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The  objective  of  this  study  is  to  evaluate  the  performance  of  five  entity  extraction  methods
for the  task  of  identifying  entities  from  scientific  publications,  including  two  vocabulary-
based  methods  (a  keyword-based  and  a Wikipedia-based)  and  three  model-based  methods
(conditional  random  fields  (CRF),  CRF with  keyword-based  dictionary,  and  CRF  with
Wikipedia-based  dictionary).  These  methods  are  applied  to an  annotated  test  set  of  publi-
cations  in  computer  science.  Precision,  recall,  accuracy,  area  under  the  ROC  curve,  and  area
under  the precision-recall  curve  are  employed  as the  evaluative  indicators.  Results  show
that the  model-based  methods  outperform  the vocabulary-based  ones,  among  which  CRF
with  keyword-based  dictionary  has  the best  performance.  Between  the  two  vocabulary-
based  methods,  the  keyword-based  one  has  a higher  recall  and  the  Wikipedia-based  one  has
a  higher  precision.  The  findings  of this  study  help  inform  the understanding  of informetric
research  at  a  more  granular  level.

© 2015  Elsevier  Ltd.  All  rights  reserved.

. Introduction

Publication data embody the very essence of humans’ scientific and technological advances. These data have been con-
inuously examined through multidisciplinary efforts. Citation-based methods have traditionally been employed to assess
esearch impact; modern statistical methods have employed various bibliometric networks to cluster research specialties,
etect author communities, and identify research topics. While these efforts have revealed patterns of scholarly communi-
ation, elucidated the scientific workforce, determined mechanisms of impact assessment, and addressed a slew of issues
elated to disciplinarity and interdisciplinarity, they were largely driven by the analysis of existing publication metadata (e.g.,
uthors, titles, journals, and references). Consequently, we have limited understanding of the ways to analyze the content
f individual papers. Moreover, because knowledge is more effectively expressed through unstructured or semi-structured
ontents, such as titles, abstracts, keywords, or even full-text, we have yet to find out how to use the contents to examine
nowledge production and innovation. Therefore, the current study intends to tackle the complexity of unstructured and
emi-structured contents, with a focus on detecting entities – expressions in the contents that convey research-relevant

nformation – from texts. This study is part of a larger effort to understand the mechanisms of innovation-making through
ontent-aware approaches.

Entity extraction is not a new idea: it is an important sub-task of information extraction and is sometime referred to
s named entity extraction and classification (NERC) (Nadeau & Sekine, 2007). The goal of NERC is to identify and classify
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named entities from large, heterogeneous text corpora. Names, as Kripke (1972) puts it, are “rigid designators” (p. 48). Thus,
earlier NERC tasks were largely focused on the extraction of proper names from texts (Thielen, 1995), such as the names
of locations, people, and organizations—collectively known as “enamex”; data and time types (“timex”) and money and
percent types (“numex”) were also recognized as entity types for NERC tasks (Nadeau & Sekine, 2007). Recent advances in
bioinformatics has also incorporated the identification of biomedical entities, such as genes, compounds, drugs, proteins, and
diseases, into the NERC framework (e.g., Bekhuis, 2006; Jensen, Saric, & Bork, 2006; Swanson, Smalheiser, & Torvik, 2006).
Meanwhile, we acknowledge the fact that NERC is not restricted to academic research—there are successful commercialized
NERC systems for large synchronized language analyses, particularly for defense applications. For instance, the U.S. Defense
Advanced Research Projects Agency (DARPA) has allocated more than $100 million between 2003 and 2005 for projects on
Automated Speech and Text Exploitation in Multiple Languages (DARPA, 2005). Traditionally, domain specific dictionaries
were employed to extract named entities from texts; however, this technique did not scale up with the emergence of
new named entities and its performance is impaired by the fuzziness of the natural language (Sekine & Nobata, 2004).
Modern statistical methods, on the other hand, are capable of recognizing and disambiguating new named entities, through
supervised methods, such as hidden Markov models (HMM;  Bikel, Miller, Schwartz, & Weischedel, 1997) and conditional
random fields (CRF; Lafferty, McCallum, & Pereira, 2001) or semi- or unsupervised methods, such as bootstrapping (Riloff &
Jones, 1999). These methods will be surveyed in the literature review section.

