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Abstract: Twitter is a microblogging platform that generates large volumes of data with high velocity.
This daily generation of unbounded and continuous data leads to Big Data streams that often require
real-time distributed and fully automated processing. Hashtags, hyperlinked words in tweets,
are widely used for tweet topic classification, retrieval, and clustering. Hashtags are used widely for
analyzing tweet sentiments where emotions can be classified without contexts. However, regardless
of the wide usage of hashtags, general tweet topic classification using hashtags is challenging due to
its evolving nature, lack of context, slang, abbreviations, and non-standardized expression by users.
Most existing approaches, which utilize hashtags for tweet topic classification, focus on extracting
hashtag concepts from external lexicon resources to derive semantics. However, due to the rapid
evolution and non-standardized expression of hashtags, the majority of these lexicon resources either
suffer from the lack of hashtag words in their knowledge bases or use multiple resources at once to
derive semantics, which make them unscalable. Along with scalable and automated techniques for
tweet topic classification using hashtags, there is also a requirement for real-time analytics approaches
to handle huge and dynamic flows of textual streams generated by Twitter. To address these problems,
this paper first presents a novel semi-automated technique that derives semantically relevant hashtags
using a domain-specific knowledge base of topic concepts and combines them with the existing
tweet-based-hashtags to produce Hybrid Hashtags. Further, to deal with the speed and volume of Big
Data streams of tweets, we present an online approach that updates the preprocessing and learning
model incrementally in a real-time streaming environment using the distributed framework, Apache
Storm. Finally, to fully exploit the batch and stream environment performance advantages, we propose
a comprehensive framework (Hybrid Hashtag-based Tweet topic classification (HHTC) framework)
that combines batch and online mechanisms in the most effective way. Extensive experimental
evaluations on a large volume of Twitter data show that the batch and online mechanisms, along
with their combination in the proposed framework, are scalable, efficient, and provide effective tweet
topic classification using hashtags.

Keywords: Twitter; Hybrid Hashtags; Big Data stream; ontology; Apache Storm

1. Introduction

In today’s digital era, social media platforms generate huge volumes of data with high velocity and
variety (i.e., images, text, and video). Every day, approx. 900 million photos are uploaded on Facebook,
500 million tweets are posted on Twitter, and 0.4 million hours of videos are uploaded on YouTube [1],
causing potentially unbounded and ever-growing Big Data streams. Twitter, a popular microblogging
social media platform, is widely used today by millions of people globally to remain socially connected
or obtain information about worldwide events [2,3], natural disasters [4], healthcare [5], etc. Twitter
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users act as distributed “social sensors” which report happenings globally [4]. The short text messages
used in Twitter for communication are known as tweets, which can be up to 280 characters of length.
A user can follow other users, read their tweets, and also repost the tweets, which are known as
retweets. Due to this large deluge of data being generated by millions of Twitter users every day,
tweet analytics is viewed as a fundamental problem of Big Data streams. Automated detection of
topics being discussed in tweets using tweet analytics techniques is extremely useful in certain cases;
for instance, detecting real-time events such as an earthquake [4], predicting needs of people during
natural disasters such as Hurricane Harvey in Houston [6], and detecting influenza epidemics [5].

Hashtags, user-defined hyperlinked words, act as a convention for adding additional context and
metadata to tweets and are extensively used in Twitter [7]. They are used to indicate the topic of the
tweet and facilitate the searching of tweets with a common subject. Hashtags cover an immense range
of topics and user interests such as #health, #graduation, #presedentialelection, #angry, #Oscars2016,
and #HarveyRescue, used to convey a health state, topic, political campaigns, emotion, event, disaster
rescue, etc.

Recent research in tweet analytics has studied how hashtags can be effectively applied for
determining peak time popularity [8,9], tweet retrieval [10-12], and tweet keyword extraction [13].
While many hashtag applications are successful, tweet topic classification using hashtags remains
challenging due to the evolving nature of tweets and hashtags. Moreover, tweets are very noisy with
the combination of slang, abbreviations, emoticons, URLs, and ambiguous words, which make the
extraction of relevant information an arduous task. To make things worse, there is no standard on
how hashtags are created or expressed. The same subject can be expressed with different hashtags at
different points of time (e.g., #omg, #ohmygod) by a user. Typically, users use multiple topic hashtags
in a tweet that makes the task of identifying relevant hashtags for a specific topic harder. For example,
if a user tweets “Enjoyed Friday with #movie, #hollywood, #food, #restaurant, #art, #sketch”, this tweet
shows the user’s intent that he enjoyed Friday by watching a movie, going to restaurant, and drawing
a sketch. This tweet discusses multiple topics, i.e., entertainment, food, and art, which makes it hard to
determine a specific topic of discussion.

The majority of existing approaches [14-23] utilizing hashtags for tweet topic classification are
lexicon-based approaches that focus on extracting hashtag concepts using external lexicon resources
to derive semantics. However, due to the rapid evolution and casual expression of hashtags, these
approaches lack generality and scalability. Lexicon-based approaches are widely used for sentiment
analysis [7,14,15,24-28] but not for general topic classes. Some lexicon-based approaches [20-23,29,30]
that use existing knowledge bases [31-33] for general tweet topic classification suffer from a lack of
hashtag words in their knowledge bases due to the highly variant nature of hashtags, and have complex
structures that makes their automation harder and unsuitable for real-time Twitter stream analytics.

Some tweet topic classification studies [34,35] have focused on classifying tweets using a
combination of other features with hashtags instead of primarily improving the semantics of hashtags.
Research in [34] used social network information, while [35] used a set of features from a user’s profile
with hashtags to classify tweets into topics.

Another major limitation of existing tweet topic classification approaches [34-36] is that they
work in a centralized environment, while real tweet big data stream requires an online and distributed
approach to deal with fast and dynamic arrival rates of tweets. Therefore, there is a need to develop
tweet topic classification approaches that scale well and provide real-time processing. The research
literature includes large-scale implementations for Twitter sentiment analysis [26,27] but not for tweet
topic classification. Moreover, the topic classifier must have the capability to update its preprocessing
and learning model incrementally so that the classifier automatically adapts to new features and
improves accuracy with time.

Due to the large variation in the hashtags, tweet topic classification using batch learning alone is
not sufficient since the fast evolution of topics and user interests rapidly make the classifier obsolete,
which leads to incorrect predictions. Stream learning can resolve this issue by continuous model
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updates over time as new data arrives but using it alone will not be beneficial, due to less supervision in
feature selection and high dependence on arriving data for model predictions. Both the batch and online
mechanisms can have performance advantages in different situations. For example, batch learning can
be beneficial in initially identifying domain-specific hashtags that are representative of a given domain
class in tweet topic classification, while stream learning can help in updating the relevant hashtags in
real-time as new data arrives. Hence, batch learning can work well with a fixed set of features in a
non-evolving environment, while stream learning is best suited to a varying number of features in an
evolving environment. This shows that both batch and online mechanisms are applicable in specific
problem domains when used alone and lack generality. In addition, the batch classifier will be obsolete
due to data evolution over time, while the stream classifier might not improve predictions with initial
low-quality features. This issue can be resolved by combining batch and online mechanisms, since
the batch component might help in building an initial model with good set of features, while the
online component can help improve the model with new sets of features in real-time. This leads to our
motivation to propose a framework that exploits both batch and online mechanisms for tweet topic
classification using hashtags.

This research aims to exploit the domain-specific knowledge first, to identify a set of strong
hashtag predictors (i.e., Hybrid Hashtags) for tweet topic classification [37]. The proposed approach
consists of two types of hashtags: 1) those extracted from input tweet data and 2) those derived from
a knowledge base of topic (or class) concepts (or topic ontology) by using “Hashtagify” [38], a tool
to generate “similar” hashtags from a given term (see more details in [38]). The Hybrid Hashtags
approach helps improve accuracy of classifying topic classes using hashtags alone and resolves
ambiguity. The effectiveness of this approach is evaluated in a batch environment, i.e., the Hybrid
Hashtag-based Tweet topic classification (HHTC)-Batch version of the framework, which shows that
our proposed approach is effective in classifying tweet topics as compared to other state-of-the-art
approaches. Furthermore, it is general in the sense that it can be applied to any given class concept of
any domain.

To deal with the speed and volume of Big Data streams, we developed the Hybrid Hashtags
approach for online computation [39]. This provides efficient updates for preprocessing and learning of
the model incrementally in real-time processing. This online method helps in automatically updating
the Hybrid Hashtags as the new tweet data arrives, and enhances distributed and scalable processing.
The effectiveness of this approach is evaluated in a stream environment, i.e., the HHTC-Stream version
of the framework. Being deployed in a real-time stream processing framework, Apache Storm [40],
we not only evaluate the real-time model updates of our proposed online method, but also its scalability,
by throughput and speed experiments.

Because the batch and online mechanisms can have performance advantages in different situations,
this paper proposes a comprehensive framework (Hybrid Hashtag-based Tweet topic classification
(HHTC) framework) for tweet topic classification using Hybrid Hashtags, which combines batch and
online mechanisms in the most effective way in a real-time distributed framework (Apache Storm) [40].
Our proposed framework, HHTC, not only helps improve tweet topic classification by building an
initial model with a good set of hashtag features selected through the Hybrid Hashtags approach
but also helps in providing a real-time analytics solution by continuously updating those Hybrid
Hashtags. Overall, our proposed framework provides a comprehensive solution for tweet analytics
using hashtags that first provides a simple and effective technique to extract relevant hashtags for any
given class/topic and then employs that technique in an online and distributed manner to deal with
large scale Twitter Big Data streams. Extensive experimental evaluations not only show the individual
performance advantages of batch and online mechanisms, but also the combined performance in the
proposed framework.

