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Abstract—This research paper describes the application of
linguistic analysis through scaled co-occurrence networks to
create visual representations of systematic literature reviews.
This approach uses currently available and free tools in this new
application. Co-occurrence networks are a method for visualizing
relationships between concepts within written material. The
results of a co-occurrence analysis are a network that reflects the
relationships between words based on meaning similarities
among words and text segments. To illustrate this approach, I
applied the methodology of a systematic literature review search
that resulted in 391 unique journal articles, books, and reports
on identity published in the period from 1995 to 2015. The
abstracts, titles, and keywords of these journals were analyzed
via linguistic analysis to create a word co-occurrence network of
these articles related to identity in science and engineering.
Clusters within this network were identified based on word
frequency. The results of this research illustrate a hole in the
current identity literature in understanding diversity beyond
traditional definitions of race, class, and gender. This method has
the potential to powerfully convey and embed information about
large amounts of data in a single image and offers a new way to
report findings from a systematic literature review.

Keywords—linguistic  analysis;  co-occurrence  networks;
network analysis; systematic literature review

[. INTRODUCTION

Since the publication of Borrego, Foster, and Froyd's
Journal of Engineering Education paper describing the
methodology for a systematic literature review [1], the
frequency and popularity of these reviews in engineering
education to critically appraise and summarize research has
grown dramatically. The last and essential step in a systematic
literature is a synthesis of the articles identified. This process
involves mapping, critiquing within studies, and critique across
studies. Often in the mapping step of these reviews, the
numerous journal articles that are identified for inclusion via
database searches are reported tables that are long and complex
to understand. As an alternative, I present a process for creating
a single visual network created with linguistic analysis. This
method is not new but has not been used in engineering
education in conjunction with systematic literature reviews.
This process is illustrated with a specific example of a
systematic review of identity and diversity research in science
and engineering education.

Linguistic analysis allows for visually identifying
connections and holes within the current body of literature.
While this technique does not replace the full synthesis in a
systematic literature review, it does offer a new way to
examine how papers are connected to one another in the
literature and to visually represent these connections. This
method has been successfully used in information retrieval,
educational technology and other pattern recognition problems
with complex data [2], [3]. In a systematic review that can
include hundreds of papers, this method can provide ways to
map large bodies of complex linguistic data. In the following
sections, | present summaries of the method of linguistic
analysis and the methodology of systematic literature reviews
as well as a step-by-step example of how these methods were
used in combination to understand the STEM education
literature on student identity and diversity.

II. LINGUISTIC ANALYSIS

This study used techniques from linguistic analysis to
understand and visually represent the body of knowledge
generated in STEM education on identity and diversity over the
last two decades. The underlying assumptions for this work are
that language through written text is the mechanism for the
exchange and transmission of knowledge. Linguistic analysis
extracts the knowledge presented in published journal articles,
books, and reports to analyze it and organize it in a systematic
way. This approach is based on the science of science, or the
study of science communication, which has been used to
understand author networks of citations, maps of scientific
concepts, or visualizations of conference topics [4].

Word co-occurrence networks model the relationships
between sources of text based on which words are contained in
contexts (e.g., documents, paragraphs, sentences, etc.) and
between words within and across contexts. The underlying
concept is that these contexts in which a particular word
appears gives information about the meaning of the word as
well as the context and relationships among contexts. This
approach takes raw data and develops a co-occurrence network
of words with the nodes (or vertices) as the keywords and the
edges as the weighted connections based on the frequency of
words among documents. In other terms, nodes in a co-
occurrence network represent important terms and location of
these terms in a network reveal close “neighbors” (connected



by edges) as well as “neighborhood” or words that commonly
appear in text together (i.e., clusters). The structure of these
networks can provide information on how different
publications in the literature base are using words around
topics and visually identify “holes” in the literature that offer
potential new areas of study.