These statistical methods have been applied to extract “enamex”, “timex”, “numex”, and biomedical-related named
entities and high precision and recall have been reported (e.g., Collier, Nobata, & Tsujii, 2000; Torii, Hu, Wu,  & Liu, 2009;
Jiang et al., 2011). However, as Nadeau and Sekine (2007) argued, “[t]he impact of textual genre.  . .and domain. . .has been
rather neglected in the NERC literature.  . .[f]ew studies are specifically devoted to diverse genres and domains” (p.2). Since
then, there have been attempts to extend the scope of NERC by extracting entities from scientific literature (e.g., He & Kayaalp,
2008; Prokofyev, Demartini, & Cudré-Mauroux, 2014). Thus, this study is motivated to develop this body of literature by
evaluating the performance of several entity extraction methods on a text corpus that contains scientific publications. This
textual genre, as a distinctive science communication channel, exhibits its own  discourse-related characteristics (Hyland,
2000; Demarest and Sugimoto, in press). Papers in five leading computer science journals are selected as the data set.
Several vocabulary- and statistical model-based methods are employed to identify entities from this data set, including two
vocabulary-based methods (i.e., a keyword-based and a Wikipedia-based) and three model-based methods (i.e., CRF, CRF
with keyword-based dictionary, and CRF with Wikipedia-based dictionary approaches).

Findings from this study will advance the methods of scholarly data mining as well as the application of these methods
for content-aware studies of knowledge production and innovation. Conducting content-aware research has the readily
apparent advantage of gaining explicit and fine-grained perspectives of how different entities are embedded and related. It
will also enhance our understanding of the provenance of knowledge as codified by entities. Results of this research will lay a
foundation for these efforts and help inform scientists and scholars for more granular analyses of the history, contemporary
landscape, and future trajectories of domains.

2. Related work

This section reviews several types of entity extraction methods, including vocabulary-based, semi- or unsupervised
methods, and supervised methods.

2.1. Vocabulary-based methods

Vocabulary-based methods have been employed to identify and disambiguate the concepts of interest, such as title words
(e.g., Swanson, 1986), subject headings (e.g., Swanson et al., 2006) and thesaurus dictionaries (e.g., Ding, Chowdhury, & Foo,
2001; Lou & Qiu, 2014). A pioneering study by Swanson (1986) has built off title word co-occurrence relations to detect
latent entity relations. Different from finding co-occurrence relations between two directly connected entities, Swanson’s
approach used two disjoint sets of records and identified a list of terms that co-occurred with both sets. This approach
has been empirically tested and it has helped verify some previously overlooked relations such as fish oil and Raynaud’s
syndrome, magnesium and migraine, somatomedin C and arginine, and even viruses as weapons, according to a review
article by Bekhuis (2006). It has been suggested that the use of controlled vocabularies can reduce the ambiguity of the
natural language (e.g., Swanson et al., 2006). In biomedical domains, the Medical Subject Headings (MeSH) has been widely
used to retrieve medical publications (e.g., Lowe & Barnett, 1994) and to find the relatedness of medical terms (e.g., Nelson,
Johnston, & Humphreys, 2001). For instance, Swanson’s approach was improved by the use of MeSH terms to enhance its
efficiency (Swanson et al., 2006).

Despite the effort of controlled vocabularies such as MeSH to consistently index bio-entities, it was found that they may
not fully address the nomenclature problems of synonyms, noun phrases, and acronyms (Morgan, Hirschman, Colosimo,
Yeh, & Colombe, 2004; Galvez & de Moya-Anegón, 2012). Thus, more specialized dictionaries and ontologies have been

designed and experimented with, serving the goal to discriminate and integrate genes, compounds, drugs, proteins, and
diseases in various orthographic forms (e.g., Humphreys, Lindberg, Schoolman, & Barnett, 1998; Ashburner et al., 2000;
Jensen et al., 2006; Liu, Hu, Torii, Wu,  & Friedman, 2006; Frijters et al., 2008, 2010; Galvez & de Moya-Anegón, 2012). Among
these, the Unified Medical Language System (UMLS; Humphreys et al., 1998) and Gene Ontology (GO; Ashburner et al.,
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000) are probably the most representative. These ontologies were designed to address “the lack of a standard language in
edicine” (, p. 2). In this regard, they represent prior knowledge by incorporating a variety of existing thesauri and lexicons.

