as a relational data problem, where the data points are text messages, and

the relationships between the data points are the interactions between the users who sent and

received the messages. Graph convolutional models are well-suited for modeling relational

data. They can learn from the relationships between the data points, which can help them

better understand the context of the messages and identify harassment more accurately. In

this chapter, we study the same problem as in the previous chapter while using a graph

convolutional model.

In this work, we propose using Graph Convolutional Networks (GCN) for the tweet

categorization task along with different embedding models. We use BERT, SBERT, and

our representation learning model, C-KASE, which we presented in Chapter 2. Second,

we explore this categorization task by using classical machine learning approaches, as in

Chapter 4, and compare the results with the GCN model. Third, we show the effectiveness

of the GCN model in performing this task by feeding half of the dataset to the model

and still obtaining good performance, above 91% for categorizing all different harassment

types. Furthermore, we employ various embedding approaches to discover the optimal

101



102

representation of harassment within each of the models 1.

5.1 Introduction

Text categorization or text classification is a primary critical task in Natural Language

Processing (NLP). Online platforms are attracting more users [189], and people, specifically

on social media, tend to express themselves freely. As discussed in Chapter 4, sexism in

language has been discussed in different communication media, such as Twitter and other

social networks. So, it is a known problem to detect sexist content online automatically. One

possible way is to explore content on social platforms, such as Twitter, employing Machine

Learning (ML) techniques [60]. The results of this type of categorization problem play a

crucial role in fostering an educational culture among social network users and addressing

the issue of online harassment.

Text representation is one of the critical steps for text classification. Traditional methods

used hand-crafted features like bag-of-words and n-grams. Recently, with the advent of

deep learning models such as convolutional neural networks (CNN) [92, 89], and recurrent

neural networks (RNN) [184], as well as graph neural networks (GNN) [182, 81], there

has been a shift towards utilizing these models for text representation. Between them,

graph neural networks are particularly effective in capturing the structural information

present in a graph and generating graph embeddings. In the context of text classification,

graph-based representations can be constructed by treating text documents as nodes and

capturing relationships such as co-occurrence or syntactic dependencies as edges. By

leveraging the structural information encoded in these graphs, graph neural networks excel

at extracting meaningful features from text data. This property makes them widely used in

various applications, including text classification tasks [224]. This property is also referred

to as long-range dependencies, meaning GCNs can learn long-range dependencies. In

harassment categorization, it is important to be able to capture long-range dependencies in

the data. This means that it is important to be able to understand the context of a message,

even if it is several messages away from the current message. GCNs can learn long-range

dependencies in the data, which can help them better understand the context of the messages

and identify harassment more accurately. Another property is that GCNs are good at

modeling relationships between data points. Harassment categorization can be thought of

1Part of this chapter is published in [169].
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as a problem of modeling relationships between data points, where the data points are text

messages and the relationships are the interactions between the users who sent and received

the messages. GCNs can learn from the relationships between the data points, which can

help them to better understand the context of the messages and to identify harassment more

accurately.

This study uses a sexual harassment tweets dataset that includes comments in English.

This dataset is the same as was used in Chapter 4. Each tweet has a set of labels that shows

if the tweet includes harassment or not and which type of harassment is in each tweet; three

categories are considered here: “indirect harassment”, “physical harassment”, and “sexual

harassment”. We build a graph convolutional network to categorize comments into these

three categories and use classical ML approaches to compare classification results. In the

first step, we classify tweets into two groups; harassment versus no harassment. The second

step categorizes different online harassment tweets into the three mentioned classes. The

ML algorithms we use for both tasks include Logistic Regression (LR), Naïve Bayes (NB),

Decision Tree (DT), Support Vector Machines (SVM), Random Forest (RF), Multilayer

Perceptron (MLP), and AdaBoost. The code for this project is publicly available 2.

5.2 Background

Most previous works in text classification mainly focus on feature engineering and classi-

fication algorithms [98, 135]. In most of these studies, the most used feature is the bag of

words feature, and later the n-grams feature [224]. Some of these works have converted text

to graphs and performed feature engineering on graphs and subgraphs [224, 68]. There are

studies showing representation learning method applied in the deep learning algorithm has a

significant role [211, 224]. So, in this chapter, we use a graph neural network approach and

compare its results with our previous results provided in Chapter 4.

Some of the previous works have used CNN for sentence classification [31] due to their

ability to capture local dependencies and hierarchical structures within sentences. These

models leverage convolutional operations to extract relevant features, enabling them to

accurately classify sentences based on their semantic meaning. Character level CNNs are

designed and achieved promising results on text data [227, 33]. Later, in RNN models,

by introducing the attention mechanism, these types of classifier models show significant

2https://github.com/mozhgans/Classification_harassment
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improvement in results [222, 214]. RNNs, by their sequential nature, process information

in a step-by-step manner, considering only the context of the current input and the hidden

state from previous inputs. This sequential processing may limit their ability to capture

long-range dependencies or relationships that exist across the entire corpus. In other words,

RNNs lack the capability to incorporate knowledge about how words or elements within a

text corpus co-occur or relate to each other in a broader context. This limitation can affect

their performance in tasks that require understanding global patterns or making decisions

based on a comprehensive understanding of the corpus. To address this drawback, alternative

models or approaches, such as transformer-based architectures, have been developed to

explicitly capture global dependencies and improve the representation of information within

a corpus [126].