The remainder of the paper is organized as follows: Section 2 discusses related work. In Section 3,
we describe some of the preliminaries for the approach and the Apache Storm framework. Section 4
presents the proposed tweet topic classification framework with all three versions i.e., batch, streaming,
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and a combination of both. Section 5 provides information about the dataset used and its characteristics.
Section 6 presents an experimental evaluation and the results. Finally, Section 7 concludes the paper
with a discussion and future work.

2. Related Work

The last decade has seen an increase of interest in studies of tweet analytics using hashtags.
Most existing approaches can be broadly categorized into lexicon-based approaches, sentiment and
emotion analytics approaches, tweet retrieval approaches, and hashtag recommendation approaches.

There is a large body of work using lexicon-based approach for sentiment analysis. Lexicon-based
approaches are widely studied for conventional texts such as blogs, forums, and reviews [18,41].
However, very few studies focus on analyzing hashtags using the lexicon-based approach. Among
those that do, a selection focus on identifying sentiment-bearing or non-sentiment-bearing hashtags
using lexicon resources (i.e., dictionary of opinion terms) and use the identified hashtags as features
for tweet sentiment classification. Simeon et al. [14,15] applied word segmentation algorithms and
combined multiple lexical resources (e.g., AFINN [42], SentiStrength [19], and Bing Liu Lexicon [43]) to
identify sentiment- and non-sentiment-bearing hashtags. In their approach, hashtags are first divided
into smaller semantic units using a word segmentation algorithm and then combined with different
lexical resources to build classification models. Finally, each model is being tested individually and in
combination on real Twitter data to evaluate its effectiveness. The majority of works focus on leveraging
lexicon resources for the whole tweet textual content [16-19]. Ortega et al. [16] used WordNet [44]
and SentiWordNet [45] to identify polarity and performed rule-based classification on Twitter data.
Saif et al. [17] proposed a lexicon-based approach (i.e., SentiCircles) that uses co-occurrence patterns of
words in different contexts to identify sentiment orientation of words. In the current study, we also
analyze hashtags using additional resources (i.e., manually constructed knowledge base) but the
difference between the above work and ours is that we focus in identifying general topic-based hashtags
and use them for tweet topic classification.

Other research has used external lexical sources such as Wikipedia [31], DBPedia [32], and
Freebase [33] to enhance the semantic context of tweets for tweet topic classification [20-23,29,30].
Research in [20,22,23] used Wikipedia to enhance contextual semantics of tweets. Genc et al. [20] used
the semantic distance between the tweet textual content and the Wikipedia pages to determine similar
pages and categories. Authors in [22,23] used concepts derived from Wikipedia for identifying semantic
relatedness of text. Cano et al. [21] utilized multiple knowledge sources (i.e., DBPedia, Freebase, etc.)
for detecting the topics in tweets. They used the entities present in the tweets and enriched their
contextual semantics by utilizing multiple knowledge sources. Semantic features were derived from
this information to improve the Twitter topic classification. These studies utilized external knowledge
bases similarly to us but they used the approach to enhance the concepts present in the tweet, while
we utilize the concepts derived from a knowledge base to improve the quality of hashtags to be used
as features for tweet topic classification. Furthermore, our approach is top-down as opposed to the
existing bottom-up approaches.

Hashtags work well for sentiment and emotion classification [24,25,28]. Research in [25] uses
hashtags and smileys as sentiment labels to classify diverse sentiment types. Hashtags and smileys
are first grouped into five categories, i.e., strong sentiment, most likely sentiment, context-dependent
sentiment, focused, and no sentiment, and then various features are used to classify tweets. Mohammad
et al. [24] uses emotion word hashtags as labels to create a hashtag emotion corpus for six basic emotions
and used it to extract a word-emotion association lexicon. In [28], authors proposed a bootstrap
approach to automatically identify the emotion hashtags; they started with a small number of seed
hashtags and used them to collect and label tweets with five prominent emotion classes. Then,
an emotion classifier was built for every emotion class and applied to a large pool of unlabeled tweets.
The hashtags extracted from these unlabeled tweets were scored and ranked to extract high ranked
hashtags, which was then used to form an emotion hashtag repository. A key limitation of these
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approaches is that they can be easily applied for identifying sentiments since their semantics can be
easily captured by a single hashtag (e.g., #sad, #happy) but they are not suitable for identifying general
topics (e.g., #health, #entertainment) whose semantics require diverse set of hashtags.

Work on hashtag clustering includes metadata-based [46-48] and text-based contextual semantic
clustering [49-51] approaches. Authors in [47] used WordNet and Wikipedia as dictionary metadata
sources to identify semantics of hashtags. They used WordNet concepts if the hashtag matched
an entry in it, otherwise Wikipedia to identify concept candidates. Then, a similarity matrix was
formed between all pairs of hashtags to cluster them. A major drawback of their approach is that they
focused on word-level rather than concept-level semantics because clustering results were not effective.
To resolve this issue, [46] and [48] used sense-level semantics for clustering hashtags. Research
in [49-51] used hashtags present in tweet texts to derive contextual semantics. Work in [52] proposed a
hybrid approach combining metadata- and text-based semantic clustering to improve the semantics
of hashtags. Song et al. [36] proposed a clustering approach to classify hashtags in various news
categories, e.g., entertainment and sports, and then provided a ranking method to extract the top
hashtags in each category. Belainine et al. [53] developed an approach to improve the semantics of
hashtags by using a combination of knowledge from WordNet to disambiguate the meaning in tweets
and reduce synonymous terms. In the current study, we utilize the metadata provided by a knowledge
base to derive concepts for the given topic to identify hashtags using the tool Hashtagify, combined
with the tweet hashtags to derive contextual semantics. Hence our work focuses on deriving relevant
hashtags for the topic using the semantic concepts derived from ontology instead of focusing on
extracting hashtag concepts to derive semantics.

Some research [54,55] uses ontology to classify long documents and for Twitter sentiment analysis.
In [54], ontology is used to identify appropriate classes for multilabel classification of economics
documents in various categories. Work in [55] uses ontology for more elaborate sentiment analysis of
Twitter posts, instead of determining sentiment polarity of tweets. None of these approaches [54,54]
uses ontology to identify appropriate hashtags for tweet topic classification.

Due to the massive volume of data generated by Twitter, a significant amount of research has
been undertaken in designing large-scale systems for sentiment analysis [26,27,56,57]. Research
in [26,57] used all hashtags and emoticons as sentiment labels and exploited various pattern, words,
and punctuation features to classify tweet sentiment in a distributed manner using MapReduce [58]
and Apache Spark [59] frameworks. Work in [27] proposed a large-scale distributed system for
real-time Twitter sentiment analysis using MapReduce [58]. They used a lexicon-based approach in
which they assigned sentiment polarity according to the sum of sentiment scores of each word in
a tweet. The main distinction of the current study work is that we propose completely online and
distributed preprocessing and learning approaches. In terms of distributed processing, our processing
is completely online, implemented on the Storm framework, as opposed to using MapReduce [58],
which is a form of distributed batch processing. Although both Apache Storm and Apache Spark
are forms of data stream processing, Apache Storm is an online framework while Apache Spark [59]
processes data in micro-batches and is therefore not applicable to our work.

Research in tweet retrieval and hashtag recommendation [49,50,52,60-66] is focused on retrieving
relevant tweets and recommending hashtags for the tweets with missing hashtags. Research
in [49,52,60,61] primarily focuses on retrieving semantically connected hashtags. Bellaachia et al. [60]
exploit hashtags to enhance graph-based key phrase extraction from tweets. They extract topical tweets
using latent Dirichlet allocation (LDA) [67] and then auxiliary hashtag tweets from the topical tweets by
following the hashtag links. Furthermore, the hashtags from topical and auxiliary hashtag tweets are
combined in a lexical graph and a ranking algorithm is applied to rank the keywords for a specific topic.
Muntean et al. [49] applied k-means to cluster a large set of hashtags in a distributed environment using
MapReduce [58]. Recent work on hashtag recommendation [65] uses word embeddings to recommend
hashtags for health-related keywords. In [66], the authors first find similar tweets for a given tweet
query and rank hashtags in those tweets for recommendations.
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Some recent studies identify topic-relevant hashtags [10] and predict peak time popularity [8]
for tweet hashtags. Research in [10] used latent Dirichlet allocation (LDA) [67] first to determine the
topic distributions and then a support vector machine (SVM) to divide the tweets according to their
relevance to the topic. Finally, all of the topic distributions are associated with their class labels to
identify relevant and irrelevant hashtags. This approach utilizes a combination of topic modelling with
a supervised machine learning technique to retrieve the relevant hashtags, while the current study
utilizes a domain-specific knowledge base for relevant hashtags retrieval.

3. Background

3.1. Hybrid Hashtags Approach

The concepts for a specific domain topic that help to describe the semantics of the topic are
termed domain-specific concepts. Identifying the domain-specific concepts and representing them in a
graphical representation (where each node represents a concept and each link represents a relationship
between them) is known as a domain-specific knowledge base or ontology. For example, a sports
topic can involve many concepts, such as sports type, teams, and sports events. Ontologies have
been widely used in the past for natural language generation, extracting semantics from unstructured
texts, and intelligent information integration [55]. Here, we apply it to tweet hashtags to extract
domain-specific or ontology-driven hashtags to cover various aspects of a general topic/class.

Our Hybrid Hashtags approach [37] starts by building a manual ontology/knowledge base of
each given class/topic (e.g., entertainment, sport). Each of the terminal node concepts is fed into an
automated tool, Hashtagify [38], to retrieve a set of concept-based hashtags. These concept-based
hashtags are ordered in decreasing order of correlation with the given concept. The correlation defines
the semantic relatedness of hashtags and controlled by the specified parameter k. The lower the values
of k, the more the retrieved set of hashtags is semantically relevant. The correlation score [39] between
the hashtag # and concept ¢ can be computed using Equation (1), where ¢ and & are vectors representing
the frequency of co-occurrence of concept ¢ and hashtag & in the Hashtagify data while ¢, 1, S, Sy, are
the means and standard deviations of the values, respectively.