hey also provide hierarchies, semantic types, and semantic relations to existing controlled vocabularies to support the
nnotation of gene products, drug discovery and repurposing, instance sequences, or other biomedical tasks (e.g., Chagoyen,
armona-Saez, Shatkay, Carazo, & Pascual-Montano, 2006; Andronis, Sharma, Virvilis, Deftereos, & Persidis, 2011; Galvez &
e Moya-Anegón, 2012). These vocabulary-based methods are dependent on the prior knowledge represented by dictionaries
r ontologies. They thus lack the capacity to identify new concepts or ideas that are not readily indexed. This drawback is
anifested in fast-growing fields where new terms are emerging rapidly or interdisciplinary fields where domain specific

ictionaries may  no longer be effective (Demner-Fushman, Chapman, & McDonald, 2009).

.2. Semi- or unsupervised methods

The semi-supervised methods for entity extraction typically refer to the bootstrapping technique (Riloff & Jones, 1999;
iloff, Wiebe, & Wilson, 2003). It is a self-sustaining technique used to iteratively improve a classifier’s performance. The
rst step is to select seed terms; previous studies have shown that a small number of seed terms are sufficient to produce
igh-level relevance (Riloff & Jones, 1999). The method then learns the contextual patterns of seed terms and uses the

earned patterns to select new terms. This iterative method is also known as meta-bootstrapping (Riloff & Jones, 1999). The
alculation of pattern scores and entity scores determine the effectiveness of the bootstrapping method. If a pattern gets a
igher score, then it is selected into the candidate pattern pool. Entities extracted by these candidate patterns are considered
s candidate entities. Heuristic rules have been used to generate patterns (Thelen & Riloff, 2002), for instance, the presence
f uppercase letters, sentence structure, and the collocation of words. Bootstrapping can have a binary classifier (i.e., is or is
ot a named entity) or a multi-class classifier in the case of labeled data. It has been demonstrated that “predicting the labels
f unlabeled entities” can improve the performance of the bootstrapping method (Gupta & Manning, 2014a, p. 9). Yet, this
ay  require some domain dictionaries to estimate the labels of the extracted entities. Overall, bootstrapping is an “effective,

nterpretable” (Gupta & Manning, 2014a, p. 1) method and previous studies have shown that this semi-supervised learning
ethod performed well on extracting entities from subject areas such as terrorism (Thelen & Riloff, 2002), law (Nallapati &
anning, 2008), and medicine (Gupta & Manning, 2014b).
Unsupervised methods use lexical resources (e.g., WordNet or web queries) and lexical patterns (e.g., the “such as”

attern) to extract named entities (Nadeau & Sekine, 2007). For instance, Alfonseca and Manandhar (2002) mapped terms
hrough WordNet synset to assess the likelihood that terms be assigned to certain classes. Likewise, using web queries as
he lexical resources, Etzioni et al. (2005) estimated the dependency between two  expressions and used the dependency
robabilities to assign entities to classes—the system was  known as KnowItAll. KnowItAll required high volumes of web
ueries and the extraction process had to be updated every time a new relation was  introduced. This scalability issue was
esolved by the Open Information Extraction project TextRunner (Banko, Cafarella, Soderland, Broadhead, & Etzioni, 2007), a
ighly efficient entity extraction system that utilized web data. TextRunner opened up a new paradigm for entity extraction
nd there are ongoing efforts to improve this system (e.g., Christensen, Soderland, & Etzioni, 2010; Akbik & Löser, 2012; Del
orro & Gemulla, 2013). Studies that exploited lexical patterns include Collins and Singer’s (1999) work on unsupervised
odels for named entity classification. The model relied on spelling and contextual rules—spelling rules applied to target

trings whereas contextual rules focused on the surrounding terms of the target strings. Built on Collins and Singer’s (1999)
ork, Nadeau, Turney, and Matwin (2006) improved the unsupervised method through two ways: one was  to add a named-

ntity disambiguation component which is an advancement to earlier studies (e.g., Etzioni et al., 2005) that were largely
redicated on entity extraction but not recognition or disambiguation; and the other way  was to utilize text without standard
rammatical structures, such as tables and lists, in HTML documents. The merit of the semi- and unsupervised methods is
hat they require limited human intervention; however, to ensure satisfying performances, external data sources or heuristic
ules are needed, thus posing challenges toward a streamlined and transparent research design.