Graph neural networks (GNNs) have received growing attention recently in the task

of text classification [224]. The graph convolutional model was introduced by Kipf and

Welling [81], which shows the best results in many different tasks and benchmarks [65, 81].

The idea of GNNs in text classification is to leverage the underlying graph structure inherent

in text data for improved classification performance. The graph represents the relationships

between textual elements such as words, sentences, or documents in this context. GNNs

can capture the structural information in the graph, allowing them to learn representations

that encode local and global dependencies among the text elements. By considering the

relationships and interactions between words or sentences within the graph, GNNs can

effectively model the contextual information and capture semantic connections. Since

text data often exhibit complex relationships and dependencies, by utilizing GNNs, text

classification models can benefit from the enhanced representation and understanding of the

interdependencies between textual elements, leading to improved performance in tasks such

as text classification. GNNs in text classification offer a powerful framework to exploit the

inherent graph structure in text data, enabling more accurate and nuanced modeling of the

relationships between textual elements and, consequently, enhancing the performance of

text classification tasks [126, 221].

5.3 Tweet Categorization

Our tweet categorization system aims to perform binary and multi-class classification,

similar to the goal of the previous chapter. In binary classification, our goal is to categorize
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the data instances into one of two groups. In multi-class classification, the attempt is

to assign each data instance to one of several classes. In the following section, we will

introduce our method in detail. First, we show how to build the graph convolutional network,

a powerful neural network designed to work directly on graphs and leverage their structural

information. Then, we show how information is propagated through the hidden layers of

a GCN. Next, we see how the GCN aggregates information from the previous layers and

how this mechanism produces useful feature representations of nodes in graphs. Then, we

explain how to predict the label for a given text based on the learned representations. Finally,

we provide information about the supervised classical ML approaches, use them for this

tweet categorization, and compare the results of all models together.

Graph Convolutional Network

The goal of Graph Convolutional Networks (GCNs), in general, is to perform machine

learning tasks on graph-structured data [81]. GCNs aim to learn node representations

by considering both local and global information within the graph. GCNs can extract

features and make predictions on graph-structured data by capturing the relationships and

dependencies between nodes. In the context of text classification, the goal of GCN is to

leverage the underlying graph structure present in text data and enhance the classification

performance. The graph can represent relationships between words, sentences, or documents.

So, GCNs can capture the contextual information and dependencies among text elements.

This allows GCNs to learn representations that encode both local and global information,

enabling them to classify text data into different categories or classes effectively [226, 204].

GCNs have a multi-layer neural network architecture, which is mostly used when the

machine learning algorithm will be applied on graphs [81], meaning GCN operates directly

on a graph.

For the rest of this subsection, we built our model based on the formal notations intro-

duced in the original GCN paper [81]. We state the original GCN model before mapping

it to our problem. In the settings following the original GCN work, the graph is depicted

as G = (V,E), where V (|V | = n) is the set of the nodes, and E is the set of the edges,

similar to the GCN original paper [81, 224]. Every node is assumed to be connected to

itself, i.e., (v, v) ∈ E for any v. The reason for this assumption is mentioned at the end of

this paragraph. X ∈ Rn×m is a matrix containing all n nodes with their features, where
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m is the dimension of the feature vectors. Each row xv ∈ Rm is the feature vector of

a vertex v. Similar to previous work [204, 170], we consider an adjacency matrix A of

G and its degree matrix D, where Dii =
∑

j Aij . Because of self-loops, the diagonal

elements of A are all 1. We now have a graph, its adjacency matrix A, and a matrix of

input features X . After applying the propagation rule f(X,A) = AX and X = I (the

identity matrix is used as a component to preserve the existing node features during the

convolutional operation), the representation of each node (each row) is now a sum of its

neighbor’s features. In other words, the graph convolutional layer represents each node

as an aggregate of its neighborhood. Considering the self-loops in the graph is because of

the aggregated representation of a node to include its features means including the identity

matrix in the propagation rule of GCN ensures that the node features are preserved and

incorporated during the information propagation process, enabling the model to leverage

both local and individual node information for improved performance. The architecture of

this GCN is inspired by Japsen in the paper with the title “How to do Deep Learning on

Graphs, with Graph Convolutional Networks” [69].

For a one-layer GCN, the new k-dimensional node feature matrix L(1) ∈ Rn×k is

computed as the following formula, which is introduced by Kipfl et al. [81, 224],

L(1) = ρ(ÂXW0), (5.1)

where Â is D−0.5AD−0.5, the normalized symmetric adjacency matrix and W0 ∈ Rm×k is

the weight matrix. The ρ is the activation function (RELU); ρ(x) = max(0, x). The weights

in the weight matrix are typically learned through the training process. This weight matrix is

a learnable parameter matrix in GCN. It determines how the node features are transformed

during the convolutional operation. The dimensions of the weight matrix depend on the

input and output feature dimensions. If the input node feature matrix has dimensionality

N × D, where N is the number of nodes and D is the dimension of each node’s feature,

and the desired output dimension is K, then the weight matrix W will have dimensions

D × K. During the training phase, the weights in the weight matrix W are optimized to

minimize a predefined loss function. This optimization process involves iteratively adjusting

the values of the weights based on the gradients computed through backpropagation. The

specific optimization algorithm, such as stochastic gradient descent (SGD) or Adam, is

typically used to update the weights and improve the performance of the GCN model on the
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given task. By learning the weights in the weight matrix, the GCN model can adaptively

determine the importance and transformation of each feature dimension for the target task.