III. SYSTEMATIC LITERATURE REVIEW

Systematic literature reviews are a collection of
methodologies that provide ways to critically appraise and
make sense of large bodies of literature to inform policy and
practice. Systematic reviews have been used to highlight gaps
in the literature or highlight concepts that are accepted as true
with little evidence [5]. Borrego, Foster, and Froyd highlight
four steps in conducting a systematic literature review [1]: (1)
defining inclusion and exclusion criteria; (2) finding and
cataloging sources; (3) critique and appraisal and; (4)
synthesizing. Systematic reviews are appropriate “when a
general overall picture of the evidence in a topic area is needed
to direct future research efforts” [5].

Inclusion and exclusion criteria set the bounds for what
artifacts (e.g., archival journal papers, books, reports,
conference proceedings, etc.) will be included in the review.
Inclusion criteria are aspects of artifacts that are essential for
incorporation into the study. Exclusion criteria are aspects of
artifacts that require removal from the study. These criteria
should be defined before gather sources to reduce potential bias
in results. These criteria should be liberally applied, only
excluding studies that clearly fit the exclusion criteria [6].

The next step of a systematic literature review is searching
multiple databases to locate every study that potentially could
be used to understand the research questions. This step
involves using keywords to search multiple databases and
extract all relevant sources. At this point, a time window can be
imposed on what source are selected to include only current
literature. This date restriction should be consistent with the
research questions. Cataloging sources requires that the results
of the search be exported into a usable format and the data
cleaned for duplicate entries.

Once the data are collected, the sources must be critiqued
using the inclusion and exclusion criteria along with
descriptions of the studies (e.g., number of authors, topic, level
of education, methods, etc.) and measures of quality of the
study. This step is often undertaken by a group of researchers
rather than an individual for interrater reliability.

The final step in a systematic literature review is the
synthesis of the included artifacts. The purpose of this step is to
pool the findings from all of the artifacts to provide an
underlying outcome that shows what the current body of
literature on the topic has found as well as what gaps remain in
our current understanding. Often this step is a synthesis of long
tables of information included from the coding step of data
gathering. It can be difficult for researchers as well as reader to
interpret and find meaning in numerous artifacts, especially in
understanding gaps in the literature.

IV. IDENTITY AND DIVERSITY IN SCIENCE AND ENGINEERING
EDUCATION

To illustrate how I have combined a systematic literature
review with a linguistic analysis to create a visual network, I
provide an example of current literature on identity (especially
work on diversity) in science and engineering education. This
example is only one application of this technique; however, it
provides a clear example of how this approach might be used
in engineering education. In this work, I define engineering
identity as the ways in which students describe themselves in
the role of being an engineer. The authoring of their stories as
engineers is the central process of envisioning themselves as
engineers. Engineering identity is more complex and nuanced
that just feeling like an engineer or seeing oneself as an
engineer. There are many different facets and contexts that
play into the development of a central engineering identity for
students. Engineering identity is an important factor for
engineering career choice, retention, and personal development
[7]-16]. This topic of research has grown in popularity in
engineering education in recent years. However, it has
historically been more widely researched across STEM
education, especially in science education [17].

Engineering identity is not formed in isolation. Other social
identities like race, ethnicity, class, and gender impact the
formation of an engineering role identity. Some studies have
documented the impact of being a woman of color in science
and engineering fields which highlight different concerns than
women as a whole who are majority white women [18]-[22].
Understanding how work on identity and diversity have been
framed in the current science and engineering education
literature can provide ways to understand the history of this
research topic as well as new areas for research.

Additionally, 1 was interested in how identity has been
understood in the context of unobservable aspects of diversity
like sexual orientation, disability status, mindsets, and
personality. These invisible aspects of an individual’s identity
can be covered or expressed as the individual chooses. The
findings of this analysis are inclusive of these forms of
diversity as well as more traditionally researched aspects of
gender identity/expression, race, ethnicity, and class.