Liy (e =) (hi—h)
(7’1 - 1)SCSh

corr(c,h) = 1)

For example, if the value of k is 4 then 4-correlated hashtags retrieved for hashtag #xbox are
#PS4, #Amazon, and #XboxOne. This process is repeated with all terminal node concepts to retrieve
a set of k-correlated hashtags known as ontology-driven hashtags. Then, k-correlated hashtags for
these ontology-driven hashtags are retrieved from the data, which are known as tweet-based-hashtags.
The combination of both ontology-driven and tweet-based hashtags form Hybrid Hashtags. These
Hybrid Hashtags are used for tweet topic classification. More details for the approach can be found
at [37]. This Hybrid Hashtags approach is used in the framework for processing tweet streams with
batch, streaming, and a combination of both approaches.

Next, we show an example of some steps of our proposed approach as in [37]. Suppose we want
to classify tweets into two classes of topics: entertainment and sports. We first build an ontology of
these class topics. For example, Figure 1 shows a partial ontology of concepts relevant to the class
entertainment. As shown in Figure 1, entertainment can be music, which has genre of types pop,
opera, and jazz (terminal level). Similarly, entertainment can also be movies, which are productions of
the movie industries of Bollywood or Hollywood. The partial ontology of entertainment consists of
five types of relationships including hierarchies and 19 nodes, 11 of which are terminal nodes. To be
systematic, each of the terminal nodes of the ontology is used as a root concept for generating related
hashtags by the Hashtagify tool [38]. We refer to the resulting hashtags as ontology-driven hashtags.
For example, the root concept of opera obtained from the ontology of the class entertainment generates
10 related hashtags, each with a corresponding correlation, as a percentage, with the concept opera as
shown in the last column of Table 1.
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mentioned)

Entertainment

Hollywood

Figure 1. Ontology of class concept entertainment.

Table 1. Hashtags generated for opera by Hashtagify [32].

Root Concept Resulting Hashtags Correlation with the Root Concept

#musicv 6.3%v
#dancev/ 2.6%v
#artv’ 2.5%v
#classicalv’ 2.1%v
Opera #vocalX 1.9%
#MozartX 1.8%
#ParisX 1.7%
#CGEX 1.7%
#VerdiX 1.6%
#liricaX 1.6%

If we choose the 4-correlated hashtags (i.e., the top four hashtags with the highest correlation
percentages), we obtain #music, #dance, #art, and #classical as the resulting ontology-driven hashtags;
the remainder are discarded. These hashtags are shown at the bottom-right-hand corner of Figure 1
with the dashed lines. The same process is repeated for the ontology of the class sports. A total of 78
ontology-driven hashtags are obtained from both classes. These resulting hashtags will be combined
with tweet-extracted hashtags using correlation distance as a constraint to establish a set of potentially
strong features for tweet classification of the class entertainment. For example, the ontology-driven
hashtag #soccer helps us select 10-correlated hashtags extracted from the tweet training dataset, such as
#nfl, #football, #premiereleague, #sports, #jersey, and #FIFA.

3.2. Apache Storm Architecture

Apache Storm is a real-time distributed stream processing framework [40], shown in Figure 2.
The basic components of Storm are spouts and bolts. The data flow between the components is in the
form of streams that are an unbounded sequence of tuples (i.e., an ordered list of elements). Spouts are
the source of stream data in topology and connected to the raw data source. Bolts are the processing
units that process the incoming stream and generate a new stream as output for further processing.
A network of spouts and bolts form a topology. A stream processing task is represented as a Directed
Acyclic Graph (DAG) where vertices are spouts and bolts, and edges are tuple streams.
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Figure 2. Apache Storm architecture.

A user defines the topology according to the application. A high-level Storm architecture (Figure 2)
includes three components: Nimbus, Supervisor, and Zookeeper. Nimbus acts as a master node which
distributes the computation and coordinates the execution across the worker nodes in the cluster.
The topology is submitted to the cluster using Nimbus. Supervisor monitors the worker processes
and starts/stop them as necessary. Zookeeper coordinates the communication between Nimbus
and Supervisor, monitors their states, and also provides centralized services such as distribution
synchronization, group membership, and maintaining configuration information. The actual execution
of Storm topology is performed on worker nodes.

Each worker node is associated with one or more worker processes. Each worker process executes a
subset of the topology and runs on its own JVM (i.e., Java Virtual Machine) with executors. The executors
provide intra-topology parallelism with a different number of instances for each spout or bolt in the
topology. Each executor contains multiple tasks that perform the actual data processing. The tasks
provide intra-spout/intra-bolt parallelism. A detailed description of Storm can be found in [68].

4. Hybrid Hashtag-Based Tweet Topic Classification Framework

We start this section with a formal definition of the task of tweet topic classification using Hybrid
Hashtags in our proposed framework. Given a set of tweets T}, = {tw1, tw,, tws, ... .., twp}, where each
tweet tw; € T}, contains a set of hashtags H = {hy, hy, h3, ..., hn} and |H| (i.e., number of hashtags)
varies with each tweet. We aim to classify the topics, v = {y1, y»} where y; € {sports/entertainment, others)
for each tweet tw;, using hybrid hashtags that are derived by the following procedure. We build an
ontology graph OG = {C, E} first, where vertices C represent the set of concepts and edge set E represents
a relationship (has, associated with, etc.) between concepts. The terminal node concepts are fed into
Hashtagify to produce a hashtag set H" = {hy’, hy’, ... ... ., hm'}, known as concept-based hashtags.
These concept-based hashtags are sorted in decreasing order of correlation with the terminal node
concepts of the ontology graph (OG) and extract top-k correlated hashtags known as ontology-driven
hashtags, Hyi = {01, hio2, .- - .. , hox} where Hy; C H'. Further, the correlation of H,; with H produces
top k-correlated hashtags known as tweet-based hashtags, Hy = {hy1, he, ... ... .., byl
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Combination of Hy; and Hy; forms a set of Hybrid Hashtags Huhi = {hhnt, Fhno, - - - - - - , hihm} Where
each Hyy,; is associated with each tweet tw; € Tp,. This set of constructed Hybrid Hashtags (Hpy;) is
used as features to build the Hybrid Hashtags-based Tweet topic classifier (MT ) which is used for
further processing in our framework. This part is being implemented on tweet set T}, in batch.

For the online part of the framework, given a stream of tweets Ts = {twy, tw,, tws, ... .., tws}
where each tweet tw; € T, contains a set of hashtags H = {hy, hy, h3, ... , h,}, where |H| (i.e., number of
hashtags) varies with each tweet. Here, instead of processing a whole batch of tweets T}, at a time, each
tweet instance tw; € T; is processed individually for both Hybrid Hashtag construction and classifier
building. For each tweet tw; MT}, first classifies the topic y; where y; € {sports/entertainment, others}.
Then a set of hashtags Hs" = {h1’, hy’, h3’, ..., hy'} contained in tw; are extracted. The correlation of
these hashtags (Hs’) is first computed with the existing ontology-driven hashtags (H,;), to produce
the top-k correlated tweet-based hashtags Hs = {h, by, . .. ... .., hy) for the tweet instance tw;. These
tweet-based hashtags (H;) are further combined with H,; to produce Hybrid Hashtags Hnhs = {fhn1,
Bhroy v - , Ihhm}. This process is repeated for all the tweets in Ts. Each time a set of Hybrid Hashtags
(Hnns) is constructed for the current tweet fwcyrrent, they are combined with the Hybrid Hashtags
generated from all the earlier tweets i.e., twy, twy, ... ... ... ., tWeurrent.- Moreover, the existing classifier
model MT}, is incrementally updated with new Hybrid Hashtags generated for each new arriving
tweet instance.

Figure 3 depicts our proposed Hybrid Hashtag-based Tweet topic classification (HHTC) framework;
the upper part shows HHTC-Batch while the lower part shows the HHTC-Stream version of the
framework. Both versions are explained in further sections.
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Figure 3. Hybrid Hashtag-based Tweet topic classification (HHTC) framework: (a) upper part shows
the HHTC-Batch version; (b) lower part shows the HHTC-Stream version.
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4.1. HHTC-Batch

The HHTC-Batch version of the proposed framework identifies hashtags using a domain-specific
knowledge base (i.e., ontology) in a batch environment, which is similar to our approach in [37].
As shown in Figure 3, we first build a manual ontology of the given class/topic (i.e., entertainment/sports
in our case) and extract the ontology-driven hashtags using an automated tool Hashtagify. Then, we start
with a small amount of Twitter data collected using the Twitter search API, extract all the hashtags
present in the tweets, and combine them with the ontology-driven hashtags to produce k-correlated
tweet-based hashtags. These tweet-based hashtags are further combined with the ontology-driven
hashtags to form Hybrid Hashtags as shown in Figure 3. These Hybrid Hashtags are used as features
for building the tweet topic classification model. We provide the code for the implementation in [69].

As HHTC-Batch is used to determine the effectiveness of our Hybrid Hashtags approach, we use
the dataset collected through the Twitter search API [37] as the training set and the remainder of the
data collected through the streaming API as the test set (More details in Section 5). We build the
classification model offline using the training set and then apply it on the test set tweets. Overall,
HHTC-Batch helps to identify a good set of hashtag features for tweet topic classification. A major
limitation of this approach is that it uses a fixed set of features in the training set to build a classification
model, which is not able to adapt to changes in the data stream, and is hence not suitable for real-time
analytics. Thus, we propose an online mechanism in the HHTC-Stream version of the framework,
which is discussed in the next section.