This flexibility allows the model to effectively capture and utilize relevant information in the

node features, enhancing its capability for tasks such as node classification, link prediction,

or graph-level prediction.

When multiple GCN layers are stacked, information about more prominent neighbors is

integrated using this update rule;

L(j+1) = ρ(ÂLjWj), (5.2)

where j is the layer number and L0 = X . In other words, the size of the second

dimension of the weight matrix determines the number of features at the next layer. The

feature representations can be normalized by node degree by transforming the adjacency

matrix A by multiplying it with the inverse degree matrix D. First, we use the simple

propagation rule f(X,A) = D−1AX , then improve it. The improved version is inspired by

recent works [81, 224] that proposes a fast approximate spectral graph convolution using

a spectral propagation rule f(X,A) = σ(D−0.5AD−0.5XW ). They show this property is

very useful, that connected nodes tend to be similar, e.g., have the same label.

We consider each tweet post as one node of the graph, and a newly added node will

connect with its nearest neighbor using cosine similarity, which makes the edges of the

graph. The cosine similarity between two nodes on the edges makes the weight matrix. We

start creating the graph by selecting five nodes from our corpus; three of them from the three

different harassment classes, one node as the tweet we know contains harassment and one

node that is not harassed. In each category, we define a representative node for that class,

the average representation of all nodes. In the first step, each class representative and the

nodes are the same. The averaging process for calculating the representative node starts

from the second step when we add new nodes to the graph to categorize. The dependencies

between nodes that represent similarities are weights on the edges. The number of nodes in

the text graph |V | is the number of tweets (corpus size). We set the feature matrix X as an

extracted representation of SBERT 3 as input to GCN.

For the representation, we test different embedding representations including Glove [151],

TF-IDF [177], BERT [38], SBERT [163], LMMs [105], and C-KASE. It is important to

3Our settings are based on https://www.sbert.net

https://www.sbert.net
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note that when employing word-based embedding models, we extracted embeddings for

individual words in each tweet and employed an averaging technique for aggregation. We

then used the resulting vector as the representation of the entire tweet. Other aggregation

methods are also possible to consider here. In the result section, we reported the result of

the winner–in terms of accuracy– which is SBERT.

As mentioned, the weights of the edge between node i and node j are defined as:

Wij = cosine sim(R(i), R(j)) =
R(i) ·R(j)

||R(i)||||R(j)||
(5.3)

where R(i) is the representation of node i.

We pass the graph after building it into a simple 2-layer GCN, as in GCN and Text

GCN [81, 224], the second layer node (tweet) embeddings are fed into a softmax classifier:

Z = softmax(ÂRELU(ÂXW0)W1) (5.4)

where

Â = D−0.5AD−0.5 (5.5)

and

softmax(xi) =
1

Z
exp(xi) (5.6)

with Z =
∑

i exp(xi).

For the loss function, we also follow the loss function that Kipfl et al. defined in their

work as L = −
∑

d∈YD

∑F
f=1 Ydf lnZdf [81]. In this loss function definition, YD is the set

of tweet indices that have labels, and F is the dimension of the output feature [224]. Y is

the label indicator matrix. The weight parameters W0 and W1 can be trained via gradient

descent, similar to Text GCN [224]. The matrix ÂXW0 contains the first layer tweets and

embeddings, and ÂRELU(ÂXW0)W1 contains the second layer tweets and embeddings.

This architecture helps to pass information between a pair of nodes (pair of tweets). This

2-layer GCN performs message passing between nodes to a maximum of two steps away.

This GCN model on this Tweets dataset performs better than a one-layer model and models
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with more than two layers, based on recent works [81, 97, 66]. Using a 2-layer GCN

instead of a single layer can provide several advantages and improvements in capturing more

complex relationships and higher-order dependencies in the graph-based data. One reason

for using multiple layers in GCNs is to capture Local and global information; a 2-layer

GCN allows the model to capture both local and global information from the graph. The

first layer aggregates information from the immediate neighbors of each node (tweets) in

the graph, capturing local dependencies. The second layer then aggregates information from

the first layer’s representations, allowing the model to capture more global dependencies

and interactions across the entire graph. Our model’s validity is demonstrated through

experimental performance comparisons with recent models [81, 97], in Section 5.4.

5.4 Experiments

We evaluate the accuracy of the classical ML and GCN models on the tweets categorization

task. Later, we assess if our GCN model works well even with a limited number of tweets.

5.4.1 Classical Machine Learning Algorithms

We compared the performance of supervised classifiers for this problem with our GCN

model because harassment detection was a relatively brand-new NLP task (at the time of

this work, December 2020). For this comparison, we applied different supervised classifier

models, as discussed in Chapter 4 in detail. For example, Kernel, ensemble, and deep

learning methods are common binary classification methods [101]. We chose the following

classifiers based on our recent work [172, 218], Logistic regression, Gaussian Naïve Bayes,

Decision Trees (DTs), linear, Gaussian, and polynomial Support Vector Machines (SVM).

The word embeddings were those that we used in the previous chapter. We also tried BERT,

Sentence BERT (SBERT), and C-KASE, our new proposed embedding model introduced in

the second chapter.