.3. Supervised methods

The supervised entity extraction models primarily include maximum entropy models (e.g., Borthwick, Sterling, Agichtein,
 Grishman, 1998), support vector machines (e.g., Krauthammer & Nenadic, 2004; Takeuchi & Collier, 2005), decision trees

e.g., Prokofyev et al., 2014), hidden Markov models (HMM;  e.g., Collier et al., 2000), and conditional random fields (CRF;
.g., Torii et al., 2009; Jiang et al., 2011). These methods are typically applied to extract named entities from non-scientific
ocuments such as news articles. A recent work (Prokofyev et al., 2014) on extracting entities from scientific publications is
erhaps the most similar to the current study. Publications on information retrieval and physics were included as the data
et and a supervised decision tree model was applied: it is found that the use of external knowledge bases, such as DBLP
nd DBPedia, has improved the performance of the decision tree-based models. Both HMM  and CRF belong to sequence

odels and are capable of modeling interdependent variables. This is an essential feature because words in a sentence are

ependent (Sutton & McCallum, 2006). The difference between HMM  and CRF is that HMM  is generative and is based on
 model of joint distributions whereas CRF is discriminative and is based on a model of conditional distributions (Lafferty
t al., 2001; Sutton & McCallum, 2006). While both models have merit, it is suggested that CRF is more flexible in data fitting
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and is “better suited to including rich, overlapping features” (Sutton & McCallum, 2006, p. 8). CRF is therefore employed in
this study and its performance on extracting entities from publications in computer science is assessed.

3. Data

Publication data were gathered from five flagship computer science journals. We  chose the Journal of the ACM (JACM) as
the seed journal. Top five most cited journals by JACM were obtained using journal citation data from the Web  of Science
database. For each of the five journals, their top five most cited journals were identified, resulting in 25 cited journal instances.
Next, aggregating these instances, we then obtained a list of the most cited journals by the five journals. If the top five journals
are the same five journals that JACM cited the most, then these five journals are our core journals of analysis; otherwise,
repeat the above two steps until a stable set of five journals is reached. This approach of determining core journals was
pioneered by Hirst (1978). The resulted five journals are: Journal of the ACM, Theoretical Computer Science, SIAM Journal on
Computing, Information and Computation, and Journal of Computer and System Sciences.

Publications between 2004 and 2014 (March) were downloaded as the data set of this study. The total number of papers
is 7262. To assess the performance of the entity extraction methods, two  sets were prepared: a training set and a test
set. To prepare the training set, five papers were randomly sampled for each year between 2004 and 2014 (total number of
papers: 55; total number of title/abstract terms: 9022). This set will be used to train the supervised CRF model. This stratified
sampling method was also used to sample publications for the test set. Five papers were randomly sampled for each year
between 2004 and 2014 (total number of papers: 55; total number of title/abstract terms: 10,283). The training data set
for “enamex”-based entity extractions is typically larger: for instance, more than 200 thousand words from 946 documents
were used to train the CRF model to learn labels on persons, locations, organizations, and miscellaneous entities (McCallum,
2002; Sutton & McCallum, 2011). The size of the training data may  relate to the performance of the CRF model and we  see
it as a future research direction to explore the impact of the size and disciplinary identities on the performance of the CRF
model. For the training set, two coders independently annotated the titles and abstracts using a binary rule; that is, 0 for
non-entities and 1 for entities. For the first run, an inter-rater reliability (IRR) of 0.55 was attained (based on Cohen’s kappa).
Coders compared the annotations, identified and discussed the disagreement, and set up more explicit coding rules and
another independent annotation was implemented. This run yielded an IRR of 0.75, a satisfying agreement for categorical
data analysis (e.g., Hallgren, 2012). One coder then annotated the 55 papers in the test set using the same standard. We
consider the resulted annotated set as the rubric to benchmark the performance of all methods to be evaluated in this study.

4. Methods

4.1. Procedures

We  propose and evaluate five methods to extract entities from publications in computer science.