4.2. HHTC-Stream

The HHTC-Stream version of the proposed framework continuously updates Hybrid Hashtags
in a stream environment, which is similar to our approach in [39]. As shown in Figure 3, instead of
fixed data storage, a continuous tweet stream is generated in this case, which can be processed by
online mechanisms. We show the processing of a single tweet instance from the stream in Figure 3,
which continuously repeats until there are no tweets remaining for processing. While considering the
online mechanism alone, we assume that the Hybrid Hashtags-based Tweet topic classifier model is
built on a single instance (i.e., first streaming instance) to simulate the real streaming scenario. As a
new tweet instance arrives, it is first classified by the single instance classifier and all the hashtags
present in the incoming tweet are extracted. Then, the correlation of this set of hashtags is taken with
the existing set of ontology-driven hashtags, to produce k-correlated tweet-based hashtags, which are
further combined to produce Hybrid Hashtags for the tweet instance. Using this new set of Hybrid
Hashtags, our topic classifier model is updated. Therefore, both the Hybrid Hashtags features and the
classification model are updated as new tweet instances arrive over time.

We evaluated the effectiveness of this approach by applying it to the whole dataset (i.e., Twitter
data collected from Twitter search and streaming API) instead of having separate training and test
sets. A single instance classifier is built initially from the first tweet instance, which is further updated
incrementally over time. Each time, a new tweet instance acts as the test set while all other prior
instances act as the as training set for the classification model.

The advantage of the HHTC-Stream approach is that it does not use the whole dataset to build
the model at once, while it gradually updates the model, and is hence able to adapt to changes in
the data, making it suitable for real-time analytics. A major drawback of this approach is that its
performance is largely dependent on the arriving data quality due to minimal access to training data
initially. As this approach starts with a single instance classifier, and the prediction of the current tweet
instance depends upon the classification model built from previous tweets features, the predictions are
mostly approximate. To address this issue, we propose a framework combining both batch and online
mechanisms in an effective way, which is discussed in the next section.
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4.3. HHTC

As seen in the above sections, HHTC-Batch and HHTC-Stream have performance advantages
in different situations but also have limitations when used alone. The classification model cannot
adapt to changes in the former, while the predictions are mostly approximate in the latter. In order to
address these problems, we propose a comprehensive HHTC framework in this paper, which not only
combines batch and online mechanisms but also provides a generalized and scalable solution.

As our proposed framework is implemented in Apache Storm, both the batch and online
mechanisms are implemented together. Here, we use the whole Twitter dataset collected from the
Twitter search and streaming API as input to the framework. An initial batch of data processed by
the approach explained in Section 3.1 and containing Hybrid Hashtags as features is used to build
the initial classifier model. Thus, instead of a single instance classifier, we have a multiple instance
classifier trained on the initial batch of data. To exploit the streaming environment, we now apply the
online approach to the rest of the data. In particular, every new tweet instance is considered as the test
tweet instance, which is first classified by the classifier built on the initial batch of data and then used
to update the model with the new Hybrid Hashtags extracted. This process is repeated until the stream
ends. Overall, our proposed framework mitigates the individual shortcomings of the batch and online
mechanisms. The batch approach helps improve the initial data and model quality, while the online
approach improves the model adaptivity over time and provides real-time analytics. In addition,
the distributed deployment of our framework in Apache Storm shows that it can be applicable to
process large scale Big Data streams, as further discussed in Section 4.3.1.

4.3.1. Distributed Implementation of HHTC in Storm

This section provides a brief overview of the distributed implementation of HHTC using Apache
Storm. Both the batch and online approaches for tweet topic classification using Hybrid Hashtags
are implemented in Apache Storm. As mentioned in Section 3.2, Apache Storm accepts the stream
processing task in the form of a topology whose vertices represent processing units and stream sources,
while edges represent the tuple stream. Figure 4 shows the storm topology of our proposed framework,
containing one spout and four bolts each with ‘N’ instances, which shows the amount of parallelism in
each spout and bolt. Tweet spouts read the data from the input data files and produce a stream of
tweets as output. Since the data stream is represented by the sequence of tuples, tuples emitted by
multiple instances of a spout are in the form of <tweet text, class>, where tweet text contains the raw
tweets comprising words, hashtags, URLs, symbols, punctuation, etc., and class shows the labels/topic
to which the tweet belongs, i.e., entertainment/sports and others in our case.

Stream of tweets Stream of preprocessed  Stream of Hybrid Results
l tweets I Hashtags I

NLP ; i l i
Online Hybrid M°;:::"9 Writer Bolt
Instance 1
Instance 1

Tweet Spout

Preprocessing Hashtag Bolt
Instance 1

Bolt
Instance 1
Instance 1

—

Tweet Spout g oceing Writer Bolt
Instance 2 IRIEEL) B ol Instance 2
Instance 2 Instance 2

Modeling
Bolt
Instance N

Online Hybrid
Hashtag Bolt
Instance N

Tweet Spout
Instance N

Preprocessing
Bolt
Instance N

{| Writer Bolt
Instance N

Figure 4. Storm Topology of our proposed HHTC framework.
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The spout is connected to the NLP (i.e., Natural Language Processing) preprocessing bolt by
shuffle grouping as shown in Figure 4. The main function of the preprocessing bolt is to preprocess
data using typical natural language processing techniques, such as all characters are converted to
lowercase and removal of delimiters, emoticons, white spaces, URLs, and stop words, and stemming.
The output tuple stream emitted by the NLP preprocessing bolt is in the form of <preprocessed tweet
text, class>. The preprocessed text can be extracted words, hashtags, and Hybrid Hashtags. Next is the
online Hybrid Hashtag bolt, which takes a stream of preprocessed tweets as input and produces a
stream of Hybrid Hashtags as output in the form of <tweet hybrid hashtags, class>. The output of the
online Hybrid Hashtag bolt is input to the modeling bolt, whose main function is to build the Hybrid
Hashtags topic classifier. This bolt not only builds the model but also produces the evaluation results
(i.e., accuracy). Finally, the writer bolt writes the results in the output files for further usage.

Now we explain the batch and stream processing part of our framework in Apache Storm.
We process the initial batch of data (i.e., the first 8000 tweets) offline using the approach explained
in Section 3.1 which is combined with the raw data collected from the Twitter streaming API
(i.e., 147,382 tweets). Thus, the initial batch of tweets contains tweet text comprising tweet words,
URLs, hybrid hashtags, symbols, punctuation, etc., while the remainder of the data contains the real
raw tweets without processing (i.e., tweet words, hashtags, URLs, symbols, punctuation, etc.). For the
batch part of the framework, first the batch of data is read by the spouts collectively, which is processed
by the NLP preprocessing bolt from which a set of hybrid hashtags are extracted by the online Hybrid
Hashtag bolt. Then, a model is built using the batch of data as the training set in the modeling bolt.
The stream part of the framework then starts, where tweets are read one-by-one by the spouts; here,
two rounds for each tweet instance occurs, one for classifying the new tweet instance and a second
to extract the Hybrid Hashtags and update the model. For the first round, the tweet instance read
by spouts goes directly to the modeling bolt for classification and the evaluation results are written
by the writer bolt. This classified tweet is then again read by the spout and processed by the NLP
preprocessing and online Hybrid Hashtag bolts. This time, a new set of Hybrid Hashtags are created
and the existing set is updated. Finally, the classifier is updated, which classifies the next tweet instance.
This whole process is repeated until there are no tweets in the input stream.

The whole Storm topology is submitted to a distributed cluster for tweet topic classification and
the code is provided in [69]. We demonstrate the applicability of our framework on real Twitter data
by providing large-scale experimental evaluation results in the further sections.

5. Data Collection and Preprocessing

We used data collected through the Twitter search API [37] and Twitter streaming API [70] to
evaluate our Hybrid Hashtag approach in the proposed framework. The data collected through the
Twitter search API was utilized for the batch part while the Twitter streaming API was used for the
online part. The evaluation of hashtag-level topic classification is challenging due to the lack of a
“gold standard” labeled dataset. Hence, we used a self-annotation procedure to label the dataset.
We collected tweets during four consecutive days from 12-16 August 2019. The data collection process
is described as follows. We first created a list of hashtags that are strongly related to the given domain
(i.e., sports/entertainment and others in our case). For example, for the sports domain we picked
“NFL”, “NBA”, “football”, “Cowboys”, “Ri0o2016”. Then we searched in the tweet pool to retrieve
tweets containing these hashtags as our seeds. By searching in the tweet pool, we not only retrieved
the hashtags being queried but also other hashtags that co-occurred with at least one of the seed
hashtags. We considered two classes sports/entertainment and others in our experiments. All the
tweets containing hashtags related to sports and entertainment were labeled as sports/entertainment
and remainder as others.

We crawled a total of 495,980 tweets following the above process, merged with the old dataset of
8000 tweets collected by the same process in [37] for our experiments. Many tweets were retrieved
repeatedly due significant retweeting by users. The detailed raw data collection statistics are shown
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in Table 2. After removal of repetitive tweets, a unique, final raw dataset of 289,455 tweets was
obtained, of which 271,310 tweets contained hashtags. We analyzed only the tweets containing
hashtags, so removed the other tweets from the dataset. Thus, the total number of hashtags in our
raw dataset was 1,815,363, containing hashtags related to sports, entertainment, and others domains.
As shown in Table 2, the total number of distinct hashtags was 36,049 and the average number of
hashtags in each tweet was 6.

Table 2. Data collection summary statistics.