5.4.2 Baselines

We compare our GCN model with multiple state-of-the-art text classification and embedding

methods as follows:

• TF-IDF + Classical ML models
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• Word2Vec + Classical ML models [172]

• CNN [79]

• LSTM and Bi-LSTM [101]

• fastText [74]

5.4.3 Data

This dataset is the same dataset introduced in the previous chapter, the SIMAH’s competition

dataset 4. This English Twitter harassment dataset comprises 10, 622 posts collected from

Twitter in English. The data statistics are presented in Table 4.1. In this dataset, the number

of data instances for training is 6, 374. The number of data instances for validation is 2, 125.

Finally, the number of data instances for the test is 2, 123. The statistics show that sexual

harassment is the most numerous kind of hate speech in this set with 3, 419 data instances,

while the number of tweets including harassment content is 3, 956. The second type of

harassment available in data points is indirect harassment. This type pertains to sexism and

indirect offenses that do not target a specific individual but contribute to an overall toxic

environment. The third type of harassment available in this dataset is physical harassment,

which refers to violent threats on social media. We also observe from the dataset summary

table, Table 4.1, that classes in our data are not balanced. So, special attention is required in

the pre-processing step for balancing the dataset classes.

5.4.4 Settings

In this section, we describe our experimental setup. First, we started by pre-processing

the data. This includes tokenization, removing stop-words, lemmatization, and word rep-

resentation extraction5. The pre-processing task for this Tweet dataset includes removing

hyperlinks, hashtags, numbers, and punctuation marks. We removed the Twitter acronyms

and HTML tags, including [don, http, amp, cc, rt, x89, x95, x9d, na, im, co, id].

After pre-processing, we performed the classification tasks and validated the models on

a 10-fold cross-validation setup. As we tested different representations for the tweets, the

4You can request the data from the SIMAH’s competition website:
https://competitions.codalab.org/competitions/?q=simah

5We used the provided functions by NLTK library https://www.nltk.org/.

https://www.nltk.org/
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Figure 5.1: Dataset Statistics. ‘Indirect H.’ stands for indirect harassment, ‘Physical H.’
refers to physical harassment, and ‘Sexual H.’ means sexual harassment. The first figure
shows the statistics of each harassment class in the training data. The second figure represents
the statistics of the validation dataset and number of instances in each class. The last figure
represents the statistics and number of instances in each class of the test dataset.
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lemmatized words were used to extract their representations in the Word2Vec, whereas the

stemmed forms of the exact words were used to yield their term frequency-inverse document

frequency (TF-IDF) representation with the ‘Tf-idf Vectorizer’ function from Scikit-learn.

We run experiments with the classical classifiers [172] for reducing the sparsity of the

representation matrix of TF-IDF scores, and SMOTE for balancing the dataset6. SMOTE

generates synthetic samples for the minority class by interpolating between neighboring

instances, thus increasing the presence of underrepresented classes. For GCN and the Tweets

representation with sentence transformers, we used Sentence-Bert7. Following [81, 224],

we randomly selected 10% of the training set as a validation set and trained GCN for a

maximum of 200 epochs using Adam [80] and stopped training if the validation loss does

not decrease for 10 consecutive epochs.

5.5 Results and Discussion

The accuracy score of each model is presented in Table 5.1. The GCN model outperforms

other models in the first binary classification task, including the classical classifiers. The

TF-IDF+RF can outperform CNN with randomly initialized word embeddings. As we

observed from the results, LR, RF, Linear SVM, Gaussian SVM, MLP, and AdaBoost

have shown better performance in comparison with GNB and DT. Polynomial SVM with

degree 2 has also not performed well due to the likelihood of overfitting caused by the

polynomial kernel, as shown in Table 5.1. The polynomial kernel is capable of capturing

complex relationships between features by mapping them to a higher-dimensional space.

However, when the degree of the polynomial is set too high, such as in degree 2, it can lead

to overfitting. Overfitting occurs when the model becomes too specific to the training data

and fails to generalize well to unseen data. In the case of Polynomial SVM with degree 2,

the model may be overly flexible and fit the training data too closely, including noise or

irrelevant patterns. As a result, its performance on new, unseen data, such as tweets in the

classification task, can suffer.

For the task of multi-class classification of online harassment tweets into three cate-

gories of “indirect harassment”, “sexual harassment”, and “physical harassment”, we run

the same algorithms over the dataset. Physical harassment is the most challenging content

6SMOTE[29] for balancing the classes.
7https://www.sbert.net
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to classify since it is the least frequent among the dataset’s classes. On the other hand,

sexual harassment is easier to detect in tweets because sexual tweets are explicitly written

in the posts. RF results surpass the remaining methods on the three labels, hitting 0.935

of average accuracy on the test data. The binary classification task shows that Gaussian