1. Keyword-based: the first method constructed a keyword dictionary from publications in the data set. The keyword dic-
tionary contains terms from both author provided keywords and database provided descriptors (size of the dictionary:
21,349 terms). To ensure an accurate term matching, a plural-singular transformation was preferred over lemmatization
because the latter approach may  change the content of entities, for instance, from “nearest neighbors” to “near neighbor”.
For plural-singular transformation, if the plural form of a keyword was used, its singular and plural forms were added to
the dictionary (e.g., if “nearest neighbors” is a keyword, then both “nearest neighbors” and “nearest neighbor” are added
to the dictionary). If no plural form of a keyword was present, only its singular form was  added to the dictionary (e.g.,
if “multi-word synchronization” is the only form, then it is directly added to the dictionary without the need to add its
plural form). This method requires the least processing and is adopted as the baseline approach to assess the performance
of other more advanced approaches.

2. Wikipedia-based: similar to the first method, a dictionary was  constructed using terms from Wikipedia
entries. To collect domain specific terms, we started off from the computer science category in Wikipedia
(http://en.wikipedia.org/wiki/Category:Computer science). This category contains 14 first-level subcategories and 19
first-level pages. As we randomly sampled some of the pages at each level, pages have become less relevant to com-
puter science. To make a proper balance between the size and quality of the dictionary, we included all terms at level five
and the same plural-singular transformation was performed (size of the dictionary: 49,993 terms).

3. The conditional random fields (CRF) method: the third method used the annotated training set to train the CRF model.
The trained CRF model will be applied to the test set to extract entities.

4. CRF with Keyword-based dictionary: similar to the third method, it used the annotated training set for the supervised
learning. Additionally, a keyword dictionary (developed in the first method) was incorporated in the gazette function of

the CRF model with the goal to improve its performance (Kim, Ohta, Tsuruoka, Tateisi, & Collier, 2004; Sutton & McCallum,
2006; Pawar, Srivastava, & Palshikar, 2012).

5. CRF with Wikipedia-based dictionary: similar to the fourth method that used a keyword-based dictionary as the gazette,
this method used a Wikipedia-based dictionary (developed in the second method) as the gazette in the CRF model.

http://en.wikipedia.org/wiki/Category:Computer_science
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Fig. 1. Two  sequence models: HMM  and CRF (Sutton & McCallum, 2006).

Table 1
Test outcomes.

Method TN TP FN FP TN + TP

Keyword 7779 793 441 1270 8572
Wikipedia 8819 215 1019 230 9034
CRF  8461 787 447 588 9248
CRF  + keyword-based dictionary 8406 840 394 643 9246
CRF  + Wikipedia-based dictionary 8464 811 423 585 9275

Table 2
Precision, recall, AUC, and AUP of the five methods.

Method Precision Recall ACC AUC AUP

Keyword 0.38 0.64 0.83 0.75 0.30
Wikipedia 0.48 0.17 0.88 0.57 0.20
CRF  0.57 0.64 0.90 0.75 0.42
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CRF  + keyword-based dictionary 0.57 0.68 0.90 0.80 0.44
CRF  + Wikipedia-based dictionary 0.58 0.66 0.90 0.79 0.43

A standard CRF model supports the definition of multiple classes, such as locations, organizations, and people (Sutton
 McCallum, 2006) or problem, treat, and test (Jiang et al., 2011). As for publications, however, the design of a multi-class
odel may  meet with several challenges, for instance, disciplinary barriers, language ambiguities, a lack of consensus on

lass definitions, and a lack of rich contexts. Therefore, a one-class model was  adopted in this study. A multi-class model
ill be endeavored as future work.

.2. Conditional random fields

This section briefly introduces the employed CRF model; detailed mathematical presentations can be found in Appendix
. CRF is a sequence model based on the idea of obtaining output probabilities using the input sequence. Sequence model

s first trained to learn some sequence observations. It then provides a predictive measure of similarity to other sequences
s an output for any new sequence observations (Sutton & McCallum, 2006). Sequence model is thus an ideal platform to
odel natural language patterns because words in sentences form a sequential flow of semantics.
There are two representative sequence models (Fig. 1): one is CRF and the other is the HMM.  HMM  is a generative model

ased on joint distributions (p(y,x)), and CRF is a discriminative model based on conditional distributions (p(y|x)) (Lafferty
t al., 2001; Sutton & McCallum, 2006). Therefore, CRF does not need to include a model of p(x) and is more flexible than
MM (Sutton & McCallum, 2006; de Souza, Pizzolato, & dos Santos Anjo, 2012).