Number of Tweets 289,455
Tweets with Hashtags 271,310
Total Number of Hashtags 1,815,363
Distinct Hashtags 36,049
Average Hashtags per tweet ~6

Figure 5 shows the distribution of the number of hashtags in each tweet. As shown, a large
number of tweets have a hashtag count in the range of 1-5 but few tweets have hashtags with a count
greater than 30. As shown in Figure 5, only one tweet has a hashtag count of 42 and two have hashtag
counts of 50. Figure 6 represents the hashtag distribution in our raw tweet collection. It shows the
frequency of occurrence of each type of hashtag; for example, the number of hashtags that occur one
time, two times, or more. We can observe that the hashtag distribution follows a power law [71],
where a small percentage of hashtags has a higher frequency while a large number of hashtags occur in
the range of 1-5, as shown in Figure 6. This indicates the diversity of hashtags being generated daily
by users and the rapidly evolving nature of tweets. It also shows that some of the popular hashtags are
used repeatedly by users. The fact that a large number of hashtags occur infrequently creates a very
sparse vector representation of the dataset. This indicates the sparseness of Twitter data, which makes
it harder to derive context for tweet topic classification.

Moreover, it is quite challenging and unavoidably labor-intensive to obtains a consistent set of
tweets for analytics after crawling due to a large number of retweets, spam tweets, and the noisy
nature of tweets. In order to process the data, we first cleaned the dataset by removing URLs, symbols,
punctuation, abbreviations, and unnecessary space. We also processed some hashtags by splitting
them into smaller segments. Finally, we used stemming to convert the words and hashtags to their
original stems.

No. of tweets

0 10 20 30 40 50
No. of Hashtags per tweet

Figure 5. Hashtags per tweet.
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Figure 6. Hashtags distribution.

After preprocessing, a total of 155,382 tweets were considered for analysis. We performed
experiments in the Storm framework using single and multiple processors to evaluate the effectiveness
of our proposed approach in a Big Data stream environment. The Storm cluster was composed of a
varying number of virtual machines (VMs or processors) (i.e., 1, 2, 4, and 8) in a system with an Intel
Core -i7-8550U CPU 2 GHz processor, 16 GB RAM 8 cores, and 1 TB hard disk. Each of the virtual
machines was configured with 4 vCPU and 4 GB RAM. We installed Ubuntu 14.04.05 64 bits OS on each
of the VMs with JDK/JRE v 1.8. The Apache Storm version used was 1.1.1 with zookeeper 3.4.9 [68].

6. Experimental Results and Evaluation

We evaluated the effectiveness of the Hybrid Hashtags approach for tweet topic classification in
the proposed HHTC framework and its two versions HHTC-Batch and HHTC-Stream. In HHTC-Batch,
the old dataset of 8000 tweets collected using the Twitter search API [37] was used as a training set and
the remaining large dataset of 147,382 tweets collected using the Twitter streaming API [70] was used as
a test set. In HHTC-Stream, the whole dataset of 155,382 tweets was used without any separate training
and test set. The first instance was used as the training set initially to start processing, which was
incrementally updated with each new tweet instance, while each new tweet instance was considered
to be in the test set. In HHTC, the old dataset of 8000 tweets collected using the Twitter search API [37]
was used as a training set to build an initial model, which was further updated with each new tweet
instance, while each new tweet was considered as a test set.

We compared the results of all versions of the framework using four experimental cases: (1) tweet
words only (i.e., using only tweet words as features), (2) tweet words and hashtags (i.e., using both
tweet words and hashtags as features), (3) tweet hashtags only (i.e., using only hashtags contained in
tweets as features), and finally (4) our hybrid hashtags approach (i.e., using hybrid hashtags as features).

6.1. Classification Performance

The tweet topic classification performance of the proposed HHTC framework and its two versions
are compared in this section. We evaluate the classification performance using an accuracy measure
which is defined as the ratio between the number of test set tweets classified correctly and the total
number of test set tweets. The average accuracy for test set tweets with 10 times cross-validation are
reported for HHTC-Batch while average accuracy over all instances is reported for HHTC-Stream
and HHTC. We applied naive Bayes [72], SVM [73], and k-NN (i.e., k-nearest neighbor) algorithms for
classifying tweet topics for all four experimental cases in HHTC-Batch, while naive Bayes, Hoeffding
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trees, and Hoeffding adaptive trees were used for HHTC-Stream and HHTC. Table 3 shows the average
classification accuracy obtained for HHTC-Batch.

Table 3. Comparison of HHTC-Batch Tweet topic classification results with different sets of features.

Features Naive Bayes SVM k-NN

Words Only 74.7% 71.0% 58.2%

Words and Tweet Hashtags 91.1% 87.4% 73.3%
Tweet Hashtags Only 85.2% 92.3% 87.0%
Hybrid Hashtags 96.4% 95.3% 92.0%

Looking at the outcome of Table 3, we observe that the average accuracy using Hybrid Hashtag
features outperforms compared with other types of feature sets for all three classification algorithms.
This shows that our approach to determine the strong set of hashtags as features is robust to classification
techniques. It also shows that the quality of the training set affects the classification performance
substantially since we use a fixed set of 8000 tweets with Hybrid Hashtags as features to classify
a large number of tweets in the test set. As shown in Table 3, naive Bayes performance is best for
all approaches except for tweet hashtags since it is widely used in text classification and robust to
irrelevant features. Using words alone performs worst for all the algorithms since they increase the
noise in tweets and make it harder to derive relevant topics. Most of the words increase relevance
for the topics by combining with the hashtags, which is why the words and tweet hashtags approach
performance is better than using the words only approach. Using tweet hashtags as features performs
closest to the Hybrid Hashtag approach for SVM and k-NN. Thus, hashtags improve classification
and ontology-based hashtags further enhance it. These results also show that our Hybrid Hashtag
approach can be used to build a model with a limited amount of labeled training data.

To evaluate the effectiveness of our proposed Hybrid Hashtags approach, we compared it with
state-of-the-art tweet topic classification techniques in the HHTC-Batch version of the framework as
shown in Table 4. To compare the performance of our approach, we extracted hashtags contained in
each tweet in the training set and applied each technique shown in Table 4, which produced another
set of hashtags from the original set from the raw data. This new set of hashtags were used as features
to build a classification model using the naive Bayes algorithm [72], which was further applied to the
test set with 10-times cross validation to produce average accuracy.

Table 4. Comparison of our proposed approach with state-of-the-art tweet topic classification techniques.

Technique Accuracy
LDA Topic Model 87.0%
LIWC Model 62.4%
Wordnet 85.0%
Wikipedia 86.8%
Wordnet + Wikipedia 89.0%
LDA Topic Model + Ontology Driven Hashtags 91.0%
Hybrid Hashtags 96.4%

Our proposed Hybrid Hashtags approach is compared with the lexicon-based approach LIWC
(Linguistic Inquiry and Word Count) [74,75], approaches using external lexical resources such as
WordNet [48], Wikipedia [20], hybrids of multiple resources [52] and LDA topic modelling [76].
As shown in Table 4, our proposed technique performed best, while the LIWC lexicon-based model
showed the worst classification performance among other techniques. LIWC is a text analysis algorithm
that uses the percentage of words relevant to the predefined categories to compute semantics of text;
however, due to the frequent evolution and casual expression of tweet hashtags, most hashtags are not
categorized by the LIWC dictionary, leading to a poor classification model.
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The latent Dirichlet allocation (LDA) is an unsupervised technique to cluster words in semantically
similar groups known as topics. These models have been successfully used in the clustering of a variety
of long and short documents [76]. We applied LDA to our tweet hashtags dataset with 10 topics and
produced quite relevant clusters of hashtag topics, yielding 87% accuracy. For further improvement,
we combined LDA topic hashtag features with the ontology-driven hashtags generated by Hashtagify
and built a classification model that improved accuracy by 4.6%, as shown in Table 4. Nearly equal
classification performances were produced when WordNet and Wikipedia were used as individual
lexical resources for tweet topic classification as in [20,47], and accuracy was improved by combining
them, similar to the approach taken in [52], due to the broader coverage of the lexical database. Overall,
the results show that our Hybrid Hashtag approach is effective and can be used to improve tweet
topic classification.

Table 5 shows the classification results obtained for HHTC-Stream. As shown, using Hybrid
Hashtags as features results in better performance than that of all other types of feature sets. The online
preprocessing and analytics perform slightly better than the batch analysis for all approaches using
naive Bayes. This might be due to the gradual adaptation of the classifier with more tweets as
compared to the fixed set of features in the batch analysis. Compared to HHTC-Batch, the classification
performance using only words as features and using both words and hashtags as features is improved
by 6.2% and 3.5%, respectively, in HHTC-Stream. This could be due to incremental adaptation of the
classifier with new words and hashtags in HHTC-Stream compared to the fixed model with a fixed
set of features in HHTC-Batch. There is a slight increase of 0.8% in accuracy for our hybrid hashtags
approach since most representative Hybrid Hashtag features related to class/topic are identified initially
in the batch analysis, which will also not change significantly in the incremental streaming analysis.
Using words only still performs worst in all cases, while words with hashtags improve the performance.
The performance in the case of using only tweet hashtags as features perform closer to the Hybrid
Hashtags approach for Hoeffding adaptive trees and Hoeffding trees, which are incremental anytime
decision trees capable of learning from data streams.

Table 5. Comparison of HHTC-Stream Tweet topic classification results with different sets of features.