Naïve Bayes and Polynomial SVM are the worst-performing models. The GCN model

introduced in this work performs better than all classical classifiers. All of these results

are shown in Table 5.1. The reason for obtaining good accuracies from the GCN model in

comparison with classical ML approaches relates to the fact that GCN models capture local

and global dependencies, meaning they consider the graph structure and model interactions

between neighboring words, enabling them to better represent the local and global context

of the text. When we use the GCN model with contextual word embeddings, such as those

generated by pre-trained models like BERT, the model captures the meaning of words

based on their surrounding context. These embeddings provide rich and informative repre-

sentations, improving the quality of feature vectors used for classification. For tasks that

involve document-level or paragraph-level relationships, GCNs can integrate graph-based

information naturally. The GCN model captures not only word-word relationships but also

sentence-sentence or document-document interactions, providing more context-aware and

informative representations for classification. In the case of GCN with SBERT, sentence

embeddings from SBERT are used as the initial node representations for the graph. These

sentence embeddings have been specifically designed to capture the semantic meaning of

entire sentences, making them potentially more suitable for this certain tweet classification

task. While BERT and C-KASE provide contextual embeddings at the word level, they do

not explicitly capture sentence-level relationships in the graph. The GCN may still capture

some contextual information, but the sentence-level relationships might not be as promi-

nent. SBERT focuses on generating semantically meaningful sentence embeddings, which

inherently capture sentence-level relationships. This sentence embedding model performs

better in our categorization problem since our data is a collection of tweets, and almost all

the tweets are in the form of full sentences rather than words. When the task is classifying

the words, the word-level embeddings, such as BERT and C-KASE, perform better than

SBERT. By using SBERT embeddings as input to the GCN, the model can more explicitly

leverage sentence-level meaning, which can be advantageous for our text classification task

that heavily relies on understanding the entire sentence’s semantics. SBERT uses a weighted
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combination of mean and max pooling to create sentence embeddings. Mean pooling is a

simple method that averages the word embeddings for all the words in a sentence. Max

pooling is a more aggressive method that takes the maximum value of the word embeddings

for all the words in a sentence. The training data determine the weights. This means that

SBERT is able to learn which pooling strategy is more effective for a particular task.

The information provided in Table 5.1 is also demonstrated as a heatmap in Fig 5.2, as

a visualization tool. This heatmap is a visual tool, allowing readers to easily interpret and

compare accuracy differences among the tested models.

In some NLP tasks, a critical limitation for the models is the dependency of the model

on the amount of annotated corpora [75]. Therefore, building a model that can learn from a

limited set of examples is crucial. In one of our experiments, we used half of the randomly

selected data points in each class and evaluated the GCN model for this aim. The model’s

performance is shown in Table 5.2 when the data we use is complete versus when it is halved.

The performance drops only %3. Compared with the accuracy of other models, even on the

complete dataset, this result shows the robustness of the outcomes of the GCN model.

5.6 Conclusion

In this chapter, we aimed to improve the classification performance of different models on a

collection of Twitter data, including classical machine learning and deep neural network

models. Besides using classical machine learning approaches introduced in the previous

chapter and building a baseline, here, we built a 2-layer graph convolutional network for

this task. In this model, we used our new embeddings as the representations to evaluate the

performance of our model in comparison with another context-based language model, BERT

and SBERT. The results showed our GCN model performed well in the classification task in

comparison with other models and representations. We have validated all the experiments on

a 10-fold cross-validation process. We also performed an empirical performance comparison

of the GCN model when using half of the dataset, and the results showed the robustness of the

model. The main reason the GCN worked well on this categorization task is that this model

computes the features of each node as the weighted average of itself and its second-order

neighbors, so it outperformed numerous state-of-the-art methods on this dataset.
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Figure 5.2: Accuracy heatmap of each one of the models (in rows) on different harassment
types (in columns). The lighter color indicates lower accuracy.
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Model Harassment Indirect
Harassment

Physical
Harassment

Sexual
Harassment

LR 78± 0.65 83 ± 0.12 82 ± 0.02 85± 0.41
GNB 73± 0.48 83 ± 0.54 81 ± 0.37 86± 0.67
DT 66± 0.71 89 ± 0.52 93 ± 0.85 85± 0.03
RF 76± 0.55 90 ± 0.48 94 ± 0.35 85± 0.54

L-SVM 72± 0.96 89 ± 0.23 84 ± 0.24 85± 0.08
G-SVM 70± 0.52 90 ± 0.33 95 ± 0.96 84± 0.61
P-SVM 78± 0.65 84 ± 0.56 83 ± 0.71 85± 0.07
MLP 76± 0.54 86 ± 0.32 84 ± 0.76 66± 0.22

ABoost 75± 0.61 89 ± 0.19 91 ± 0.54 85± 0.54
CNN 72± 0.54 83 ± 0.45 81 ± 0.56 84± 0.76

LSTM 70± 0.05 81 ± 0.68 79 ± 0.34 80± 0.23
Bi-LSTM 76± 0.34 82 ± 0.34 85 ± 0.43 82± 0.65

fText 84± 0.17 86 ± 0.93 85 ± 0.05 88± 0.54
GCN-BERT 88± 0.21 87 ± 0.14 89 ± 0.53 88± 0.48

GCN-CKASE 89± 0.53 88 ± 0.14 91 ± 0.22 89± 0.43
GCN-SBERT 92± 0.32 93 ± 0.15 95 ± 0.28 95± 0.04

Table 5.1: Test Accuracy on both categorization tasks. We ran all models 10 times and
reported the mean ± standard deviation. GCN significantly outperforms other models on
this Tweet dataset, based on student t-test (p<0.05).

Model Harassment Indirect
Harassment

Physical
Harassment

Sexual
Harassment

GCN 92± 0.32 93± 0.56 95± 0.16 95± 0.54
GCN* 90± 0.53 91± 0.76 92± 0.73 92± 0.02

Table 5.2: Test Accuracy of the model when the data is complete (GCN), in comparison
with when the size of data is halved (GCN*). Here, we used SBERT embeddings which is
the winner of the previous experiments.