V. APPLYING LINGUISTIC ANALYSIS TO A SYSTEMATIC
LITERATURE REVIEW

To understand the current field of research on identity and
diversity in engineering, I conducted a systematic literature
search for work on identity as well as identity in the context of
diverse populations within science and engineering education. I
followed the steps for a systematic literature review to define
the inclusion and exclusion criteria, gather the data, and
critique sources. After compiling a complete database of
current literature (i.e., literature from 1995 to present) on
identity and diversity in science and engineering education, I
used linguistic analysis to understand the relationships between
words used in this work by creating scaled word co-occurrence
networks from the titles, keywords, and abstracts of these
artifacts. These networks were analyzed for clusters within the
structure of the data and these clusters were coded by theme to
understand connections and gaps in the literature. This work is



consistent with other research in engineering education that
uses network analysis to find trends in research and holes for
innovation [23]-[25]. Below, I describe each step of the
process in combining systematic literature reviews with co-
occurrence network visualization including which tools I used
and how they work to create the final visual network.

A. Gathering Data

I searched Engineering Village, Scopus, ERIC, Education
Full Text, and Web of Science databases. This search resulted
in 391 unique journal articles, books, and reports. The
keywords used in this search were identity in conjunction with
science, engineering, mathematics, technology, STEM, and
education. These words were chosen to capture as many
artifacts on how identity is address across STEM education.
Papers related to identity in STEM with a focus on science and
engineering published in the period from 1995 to present
(2015) were included in this analysis. Only archival journal
papers, books, and reports were included in this analysis to
report the research that has gone through the most rigorous
peer review process. Since the focus of this work is on
students’ engineering identities, I excluded papers related to
teacher identity development.

B. Cleaning Data

Many of the databases allow for comma-separated values
files to be exported with detailed information about each paper
including authors, title, year of publication, journal, volume,
issue, page numbers, keywords, and abstracts or book and
report summaries. Other databases allow for a limited number
or incomplete export of records as text files. Records from
these databases were downloaded in batches and filled in by
hand for complete records.

The text file data were cleaned by first being sorted by
individual record (i.e., single journal paper, book, or report)
and then imported into SAS statistical programming software
[26]. Because the data for each field (i.e., author, title, etc.)
were contained in multiple cells from the download, the data
were divided into separate datasets for the authors, titles,
journals, etc. as well as times of download so that the full
information could be concatenated into one observation for
each journal paper, book, or report. After concatenating all data
fields for each variable, the datasets were merged back into one
large dataset by using a common identification variable. These
records were combined with the complete records into a single
comma-separated values dataset. The data were cleaned of
redundant entries for a total of 391 unique archival journal
articles, books, and reports.

C. Using Sci2 Tool to Create Co-occurrence Network

Once the data were cleaned, Sci2 Tool was used to conduct
the linguistic analysis [27]. In an efficient and effective
analysis, documents and words typically undergo a series of
pre-processing steps to allow common meanings to be
extracted from words with slightly different grammatical forms
or usage within the text. The text was converted to lowercase
letters to homogenize the text example. Then, the text was
tokenized into individual words using a common delimiter for
spacing between words. In Sci2 Tool the default delimiter is a

vertical bar character ( | ). Then, the words were converted to
stems which removed common or low-content prefixes and
suffixes to identify the core concept. Finally, a list of
stopwords was applied to remove common low-token words
like “of” or “and” from the analysis. The stopwords dictionary
is built into the Sci2 Tool, but can be edited to add additional
words. For this analysis, the default stopword dictionary was
used. To illustrate the preprocessing process, the phrase,
“Identity development of professional engineers,” would
become, “ident|develop|professionjengin” after converting to
lowercase letters, tokenizing, stemming, and removing
stopwords. This allows common words with similar meaning
like engineer, engineering, engineers, engineered, etc. to all be
treated as the same base word.

Once the data were preprocessed a co-occurrence word
network was extracted. The similarity of topics in single words,
as well as aggregate units of text, can be calculated through co-
occurrence. Documents that share more words in common are
assumed to have higher topical overlap. The co-occurrence
network analysis in Sci2 Tool creates a weighted, undirected
network where each node is a word and edges connect words to
each other, where the strength of an edge represents how often
two words occur in the same body of text together. The
resulting network was cleaned by removing any unconnected
nodes and scaled to determine the underlying structure.