Features Naive Bayes = Hoeffding Trees Hoeffding Adaptive Trees
Words Only 79.3% 55.5% 57.8%
Words and Tweet Hashtags 94.3% 71.5% 76.4%
Tweet Hashtags Only 89.8% 75.3% 91.0%
Hybrid Hashtags 97.2% 80.0% 92.2%

The classification performance of our proposed HHTC framework is shown in Table 6. Our hybrid
hashtag approach is still the best performing. Moreover, the accuracy of all three algorithms is better
than HHTC-Stream with all approaches. This might be due to the fact that the initial classifier model
provides ample feature learning which improves gradually with the streaming analysis. For our
Hybrid Hashtag approach, initial batch analysis selects the most representative features that will
not change significantly in further analysis, hence resulting in slight improvements of 0.31%, 0.25%,
and 2.49%, as shown in Tables 5 and 6. Compared to HHTC-Stream, the adaptation of the classifier
is faster in HHTC since the initial classifier model is built with more training set features. Overall,
the results show that the combination of batch and streaming approaches performs better than batch
and streaming individually for tweet topic classification, which shows the applicability of HHTC to
real tweet streams.
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Table 6. Comparison of HHTC Tweet topic classification results with different set of features.

Features Naive Bayes = Hoeffding Trees Hoeffding Adaptive Trees
Words Only 81.0% 56.0% 60.7%
Words and Tweet Hashtags 94.6% 76.1% 78.3%
Tweet Hashtags Only 90.0% 77.8% 88.5%
Hybrid Hashtags 97.5% 80.2% 94.5%

6.2. Execution Time

In this section, we compare the total execution time for preprocessing and analytics for the
proposed framework HHTC and its two versions. We consider the single processor execution time for
the naive Bayes algorithm in this experiment.

Table 7 compares the execution time for all approaches. It shows that our Hybrid Hashtag
approach has the shortest execution time compared to other approaches. This is due to the fact that the
number of features is reduced drastically when we use only hashtags as features, which reduces the
time needed to preprocess and apply machine learning. The tweet hashtag approach execution time is
closest to ours, while the words and tweet hashtag approach takes the most time to execute due to the
large feature set. As shown in Table 7, HHTC-Stream has the shortest execution time for all approaches,
while HHTC has the longest execution time. The rationale behind this is that HHTC initially takes
a batch of data to develop a model which increases the overall execution time, while HHTC-Stream
continuously processes and updates the model, which reduces the execution time. Finally, although
HHTC classification performance is better than that of other versions, the overall execution time is
much higher. Thus, there is a tradeoff between the accuracy and execution time, and usage of HHTC
depends upon the application requirements. Furthermore, HHTC-Stream has the advantage of having
the shortest execution time and acceptable classification accuracy, which also makes it suitable for
real-time analytics.

Table 7. Total execution time (in seconds) for both preprocessing and classification combined.

Features HHTC-Batch HHTC-Stream HHTC
Words Only 12.14 3.20 40.24
Words and Tweet Hashtags 13.37 3.40 45.19
Tweet Hashtags Only 12.07 2.71 36.15
Hybrid Hashtags 11.50 2.56 35.08

6.3. Scalability and Speed

We investigated the scalability and speed of our approach by conducting experiments in a
distributed environment using Apache Storm. The scalability was evaluated using throughput and
execution time. Throughput is the total number of data points (i.e., tweet instances) processed per unit
time (i.e., seconds).

Here we report the results using Hybrid Hashtags as features for both HHTC-Stream and HHTC
to evaluate its scalability. As shown in Figure 7, the throughput for HHTC-Stream is higher than
HHTC in every case with the number of processors (i.e., 1, 2, 4, 8), which is due to the faster and
continuous processing of HHTC-Stream compared to the slower processing of HHTC in the batch
phase. Since the rate of processing also depends upon the number of features in the training set,
the greater the number of features, the longer the processing time; thus, the processing rate is slower,
leading to lower throughput. That is why throughput is higher for the Hybrid Hashtag approach
compared to other approaches, that is, due to fewer features and a faster rate of processing.
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Figure 7. Comparison of throughput with varying number of processors for both HHTC-Stream and
HHTC where Throughput is the number of tweets (in thousands) processed per second.

Table 8 presents the variation in execution time with different dataset sizes. This experiment was
performed to evaluate the scalability of our Hybrid Hashtags approach. To perform this experiment,
we divided the original dataset into smaller chunks shown as a fraction of the dataset. The fraction
of the dataset (i.e., 0.2, 0.4, 0.6, 0.8) is the proportion of data considered out of the original dataset
(i.e., 1). As shown in Table 8, execution time increases almost linearly as the dataset size increases,
which shows that our proposed approach is scalable and can be applied to large data streams.

Table 8. Execution time (in seconds) with varying dataset sizes for both HHTC and HHTC-Stream to
evaluate the scalability of our Hybrid Hashtags approach.

Fraction of Dataset 0.2 0.4 0.6 0.8 1
Dataset Size 31,076 62,153 93,230 124,306 155,382
HHTC 25.15 25.83 30.34 31.06 35.08
HHTC-Stream 1.06 1.19 1.50 211 2.56

Finally, we estimated the effect of the number of computing nodes on the execution time for
Storm implementation. This experiment was performed to evaluate the speed of our approach with
an increasing number of processors in a distributed environment. We tested four different cluster
configurations with 1, 2, 4, and 8 nodes.

Tables 9 and 10 present the speed results for HHTC-Stream and HHTC, respectively. We observe
that the execution time decreases as we add more processors to the cluster, with the shortest
execution time achieved with eight processors. This trend can be seen for all of the approaches.
The rationale behind the decrease in execution time with increase in parallelism is that the same dataset
is being processed in parallel by distributing it to multiple processors, which reduces the execution
time substantially.

Table 9. Speed up for HHTC-Stream (in seconds) with different numbers of nodes for different sets
of features.

Execution Time

Number of Processors 1 2 4 8
Words Only 3.20 2.02 2.23 1.51
Words and Tweet Hashtags 3.40 2.86 2.64 1.62
Tweet Hashtags Only 2.71 1.92 1.62 1.61

Hybrid Hashtags 2.56 1.90 1.67 1.34
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Table 10. Speed up for HHTC (in seconds) with different numbers of nodes for different sets of features.

Execution Time

Number of Processors 1 2 4 8
Words Only 40.24 33.13 24.59 16.22
Words and Tweet Hashtags 4819 4532 3076  28.12
Tweet Hashtags Only 36.15 18.92 14.28 11.06
Hybrid Hashtags 35.08 18.38 11.12 10.76

The scalability and speed results show that our approach is efficient, scalable, and robust,
and therefore appropriate for Twitter Big Data stream topic classification.

7. Conclusions and Future Work

Tweet topic classification using hashtags is a challenging task due to frequent evolution and
non-standardized expressions (i.e., ambiguous, slang, abbreviations) of hashtags by users. Existing
approaches, using external lexical resources for deriving semantics from hashtags, suffer from the
issues of limited coverage and lack of scalability and generality. In this paper, a novel Hybrid Hashtags
approach is presented. The approach derives semantically relevant hashtags using a domain-specific
knowledge base of topic concepts. We first evaluate the effectiveness of the proposed HHTC-Batch
environment where we compare results of our approach with other state-of-the-art tweet topic
classification techniques. The results show that our proposed technique is effective for tweet topic
classification and can be used in combination with some existing techniques to build a classification
model, even from a limited labeled training data set. Specifically, we propose a technique that combines
tweet hashtags with enhanced ontology-driven hashtags and show by experiments that the technique
is effective. Further, to deal with large data streams, an online technique (HHTC-Stream) is presented
and implemented in a real-time distributed framework, Apache Storm. Finally, a comprehensive
framework, Hybrid Hashtag-based Tweet topic classification (HHTC) is presented where we effectively
combine both batch and online mechanisms. Experimental results show that the combination of
batch and online mechanisms helps to improve classification performance but takes longer to execute.
However, the online approach drastically reduces the execution time, which is helpful for real-time
analytics applications. Thus, there is a tradeoff between speed and accuracy. Overall, HHTC-Stream is
beneficial for faster application requirements while HHTC-Batch and HHTC can be used for more
accurate model-building requirements. Both HHTC-Stream and HHTC improve throughput, speed,
and execution time in a multiprocessor environment. Although we studied a binary tweet topic
classification problem in this work, the proposed approach is also general enough to be applicable to
non-binary classification. In theory, like many machine learning techniques, having a large number of
classes should not impact the accuracy, if the training data consists of a well-balanced class distribution
that is large enough to derive valid results. However, in practice, this may not be easy to obtain due to
the rarity of the use of some hashtags. Thus, to deal with such a situation in practice requires a large set
of labeled data. In our future work, we will apply our proposed technique to multi-class classification
problems and further evaluate it with more diverse datasets.

Author Contributions: Methodology, V.G. and R.H.; software, V.G.; formal analysis, R.H.; writing—original draft
preparation, V.G.; supervision, R.H.; writing—review and editing, R.H. and V.G. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest. Any opinions, findings and conclusions or
recommendations expressed in this material are those of the author(s).



Information 2020, 11, 341 20 of 23

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

BigData. Available online: https://www.whishworks.com/blog/big-data/understanding-the-3-vs-of-big-
data-volume-velocity-and-variety (accessed on 11 September 2019).

Zubiaga, A.; Spina, D.; Amigo, E.; Gonzalo, ]. Towards real-time summarization of scheduled events from
twitter streams. In Proceedings of the 23rd ACM Conference on Hypertext and Social Media, Milwaukee,
WI, USA, 25 June 2012; pp. 319-320.

Aiello, LM.; Petkos, G.; Martin, C.; Corney, D.; Papadopoulos, S.; Skraba, R.; Goker, A.; Kompatsiaris, I.;
Jaimes, A. Sensing trending topics in Twitter. IEEE Trans. Multimed. 2013, 15, 1268-1282. [CrossRef]
Sakaki, T.; Okazaki, M.; Matsuo, Y. Earthquake shakes Twitter users: Real-time event detection by social
sensors. In Proceedings of the 19th International Conference on World Wide Web, Raleigh, NC, USA, 26 April
2010; pp- 851-860.

Culotta, A. Towards detecting influenza epidemics by analyzing Twitter messages. In Proceedings of the
First Workshop on Social Media Analytics, Washington, DC, USA, 25 July 2010; pp. 115-122.