Chapter 6

Conclusions and Future Research

This dissertation presents a novel text representation learning model considering the con-

textual information in the representations. We continue showing the applications of this

new representation model in two NLP tasks, WSD and text classification. We build this

representation learning model based on our results from analyzing recent state-of-the-art

language models on parts of speech tags in the WSD task. Our representation learning

model considers context from the surrounding words of the input text and the context from

knowledge bases. We compare our model against baselines, including recent contextual

language models. Using our representations in a 1-nearest-neighbor approach to solve the

WSD task, we show that our representations significantly improve the accuracy of the final

results.

Second, we apply our representations in a text classification task, classifying harassment

text. We divide this task into two levels, binary and multi-class classification tasks. We show

that using our representations in a deep learning model has better classification accuracy

performance than other models. Finally, we build a 2-layer graph convolutional network for

the multi-class classification of harassment text. This model considers the weighted average

of each node’s features and the second-order neighboring nodes. The experimental results

show that involving neighboring information as context, in terms of considering sentence

embeddings when classifying the text, helps to improve the final results.

The following contribution of this thesis is an algorithmic contribution to the Wikification

task. Wikification is the WSD task when Wikipedia is the knowledge base. We present

two algorithms for Wikification. The first algorithm segments the text and uses contextual

information from overlapped windows. It helps to augment the contextual information of the

input text when disambiguating the text. The second algorithm assigns weights to possible

meanings of ambiguous words and ranks them based on the relevancy degree of each

possible meaning to the context. Our results of comparison with other recent state-of-the-art

models show the effectiveness of our algorithms.

117
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There are multiple future directions to follow from this thesis, described below.

WSD problem: This thesis evaluates our approaches regarding the WSD problem to

general English and domain-specific biomedical texts. In the biomedical domain, we know

that the UMLS metathesaurus is disambiguating terms in this field more accurately than

when we use Wikipedia [175, 213], and MetaMap is the most widely used tool in this field

to disambiguate the concepts [43]. The following are some open questions and ideas:

• (i) How is the link structure between UMLS’s entities that helped this source to be

beneficial for the task of WSD on biomedical text? In other domains, if there is no

such a knowledge base, can we build one with a similar link structure between the

knowledge base’s entities of domain-specific fields?

• (ii) Is it possible to combine the knowledge bases of Wikipedia and UMLS for better

disambiguation accuracy compared with the MetaMap tool? Using the link structure

between synsets of BabelNet through the hypernyms and hyponyms relation helped

design embeddings and disambiguate the general English texts. The availability of

a similar link structure in domain-specific knowledge bases might also improve the

final results.

Text Disambiguation: The second challenge regards the method of text disambiguation.

Our current work provided a new context-based representation learning model that produced

sense representations by considering the surrounding words of each concept and applying

the 1-nearest-neighbor approach for WSD. This consideration of context improved the

performance in different NLP tasks, including WSD. We used the pre-trained language model

BERT in our proposed model to generate the initial representations. Then, we concatenated

the representation of each sense with the context representation of that sense. We used this

representation in a 1-nearest-neighbor approach to disambiguate the text. One possible

future research is to develop the graph convolution network during the disambiguation time,

the same strategy as our model in the classification task. The objective is to disambiguate

the text using our new representation as input to a deep learning model. We can build the

graph of the mentions (as nodes) in the text with weighted edges. The weights are the

cosine similarity of the two nodes. Using the graph convolutional network model would

enhance the algorithm to learn the neighboring information as a form of context at each

disambiguation step. Involving neighboring information from the graph structure as another
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form of context would improve the accuracy of finding the correct meaning of the ambiguous

words since we observed that considering context from the input text and knowledge base

at the time of disambiguation improves disambiguation accuracy. In summary, we can

solve the disambiguation task using our representations and a graph convolutional network

architecture as the next step.

Domain-Specific Model Training: This study applied the new representations of

biomedical concepts when solving the WSD in this domain. If our focus is on one specific

domain, like the biomedical domain, we need to train the model with the domain-specific

knowledge base, like UMLS. This could be the next possible research direction to use

UMLS when training the new representation learning model. This idea involves bringing

more contextual information from the same domain. In this scenario, we get closer to the

general view of involving context in representations when disambiguating the text. Since

this context type is based on the specified domain, it would increase the accuracy of the

results of domain-specific text disambiguation.

In general, considering other resources like Wikidata, that have better coverage of named

entities than Wordnet is an interesing future direction to continue the Wikification task.

Text Classification: Building upon the foundation laid in Chapter 4, chapter 5 investi-

gated the potential of various models, including classical machine learning and deep neural

networks, to improve classification performance on Twitter data. We introduced a two-layer

GCN, specifically designed for this task, and utilized our novel embeddings to assess its

effectiveness against other context-aware language models, such as BERT and SBERT.

Employing a robust 10-fold cross-validation process, we demonstrated that the GCN model

consistently outperformed other approaches, showcasing its superior classification capa-

bilities. Furthermore, empirical analysis with a reduced dataset confirmed the model’s

inherent robustness. The GCN’s remarkable performance can be attributed to its unique

feature computation method, which incorporates information from both the node itself and

its second-order neighbors, enabling it to surpass numerous state-of-the-art methods.