. Results

The five methods are evaluated using several approaches: Section 5.1 reports raw test outcomes (Table 1) as well as
recision, recall, accuracy (ACC), area under the ROC curve (AUC), and area under the precision-recall curve (AUP) (Table 2);
ection 5.2 uses the Mann–Whitney test of asymptotic significance to assess the between-group differences of the five
ethods; Section 5.3 illustrates ROC and precision-recall curves to give visual presentations of the results.

.1. Performance of the five methods
Table 1 presents the test outcomes on true negative (TN), true positive (TP), false negative (FN), and false positive (FP)
cores.
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Fig. 2. An example of entity extraction using the five methods.

Table 1 shows that based on TN + TP, CRF with Wikipedia-based dictionary has the highest score: it made correct judg-
ments on 9275 words out of 10,283 in total. While the Wikipedia-based approach had the highest true negative score and the
lowest false positive score, it resulted in the smallest true positive score and the highest false negative score, suggesting that
it tended to be rather stringent in determine entities and thus missed a considerably amount of entities. The keyword-based
approach, on the other hand, resulted in the highest false positive score, indicating that it tended to be a relaxed method
to extract entities, however, at a low accuracy (its true positive ranked the third). For the three CRF-based methods, the
standard CRF and CRF with Wikipedia-based dictionary had a similar performance; CRF with keyword-based dictionary had
a higher true positive score but also a higher false positive score.

Results on precision, recall, ACC, AUC, and AUP are reported in Table 2. Precision is calculated by TP
TP+FP , recall is TP

TP+FN ,
and ACC is TN+TP

TN+TP+FN+FP .
Table 2 shows that the two vocabulary-based methods have the lowest precision. In regards to recall, the keyword-

based approach has yielded considerably higher recall than the Wikipedia-based approach, while Wikipedia-based approach
has recorded higher precision. The higher precision of the Wikipedia-based approach suggests that it has identified key
terms more precisely than the keyword-based approach. Meanwhile, the low recall indicates that the Wikipedia-based
dictionary did not include as many relevant terms as the keyword-based dictionary. The way we  constructed the Wikipedia-
based dictionary is to include terms in the Wikipedia category on computer science. A possible issue may  be caused by the
varied depths of different subcategories—while level five may  be sufficient for some subcategories, it may  be inadequate
(i.e., not enough relevant terms were included) or overfitting (i.e., a higher degree of noise were included) for some other
subcategories. This issue could be solved by developing rule-based methods to systematically extract more key terms while
reducing the noise.

Three CRF-based methods have improved both precision and recall from the two vocabulary-based methods, among
which CRF with Wikipedia-based dictionary has the highest precision at the 0.58 level and CRF with keyword-based dictio-
nary has the highest recall at the 0.68 level. The results demonstrate that the statistical training through CRF has improved
the performance of the entity extraction task. Prior research has found a satisfying performance of CRF in recognizing named
entities, such as locations, names, and organizations (e.g., Nadeau & Sekine, 2007; Sutton & McCallum, 2006). This study
adds new findings to this area by revealing the value of CRF in identifying key terms from publications in computer science.
In the meantime, we also noticed a gap between the performances of entity recognitions for non-scientific publications
and scientific publications: for instance, a precision of 0.89 was  reported for a company name extraction task (Tang, Hong,
Li, & Liang, 2006) and whereas a precision at the 0.6 level was reported in this study as well as an earlier scientific entity
extraction task on biological entities (He & Kayaalp, 2008). This may  be attributed to the fact that “enamex” type entities
are typically associated with more fixed locations in sentences such that it makes easier for the CRF model to learn these
structural patterns; entities in publications, on the other hand, do not necessarily possess such patterns as they can occur in
both expected and unexpected locations in sentences. Furthermore, the size of the training data may  also be a contributing
factor: the training set was limited to 55 papers with 10,283 title/abstract terms whereas the training sets for “enamex”,
“timex”, and “numex” extractions are much larger in size (McCallum, 2002; Nadeau & Sekine, 2007; Sutton & McCallum,
2011).

5.2. Relationships of the five methods
To begin with, we use an excerpted sentence from the data set to exemplify the extraction results of the five methods
(Fig. 2).

The keyword-based method has extracted entities including “mapping”, “task scheduling”, “partitioning”, and
“energy”—not surprisingly because these are all common keywords in computer science. It, however, also extracted “so”
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Table  3
Mann–Whitney test of asymptotic significance (2-tailed).