Nguyen, L.H,; Jiang, S.; Abu-gellban, H.; Du, H.; Jin, F. NiPred: Need Predictor for Hurricane Disaster Relief.
In Proceedings of the 16th International Symposium on Spatial and Temporal Databases, Vienna, Austria,
19 August 2019; pp. 190-193.

Wang, X.; Wei, E; Liu, X.; Zhou, M.; Zhang, M. Topic sentiment analysis in twitter: A graph-based hashtag
sentiment classification approach. In Proceedings of the 20th ACM International Conference on Information
and Knowledge Management, Glasgow Scotland, UK, 24 October 2011; pp. 1031-1040.

Yu, H.; Hu, Y,; Shi, P. A prediction method of peak time popularity based on twitter hashtags. IEEE Access
2020, 8, 61453-61461. [CrossRef]

Huang, J.; Tang, Y.; Hu, Y.; Li, J.; Hu, C. Predicting the active period of popularity evolution: A case study on
Twitter hashtags. Inf. Sci. 2020, 512, 315-326. [CrossRef]

Figueiredo, F.; Jorge, A. Identifying topic relevant hashtags in Twitter streams. Inf. Sci. 2019, 505, 65-83.
[CrossRef]

Chowdhury, J.R.; Caragea, C.; Caragea, D. On Identifying Hashtags in Disaster Twitter Data. In Proceedings
of the AAAI Conference on Artificial Intelligence, New York, NY, USA, 7-12 February 2020; Volume 34, No.
01. pp. 498-506.

Rho, E.H.R,; Mazmanian, M. Political Hashtags & the Lost Art of Democratic Discourse. In Proceedings of
the 2020 CHI Conference on Human Factors in Computing Systems, Honolulu, HI, USA, 25-30 April 2020;
pp- 1-13.

Li, L.; Liu, J.; Sun, Y,; Xu, G.; Yuan, J.; Zhong, L. Unsupervised keyword extraction from microblog posts via
hashtags. J. Web Eng. 2018, 17, 93-120.

Simeon, C.; Hamilton, H.J.; Hilderman, R.J. Word segmentation algorithms with lexical resources for hashtag
classification. In Proceedings of the IEEE International Conference on Data Science and Advanced Analytics
(DSAA), Montreal, QC, Canada, 17 October 2016; pp. 743-751.

Simeon, C.; Hilderman, R. Evaluating the Effectiveness of Hashtags as Predictors of the Sentiment of Tweets.
In Proceedings of the International Conference on Discovery Science, Banff, AB, Canada, 4-6 October 2015;
Springer: Cham, Switzerland, 2015; pp. 251-265.

Ortega, R.; Fonseca, A.; Montoyo, A. SSA-UO: Unsupervised Twitter sentiment analysis. In Proceedings of
the Second Joint Conference on Lexical and Computational, Atlanta, GA, USA, 13-14 June 2013; pp. 501-507.
Saif, H.; He, Y.; Fernandez, M.; Alani, H. Contextual semantics for sentiment analysis of twitter. Inf. Process.
Manag. 2016, 52, 5-19. [CrossRef]

Taboada, M.; Brooke, J.; Tofiloski, M.; Voll, K.; Stede, M. Lexicon-based methods for sentiment analysis.
Comput. Linguist. 2011, 37, 267-307. [CrossRef]

Thelwall, M.; Buckley, K.; Paltoglou, G. Sentiment strength detection for the social web. J. Am. Soc. Inf.
Sci. Technol. 2012, 63, 163-173. [CrossRef]

Geng, Y.; Sakamoto, Y.; Nickerson, J.V. Discovering context: Classifying tweets through a semantic transform
based on wikipedia. In Proceedings of the International Conference on Foundations of Augmented Cognition,
Orlando, FL, USA, 9-14 July 2011; Springer: Berlin/Heidelberg, Germany, 2011; pp. 484-492.


https://www.whishworks.com/blog/big-data/understanding-the-3-vs-of-big-data-volume-velocity-and-variety
https://www.whishworks.com/blog/big-data/understanding-the-3-vs-of-big-data-volume-velocity-and-variety
http://dx.doi.org/10.1109/TMM.2013.2265080
http://dx.doi.org/10.1109/ACCESS.2020.2983583
http://dx.doi.org/10.1016/j.ins.2019.04.028
http://dx.doi.org/10.1016/j.ins.2019.07.062
http://dx.doi.org/10.1016/j.ipm.2015.01.005
http://dx.doi.org/10.1162/COLI_a_00049
http://dx.doi.org/10.1002/asi.21662

Information 2020, 11, 341 21 of 23

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.
41.

42.

Cano, A.E.; Varga, A.; Rowe, M.; Ciravegna, F; He, Y. Harnessing linked knowledge sources for topic
classification in social media. In Proceedings of the 24th ACM Conference on Hypertext and Social Media,
Paris, France, 1-3 May 2013; pp. 41-50.

Michelson, M.; Macskassy, S.A. Discovering users’ topics of interest on twitter: A first look. In Proceedings
of the Fourth Workshop on Analytics for Noisy Unstructured Text Data, Toronto, ON, Canada, 26 October
2010; pp. 73-80.

Gabrilovich, E.; Markovitch, S. Wikipedia-based semantic interpretation for natural language processing.
J. Artif. Intell. Res. 2009, 34, 443-498. [CrossRef]

Mohammad Saif, M.; Kiritchenko, S. Using hashtags to capture fine emotion categories from tweets.
Comput. Intell. 2015, 31, 301-326. [CrossRef]

Davidov, D.; Tsur, O.; Rappoport, A. Enhanced sentiment learning using twitter hashtags and smileys.
In Proceedings of the 23rd International Conference on Computational Linguistics: Posters Association for
Computational Linguistics, Beijing, China, 23-27 August 2010; pp. 241-249.

Kanavos, A.; Kanavos, A.; Nodarakis, N.; Sioutas, S.; Tsakalidis, A.; Tsois, D.; Tzimas, G. Large scale
implementations for twitter sentiment classification. Algorithms 2017, 10, 33. [CrossRef]

Khuc, V.N,; Shivade, C.; Ramnath, R.; Ramanathan, J. Towards Building Large-Scale Distributed Systems
for Twitter Sentiment Analysis. In Proceedings of the Annual ACM Symposium on Applied Computing,
Riva del Garda, Italy, 25-29 March 2012; pp. 459—-464.

Qadir, A.; Riloff, E. Bootstrapped learning of emotion hashtags# hashtags4you. In Proceedings of the 4th
Workshop on Computational Approaches to Subjectivity, Sentiment and Social Media Analysis, Atlanta, GA,
USA, 14 June 2013; pp. 2-11.

Phan, X.H.; Nguyen, L.M.; Horiguchi, S. Learning to classify short and sparse text & web with hidden topics
from large-scale data collections. In Proceedings of the 17th International Conference on World Wide Web,
Beijing, China, 21-25 April 2008; pp. 91-100.

Song, Y.; Wang, H.; Wang, Z.; Li, H.; Chen, W. Short text conceptualization using a probabilistic knowledgebase.
In Proceedings of the Twenty-Second International Joint Conference on Artificial Intelligence, Barcelona,
Spain, 19-22 July 2011; pp. 2330-2336.

Wikipedia, Help: Category. Available online: https://en.wikipedia.org/wiki/Help:Category (accessed on
31 October 2019).

DBpedia. Available online: https://dbpedia.org (accessed on 31 October 2019).

Freebase. Available online: https://frebase.org (accessed on 31 October 2019).

Lee, K.; Palsetia, D.; Narayanan, R.; Patwary, M.M.; Agrawal, A.; Choudhary, A. Twitter trending topic
classification. In Proceedings of the IEEE 11th International Conference on Data Mining Workshops,
Vancouver, BC, Canada, 11 December 2011; pp. 251-258.

Sriram, B.; Fury, D.; Demir, E.; Ferhatosmanoglu, H.; Demirbas, M. Short text classification in twitter to
improve information filtering. In Proceedings of the 33rd International ACM SIGIR Conference on Research
and Development in Information Retrieval, Geneva, Switzerland, 19-23 July 2010; pp. 841-842.

Song, S.; Meng, Y. Classifying and ranking microblogging hashtags with news categories. In Proceedings
of the 9th IEEE International Conference on Research Challenges in Information Science (RCIS), Athens,
Greece, 13 May 2015; pp. 540-541.

Gupta, V.; Hewett, R. Harnessing the power of hashtags in tweet analytics. In Proceedings of the IEEE
International Conference on Big Data, Boston, MA, USA, 11-14 December 2017; pp. 2390-2395.

Hashtagify. Available online: http://hashtagify.me (accessed on 11 September 2019).

Gupta, V.; Hewett, R. Unleashing the Power of Hashtags in Tweet Analytics with Distributed Framework
on Apache Storm. In Proceedings of the IEEE International Conference on Big Data, Seattle, WA, USA,
10 December 2018; pp. 4554—-4558.

Apache Storm. Available online: http://storm.apache.org/ (accessed on 11 September 2019).

Turney, P.D. Thumbs up or thumbs down? Semantic orientation applied to unsupervised classification
of reviews. In Proceedings of the 40th Annual Meeting of the Association for Computational Linguistics
(ACL’02), Philadelphia, PA, USA, 7-12 July 2002; pp. 417-424.