While our study demonstrates the effectiveness of our GCN model for Twitter data

classification, future work will focus on pushing the boundaries of this approach. One

key direction is to explore the integration of additional information beyond text into the

GCN model. This could include user information, such as follower/following networks,
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or external knowledge sources, such as sentiment lexicons. Additionally, we will inves-

tigate incorporating more sophisticated graph attention mechanisms to capture complex

relationships between nodes.

One of the major challenges we faced was the limited availability of labeled data for

Twitter harassment classification. This resulted in the need for careful data augmentation

and attention to model regularization to avoid overfitting. Moving forward, we will explore

active learning techniques to efficiently collect more labeled data and improve the model’s

generalizability.

Furthermore, we aim to extend our model to handle other types of text data and tasks

beyond Twitter and harassment classification. This will involve adapting the model architec-

ture and feature engineering to the specific characteristics of different datasets and tasks.

Additionally, we will explore the potential of our GCN model for multi-label classification

and other NLP tasks.

By addressing these challenges and pursuing these future directions, we believe our

GCN model has the potential to become a powerful tool for various NLP applications and

contribute significantly to the field of natural language processing.

In this thesis, we applied the proposed representation learning model to WSD and

text classification tasks. Another possible future direction is to use this representation

learning model in similar NLP tasks, including named entity recognition [190, 146], relation

extraction [149], topic modeling [77], question answering [72], and sentiment and emotion

analysis [205], to name a few.
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Appendix A

Environment Requirements for Reproducing Results and

Implementations

This part describes the implementation requirements for text disambiguation and text classi-

fication tasks.

A.1 Text Disambiguation

We use different tools and technologies to build the whole system, similar to our baseline,

the Wikisim project. All the code is written in Python, presented as Jupyter Notebooks, and

third-party libraries which are mentioned in the following.

• Prepare the environment: One required environment is conda. To satisfy this require-

ment, follow these steps to prepare the environment:

- Install conda

- run: conda env create -f environment.yml

• Clone the source code, which is written in Python. Our repository contains mul-

tiple files, but the main ones including the source code are wikisim, wikify, and

vsmcoherence notebooks.

• The following requirements are MariaDB and Apache Solr servers. To prepare the

MariaDB and Apache Solr servers:

- Download MariaDB

- Download Solr

As it is mentioned in the Wikisim baseline [173], we also can start from scratch and

import a different version of Wikipedia. It requires downloading and pre-processing

the Wikipedia dumps and extracting the graph structure and textual information. The

whole process can be done in two steps:
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- Setting up a MariaDB server and preparing the graph structure.

The full instruction is given here: https://github.com/mozhgans/wikifi

cation/blob/master/preparation_scripts/db/prepare_graph

_db.ipynb.

- Processing the text and setting up the Apache Solr.

The full instruction is given here: https://github.com/mozhgans/wikifi

cation/blob/master/preparation_scripts/text/prepare_ann

onated_indexed_wiki.ipynb.

• Libraries and Dependencies: Pandas, MySQLdb, CPickle, Scipy.

All the code related to the WSD problem and the Wikification problem studied in this

thesis is available on the following links:

The GitHub repository of the code for chapter 2: https://github.com/mozhg

ans/wikification.

The GitHub repository of the code for chapter 3: https://github.com/mozhg

ans/Error-analysis-of-concept-embedding-Approaches.

https://github.com/mozhgans/wikification/blob/master/preparation_scripts/db/prepare_graph_db.ipynb
https://github.com/mozhgans/wikification/blob/master/preparation_scripts/db/prepare_graph_db.ipynb
https://github.com/mozhgans/wikification/blob/master/preparation_scripts/db/prepare_graph_db.ipynb
https://github.com/mozhgans/wikification/blob/master/preparation_scripts/text/prepare_annonated_indexed_wiki.ipynb
https://github.com/mozhgans/wikification/blob/master/preparation_scripts/text/prepare_annonated_indexed_wiki.ipynb
https://github.com/mozhgans/wikification/blob/master/preparation_scripts/text/prepare_annonated_indexed_wiki.ipynb
https://github.com/mozhgans/wikification
https://github.com/mozhgans/wikification
https://github.com/mozhgans/Error-analysis-of-concept-embedding-Approaches
https://github.com/mozhgans/Error-analysis-of-concept-embedding-Approaches
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A.2 Text Classification

Text Cleaning and Pre-processing: Text feature extraction and pre-processing steps for

classification algorithms are crucial steps. In Natural Language Processing, most of the text

and documents contain many redundant words for text classification, such as stopwords,

miss-spellings, and slang. In many algorithms like statistical and probabilistic learning

methods, noise and unnecessary features can negatively affect the overall performance. So,

the elimination of these features is significant. This section briefly explains some techniques

and methods for text cleaning and pre-processing text documents.

Tokenization

Tokenization is breaking down a text stream into words, phrases, symbols, or other mean-

ingful elements called tokens. The main goal of this step is to extract individual words in a

sentence. Therefore, it is necessary to incorporate a parser in the pipeline that performs the

tokenization of the documents in text mining along with text classification. You need to run

this line in order to tokenize the text:

from nltk.tokenize import word_tokenize

Stop words

Text and document classification over social media, such as Twitter, is usually affected by

the text corpuses’ noisy nature (abbreviations, irregular forms). You need this line to remove

stop words:

from nltk.corpus import stopwords

Capitalization

Sentences can contain a mixture of uppercase and lowercase letters. Multiple sentences

make up a text document. The most common approach to reducing the problem space is

to reduce everything to lowercase. This brings all words in a document to the same space,

but it often changes the meaning of some words, such as “US” to “us” where the first one

represents the United States of America and the second one is a pronoun. To solve this,

slang and abbreviation converters can be applied.