Annotation Keyword Wikipedia CRF CRF + keyword CRF + Wiki

Annotation 1
Keyword 0.000 1
Wikipedia 0.000 0.000 1
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CRF  0.003 0.000 0.000 1
CRF + keyword 0.000 0.000 0.000 0.029 1
CRF  + Wiki 0.001 0.000 0.000 0.668 0.080 1

hich might mean a UNIX shared library format file (e.g., “abc.so”); meanwhile, it missed entities such as “voltage frequency
sland” because these terms were not included in the keyword dictionary. The Wikipedia-based method did not extract any
ntity from the excerpted sentence, because none of the words were included in the Wikipedia dictionary used in this study.
he use of the full Wikipedia entry dictionary is likely to capture entities from this sentence, but irrelevant entities may
lso be extracted as a consequence because of the low precision of the exact Wikipedia matching (Prokofyev et al., 2014).
he three CRF-based methods extracted the same set of entities from the sentence: it missed the entity “task scheduling”,
Multi-Processor”, and “System-on-Chip” and mislabeled “Reliable” which is seen as a describing term for an entity.

To further assess the differences among the five methods, we used the Mann–Whitney test of asymptotic significance and
pplied it to the whole test set. It is an effective non-parametric significance test of between-group differences. The results
re reported in Table 3; in particular, the human annotated results were also included to evaluate the difference between
he human annotation and the five methods.

Table 3 shows that the human annotation is statistically different from any of the five methods; results of CRF and CRF
ith Wikipedia-based dictionary are probably the closest to the human annotation, as indicated by the p value, though still

maller than 0.05. Two vocabulary-based methods generated results different from the human annotation and also from
ny of the CRF-based methods. In the meantime, CRF with Wikipedia-based dictionary did not deliver results that were
tatistically different from CRF or CRF with keyword-based dictionary (p > 0.05)—particularly that the p value is much larger
han 0.05 for the test of asymptotic significance between CRF and CRF with Wikipedia-based dictionary (p = 0.668). Although
RF and CRF with keyword-based dictionary yielded statistically different results, the p value is close to the ˛-level of 0.05.
he test of asymptotic significance complements the performance tests in Tables 1 and 2: it shows that, first, there are
till discrepancies between the results obtained from the proposed methods and the “gold standard” in the form of human
nnotation; second, vocabulary-based methods performed differently from each other as well as from the model-based
ethods; third, the CRF-based methods yielded more similar results and, in particular, the standard CRF may  replicate the

esults of CRF with Wikipedia-based dictionary.

.3. Visualizing the results through AUC and AUP

To gain an understanding of the relationship between precision and recall, we  employed ROC and precision-recall curves
Figs. 3 and 4).

We  see from the ROC curves that the Wikipedia-based approach behaved differently from the other four methods—its
urve formed a jagged diagonal line which exemplifies an AUC of 0.57. The other four methods, including the keyword- and
hree CRF-based approaches, exhibited more similar distribution patterns. They had small false positive rates (FPR) when the
rue positive rates (TPR) stayed within 0.7 and their FPR hiked when the TPR was above 0.7. Thus, a TPR of 0.7 is a noticeable
pper threshold for the four methods under study. In terms of the precision-recall curves, the Wikipedia-based approach
aintained a precision of 0.5 when the recall was  less than 0.2 and its precision plunged as the recall went higher. The

ipping point for the keyword-based method was 0.6 in recall. The precision-recall curves for the three CRF-based methods
isplayed similar distribution patterns in that they maintained the precision around 0.6 when the recall was smaller than 0.7.
heir precision dropped as the recall went up—CRF was the first to drop, followed by CRF with Wikipedia-based dictionary
nd CRF with keyword-based dictionary.

Last, to obtain a clearer insights on the distributions of FPR, TFR, precision, and recall, we  used �-binominal model
o smooth the ROC curves and precision-recall curves (Brodersen, Ong, Stephan, & Buhmann, 2010), as shown in Fig. 4.
oth images illustrate that CRF with keyword-based dictionary and CRF with Wikipedia-based dictionary are the best
erforming approaches, following by the standard CRF and the two vocabulary-based methods. Between the two vocabulary-
ased methods, assessed through ROC curves, the keyword-based method had an overarching better performance than the
ikipedia-based one, while in the precision-recall curves, the Wikipedia-based method started off with a higher precision

nd was surpassed by the keyword-based method when recall went higher than 0.3. These findings are consistent with the
nes obtained from the non-smoothed curves in Fig. 3 as well as precision, recall, AUC, and AUP in Table 2.
. Discussion and conclusion

This paper has employed and evaluated five approaches in extracting entities from publications in computer science,
ncluding a keyword-based method, a Wikipedia-based method, CRF, CRF with keyword-based dictionary, and CRF with
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Fig. 3. ROC curves (left) and precision-recall curves (right) for the five methods.
Fig. 4. Smoothed ROC curves (left) and precision-recall curves (right) for the five methods.