Nielsen, A. A new ANEW: Evaluation of a word list for sentiment analysis in microblogs. In Proceedings of
the ESWC 2011 Workshop on Making Sense of Microposts: Big Things Come in Small Packages, Heraklion,
Crete, Greece, 30 May 2011; pp. 93-98.


http://dx.doi.org/10.1613/jair.2669
http://dx.doi.org/10.1111/coin.12024
http://dx.doi.org/10.3390/a10010033
https://en.wikipedia.org/wiki/Help:Category
https://dbpedia.org
https://frebase.org
http://hashtagify.me
http://storm.apache.org/

Information 2020, 11, 341 22 of 23

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

Hu, M,; Liu, B. Mining and summarizing customer reviews. In Proceedings of the tenth ACM SIGKDD
International Conference on Knowledge Discovery and Data Mining, Seattle, WA, USA, 22-25 August 2004;
pp- 168-177.

Princeton University, WordNet: A Lexical Database for English. Available online: http://wordnet.princeton.edu
(accessed on 31 October 2019).

Baccianella, S.; Esuli, A.; Sebastiani, F. SentiWordNet 3.0: An Enhanced Lexical Resource for Sentiment
Analysis and Opinion Mining. In Proceedings of the Seventh International Conference on Language
Resources and Evaluation (LREC), Valletta, Malta, 17-23 May 2010; pp. 2200-2204.

Javed, A.; Lee, B.S. Sense-level semantic clustering of hashtags in social media. In Proceedings of the
3rd Annual International Symposium on Information Management and Big Data (SIMBig), Lima, Perq,
1-3 September 2016; pp. 140-149.

Vicient, C.; Moreno, A. Unsupervised semantic clustering of twitter hashtags. In Proceedings of the
21st European Conference on Artificial Intelligence (ECAI), Prague, Czech Republic, 18-22 August 2014;
pp. 1119-1120.

Costa, J.; Silva, C.; Antunes, M.; Ribeiro, B. Defining semantic meta-hashtags for twitter classification.
In Proceedings of the International Conference on Adaptive and Natural Computing Algorithms, Lausanne,
Switzerland, 4-6 April 2013; Springer: Berlin/Heidelberg, Germany, 2013; pp. 226-235.

Muntean, C.I.; Morar, G.A.; Moldovan, D. Exploring the meaning behind twitter hashtags through clustering.
In Proceedings of the International Conference on Business Information Systems, Vilnius, Lithuania, 21 May
2012; Springer: Berlin/Heidelberg, Germany; pp. 231-242.

Rosa, K.D.; Shah, R; Lin, B.; Gershman, A.; Frederking, R. Topical clustering of tweets. In Proceedings of the
ACM SIGIR: SWSM, Beijing, China, 28 July 2011.

Tsur, O.; Littman, A.; Rappoport, A. Scalable multi stage clustering of tagged micro-messages. In Proceedings
of the 21st International Conference on World Wide Web, Lyon, France, 1620 April 2012; pp. 621-622.
Javed, A.; Lee, B.S. Hybrid semantic clustering of hashtags. Online Soc. Netw. Media 2018, 5, 23-36. [CrossRef]
Belainine, B.; Fonseca, A.; Sadat, F. Named Entity Recognition and Hashtag Decomposition to Improve the
Classification of Tweets. In Proceedings of the 2nd Workshop on Noisy User-generated Text (WNUT), Osaka,
Japan, 11 December 2016; pp. 102-111.

Vogrinci¢, S.; Bosni¢, Z. Ontology-based multi-label classification of economic articles. Comput. Sci. Inf. Syst.
2011, 8, 101-119. [CrossRef]

Kontopoulos, E.; Berberidis, C.; Dergiades, T.; Bassiliades, N. Ontology-based sentiment analysis of twitter
posts. Expert Syst. Appl. 2013, 40, 4065-4074. [CrossRef]

Baltas, A.; Kanavos, A.; Tsakalidis, A.K. An apache spark implementation for sentiment analysis on twitter
data. In Proceedings of the International Workshop of Algorithmic Aspects of Cloud Computing, Aarhus,
Denmark, 22 August 2016; Springer: Cham, Switzerland, 2016; pp. 15-25.

Nodarakis, N.; Sioutas, S.; Tsakalidis, A.; Tzimas, G. Large Scale Sentiment Analysis on Twitter with Spark.
In Proceedings of the EDBT/ICDTWorkshops, Bordeaux, France, 15-18 March 2016; pp. 1-8.

Hadoop MapReduce. Available online: https://hadoop.apache.org/docs/r2.7.1/hadoop-mapreduce-client/
hadoop-mapreduce-client-core/MapReduceTutorial.html/ (accessed on 11 September 2019).

Apache Spark. Available online: http://spark.apache.org/ (accessed on 11 September 2019).

Bellaachia, A.; Al-Dhelaan, M. Learning from twitter hashtags: Leveraging proximate tags to enhance
graph-based keyphrase extraction. In Proceedings of the IEEE International Conference on Green Computing
and Communications, Besancon, France, 20 November 2012; pp. 348-357.

Park, S.; Shin, H. Identification of implicit topics in twitter data not containing explicit search queries.
In Proceedings of the COLING 2014 25th International Conference on Computational Linguistics: Technical
Papers, Dublin, Ireland, 23-29 August 2014; pp. 58-68.

Efron, M. Hashtag retrieval in a microblogging environment. In Proceedings of the 33rd International
ACM SIGIR Conference on Research and Development in Information Retrieval, Geneva, Switzerland,
19-23 July 2010.

Dovgopol, R.; Nohelty, M. Twitter Hash Tag Recommendation. arXiv 2015, arXiv:1502.00094.

Feng, W.; Wang, ]. We can learn your# hashtags: Connecting tweets to explicit topics. In Proceedings of the
IEEE 30th International Conference on Data Engineering (ICDE), Chicago, IL, USA, 31 March—-4 April 2014;
pp- 856-867.


http://wordnet.princeton.edu
http://dx.doi.org/10.1016/j.osnem.2017.10.004
http://dx.doi.org/10.2298/CSIS100420034V
http://dx.doi.org/10.1016/j.eswa.2013.01.001
https://hadoop.apache.org/docs/r2.7.1/hadoop-mapreduce-client/hadoop-mapreduce-client-core/MapReduceTutorial.html/
https://hadoop.apache.org/docs/r2.7.1/hadoop-mapreduce-client/hadoop-mapreduce-client-core/MapReduceTutorial.html/
http://spark.apache.org/

Information 2020, 11, 341 23 of 23

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

Li, Q.; Shah, S.; Fang, R.; Nourbakhsh, A.; Liu, X. Discovering Relevant Hashtags for Health Concepts:
A Case Study of Twitter. In Proceedings of the AAAI Workshop: WWW and Population Health Intelligence,
Phoenix, AZ, USA, 12-17 February 2016; pp. 783-786.

Zangerle, E.; Gassler, W.; Specht, G. Recommending#-tags in twitter. In Proceedings of the Workshop on
Semantic Adaptive Social Web (SASWeb 2011), Barcelona, Spain, 15 July 2011; Volume 730, pp. 67-78.

Blei, D.M.; Ng, A.Y.; Jordan, M.I. Latent Dirichlet allocation. . Mach. Learn. Res. 2003, 3, 993-1022.
Toshniwal, A.; Taneja, S.; Shukla, A.; Ramasamy, K.; Patel, ].M.; Kulkarni, S.; Jackson, ]J.; Gade, K.; Fu, M.;
Donham, J.; et al. Storm@ twitter. In Proceedings of the 2014 ACM SIGMOD International Conference on
Management of Data, Snowbird, UT, USA, 22-27 June 2014; pp. 147-156.

Github Code. Available online: https://github.com/vibhutittu/Real-time-Tweet- Analytics-using-Hybrid-
Hashtags-on-Twitter-Big-Data-Streams (accessed on 26 June 2020).

Twitter APIL Available online: https://dev.twitter.com (accessed on 11 September 2019).

Power Law. Available online: https://www.statisticshowto.datasciencecentral.com/power-law/ (accessed on
11 September 2019).

Naive Bayes. Available online: https://web.stanford.edu/class/cs124/lec/naivebayes.pdf (accessed on
31 October 2019).

Joachims, T. Text categorization with support vector machines: Learning with many relevant features.
In Proceedings of the European Conference on Machine Learning (ECML), Chemnitz, Germany, 21-23 April
1998; Springer: Berlin/Heidelberg, Germany, 1998; pp. 137-142.

Pennebaker, J.W.; Boyd, R.L.; Jordan, K.; Blackburn, K. The development and psychometric properties of LINC2015;
University of Texas: Austin, TX, USA, 2015.

De Choudhury, M.; Gamon, M. Predicting Depression via Social Media. In Proceedings of the Seventh
International AAAI Conference on Weblogs and Social Media (ICWSM), Cambridge, MA, USA, 8-11 July
2013; Volume 2, pp. 128-137.

Alp, Z2.Z.; Odiidiicii, S. Extracting topical information of tweets using hashtags. In Proceedings of the 2015
IEEE 14th International Conference on Machine Learning and Applications ICMLA), Miami, FL, USA, 9-11
December 2015; pp. 644-648.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


https://github.com/vibhutittu/Real-time-Tweet-Analytics-using-Hybrid-Hashtags-on-Twitter-Big-Data-Streams
https://github.com/vibhutittu/Real-time-Tweet-Analytics-using-Hybrid-Hashtags-on-Twitter-Big-Data-Streams
https://dev.twitter.com
https://www.statisticshowto.datasciencecentral.com/power-law/
https://web.stanford.edu/class/cs124/lec/naivebayes.pdf
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Related Work 
	Background 
	Hybrid Hashtags Approach 
	Apache Storm Architecture 

	Hybrid Hashtag-Based Tweet Topic Classification Framework 
	HHTC-Batch 
	HHTC-Stream 
	HHTC 
	Distributed Implementation of HHTC in Storm 


	Data Collection and Preprocessing 
	Experimental Results and Evaluation 
	Classification Performance 
	Execution Time 
	Scalability and Speed 

	Conclusions and Future Work 
	References