Use “text.lower” where text is your input text.
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Stemming

Text Stemming is modifying a word to obtain its variants using different linguistic processes

like affixation (addition of affixes). For example, the stem of the word “studying” is “study”.

from nltk.stem import PorterStemmer

Lemmatization

Text lemmatization eliminates the redundant prefix or suffix of a word and extracts the base

word (lemma).

from nltk.stem import WordNetLemmatizer

Libraries

• Torch, torchtext, torchvision

• Numpy

• Scipy

• Pandas

All the code related to the text classification problem studied in this thesis is available

on the following links:

The GitHub repository of the code for chapter 4: https://github.com/mozhg

ans/Competition-Categorizing-Online-Harassment-on-Twitter.

The GitHub repository of the code for chapter 5: https://github.com/mozhg

ans/Classification_harassment.

https://github.com/mozhgans/Competition-Categorizing-Online-Harassment-on-Twitter
https://github.com/mozhgans/Competition-Categorizing-Online-Harassment-on-Twitter
https://github.com/mozhgans/Classification_harassment
https://github.com/mozhgans/Classification_harassment


Appendix B

Brief information on BabelNet

BabelNet 1 is a multilingual lexicalized semantic network and ontology that was developed

by researchers at the Sapienza University of Rome and the Italian National Research

Council [139]. It combines data from various lexical resources and knowledge bases, such

as WordNet, Wikipedia, and Wiktionary, to create a comprehensive and interconnected

network of words and concepts in multiple languages.

The main goal of BabelNet is to provide a unified and consistent representation of the

meanings of words across different languages. It links together words with similar meanings

and establishes relationships between them, allowing for cross-lingual information retrieval,

machine translation, and other natural language processing tasks.

BabelNet assigns each word or concept a unique identifier called a "Babel synset." A

Babel synset represents a group of synonymous words or phrases across multiple languages

that share the same meaning. These synsets are connected through a network of semantic

relations, such as hypernyms (more general concepts), hyponyms (more specific concepts),

meronyms (part-whole relationships), and others.

BabelNet is widely used in various applications, including machine translation, infor-

mation retrieval, question-answering systems, text classification, and semantic similarity

analysis. It provides a valuable resource for researchers and developers working with multi-

lingual natural language processing tasks, allowing them to access a rich semantic network

that spans multiple languages.

An example of Babelnet:

In BabelNet, the word “car” corresponds to a Babel synset with the identifier “bn:00020660n”.

This synset represents the concept of a motor vehicle designed for carrying passengers. It

encompasses the meaning of “car” in various languages and is connected to other related

1https://babelnet.org
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concepts through semantic relations.

For example, within BabelNet, the synset “bn:00020660n” for “car” is linked to several

other synsets through relationships. One of the hypernyms (more general concepts) of “car”

is the synset “bn:00026757n” representing “motor vehicle”. On the other hand, one of the

hyponyms (more specific concepts) of “car” is the synset “bn:00051247n” representing

“sports car”.

By leveraging these semantic connections in BabelNet, natural language processing

systems can gain a deeper understanding of the word “car” and its relationships with other

concepts in various languages.



Appendix C

NASARI Vectors and Weighted Overlap Measure

In this section, we provide a detailed example of the NASARI vector and the concept of

weighted overlap measure [156] and this example python implementations. We provided

the formulation of this concept in Section 2.2.2. Here, we review this concept with an

example. The example starts by creating a NASARI vector for the concept of “cat”. In

the first step, we collect all the lexical embeddings. It means we need to create a vector of

word embeddings for the words that are related to the concept of “cat”. These words could

include “animal”, “mammal”, “feline”, “domestic”, and “pet”. We can use a pre-trained

word embedding model, Word2Vec, to create these word embeddings.

Once we have the word embeddings for the related words, we go to the next step, the

semantic similarity step. In this step, we compute a similarity score between each word and

the concept of “cat”. This can be done using a variety of methods, such as cosine similarity or

Jaccard similarity. The dimensions of the NASARI vector represent the semantic properties

of the concept of “cat”. The following code script is an example of implementation on how

to calculate the weighted overlap score between two NASARI vectors.
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Figure C.1: Python code snippets on how to calculate the weighted overlap score between
two NASARI vectors.

Considering the example above, here is the code implementation details of how to calcu-

late the weighted overlap score between two NASARI vectors, using the set of dimensions

O = [“animal”, “mammal”, “feline”, “domestic”, “pet”].
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Figure C.2: Python code snippets on weighted overlap measure for concept “cat”.



Appendix D

Nomenclature

Nomenclature

• WSD: Word Sense Disambiguation

• MLP : Multilayer Perceptron

• WO: Weighted Overlap measure

• k −NN : k-Nearest Neighbor approach

• m: mention or the ambiguous word/phrase

• Si: i-th sense of a mention

• R(m): Representation of mention m

• PD: Paragraph of Document

• PW : Paragraph of Wikipedia page

• sim(x, y): Similarity of vectors x and y

• k: Number of candidates

• T : Input text

• E: Set of possible answers

• E∗: Set of correct answers

• Wi: i-th window

• OFF : Offset size

151



152

• πm: Micro-averaged precision

• πM : Macro-averaged precision
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