Wikipedia-based dictionary. By doing so, this paper has made the following contributions. First, it has applied the CRF-
based statistical learning to the textual genre of scientific publications in computer science. This has enriched related entity
extraction efforts that focused on analyzing scientific corpora (e.g., Prokofyev et al., 2014) as well as non-scientific corpora
such as newspaper articles and email correspondence (e.g., Tang et al., 2006; Nadeau & Sekine, 2007; Sutton & McCallum,
2006). Second, bibliometrically, this paper has extended the unit of analysis to the entity-level from the classic author-,
paper, and journal-level analyses (e.g., Yan & Ding, 2012). Conducting entity-level research has the advantage of gaining
more granular insights on how various research-relevant entities relate to one another; it also helps refine investigations
of transformative innovation, knowledge flow, and impact assessment. Finally, this paper has evaluated the performance

of five approaches on entity extraction using appropriate indicators. The evaluative results will inform ongoing studies on
content-aware informetric studies.

To construct domain specific vocabulary dictionaries, we  have adopted two novel approaches—one included terms from
papers’ keywords and the other included Wikipedia entries in the category of computer science. As for the statistical models,
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e have employed CRF, a state-of-the-art design in entity extraction. Two features have also been integrated into the model, a
eyword-based dictionary and a Wikipedia-based dictionary, both through the gazette function. The inclusion of vocabulary-
nd model-based approaches has enriched the word-based analyses in informetrics, such as co-word analysis (e.g., Callon,
ourtial, & Laville, 1991; Milojević, Sugimoto, Yan, & Ding, 2011; Yan, Ding, & Jacob, 2012) and topic models (e.g., Blei, Ng,

 Jordan, 2003; Blei & Lafferty, 2007; Ramage, Hall, Nallapati, & Manning, 2009), bringing a set of new ways to explore the
ontent of scientific publications.

The advantage of the vocabulary-based approaches is that terms are readily available and requires fewer efforts to
onstruct dictionaries. Nonetheless, the limitation is that the vocabulary-based approaches lack the ability to recognize
ntities that are not included in dictionaries. Meanwhile, keyword dictionaries are not controlled vocabularies—word- and
ictionary-level congruence may  be sparse. Statistical models, on the other hand, are able to discover new entities based
n the conditional models, decision trees, hidden Markov models, bootstrapping, and other supervised or semi-supervised
earning methods. Yet, as a supervised model, a training set is needed. A large, well annotated training set may  take a
onsiderably time to develop. Additionally, these training sets typically can only be applied to a specified domain. For
nstance, we cannot use the newspaper training set to train the CRF model for publications because they contain diverse
odies of entities. Similarly, the training set on computer science publications that developed in this study cannot be directly
sed to train the CRF model on other science domains. This disadvantage, therefore, may limit its applicability.

Through the use of several established evaluative indicators, this study has found that the model-based methods have
utperformed the vocabulary-based ones, among which CRF with keyword-based dictionary has the best performance.
etween the two vocabulary-based methods, the keyword-based one has a higher recall and the Wikipedia-based one has a
igher precision. The result may  be attributed to the fact that the constructed Wikipedia dictionary tended to contain a small
et of well-defined terms but lacked a broad coverage. This has raised a challenge to construct a domain-specific dictionary
hat also possesses an extensive coverage on different subdomains. We  see this as a future research direction.

Assessing different entity extraction approaches is the first step of our explorations toward a content-aware analysis of
nowledge. The next step will be constructing knowledge networks using the identified entities to examine the provenance,
rajectory, and popularity of various concepts, theories, and methods. These efforts will help provide empirical evidence to
acilitate interdisciplinary, inter-organizational, and inter-territorial knowledge production and dissemination.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/
.joi.2015.04.003.
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