Network scaling reveals the underlying structure and
organization of the data using similarities, correlations, or
distances to trim a network and prioritize similarities between
nodes. Many networks, including topical networks, have
interesting and unusual topological properties that are often
valuable when visualized graphically. However, it is difficult
to visualize raw networks that have not been scaled, especially
when the size of the network grows proportionally with the
data included in the analysis. Specific algorithms have been
developed to deal with this visualization issue and prune raw
networks to the most important structures for visualization.
This approach is commonly used to visualize complex
semantic structures. One of the most well-known algorithms is
the Pathfinder algorithm [28]. The Pathfinder algorithm is
frequently used because it is able to conserve the triangle
inequalities among paths with any number of links, model
asymmetric relationships, and represent the most salient
relationships in the data [28], [29]. This means that the
algorithm prioritizes links with the greatest weights and paths
with lower weights are trimmed from the network. However,
this algorithm has a long run-time. The MST-Pathfinder
algorithm uses a Minimum Spanning Tree approach (a greedy
algorithm) [30] coupled with the traditional Pathfinder
algorithm to address the limitation. A more detailed description
of this algorithm and its function can be found in Quirin and
colleagues’ paper [31]. I used an MST-Pathfinder scaling
algorithm to trim the network to the essential structure.

Finally, the network was analyzed to determine the graph
descriptive statistics. Network statistics were run on the
resulting model using the Network Analysis Toolkit in Sci2
Tool. This function performs basic analysis on a network. The
toolkit calculates the number of weak component clusters,
strong component clusters, self-loops, parallel edges, whether
the network appears to be directed or undirected, the attributes



present on both nodes and edges, number of nodes, number of
edges, and the density of the network. All of the descriptive
statistics gives information about the composition of the co-
occurrence network. The resulting undirected network had
1266 nodes and 1257 unique edges with no self-loops.

D. Using NodeXL to Visualize Co-occurrence Network

The resulting scaled network was exported from Sci2 Tool
as a comma-separated values file and imported into NodeXL
for analysis and visualization. NodeXL is a free add-on
package for Microsoft Excel and is useful for simple network
visualizations. In order to understand the thematic clusters
within the network [32], a Clauset, Newman, and Moore
(CNM) clustering algorithm was applied to the network. This
method is a bottom-up agglomerative clustering which
continuously finds and merges pairs of clusters trying to
maximize modularity of the community structure in a greedy
manner [33]. Modularity is a property of a network and a
specific proposed division of that network into communities or
clusters [33]. It measures when the division between clusters is
good by examining when there are few edges between clusters
but many edges within clusters. The number ranges from -0.5
to 1, and a positive number indicates that the number of edges
within a group exceeds the number based on chance. For this
network, the modularity was 0.93 which indicates that the
clusters are densely connected within clusters but sparsely
connected between clusters. This algorithm reveals large-scale
patterns present in the co-occurrence network that can be used

to interpret the network. This clustering technique allowed
closely connected words (i.e., close “neighbors™) to be grouped
into “neighborhoods” to simplify common themes and
understand how general topics in the literature are connected to
one another.

After clusters were identified using the CNM algorithm, the
clusters were coded based on the words associated with each
node in the cluster. This process was similar to thematic coding
in qualitative research and was used to create meaning about
each cluster within the network [34]. First, each node was
examined within a cluster to understand which words were
associated with one another. Next, each cluster was assigned a
word or phrase that identified what the unit of analysis, each
cluster was about and/or what it meant. This part of the
analysis was based on researcher interpretation of each cluster.

The network was laid out using a Harel-Koren Fast
Multiscale format. This format is appropriate for drawing
undirected graphs with straight-line edges [35]. This is one of
NodeXL’s two force graphs that makes the edges to appear
about the same length and to minimize line crossings, which
makes for a more readable graph. This approach was chosen to
most easily show a two-dimensional representation of the
resulting network, create an image with interpretable clusters,
and highlight the hole in the literature found in this analysis
(see Fig. 1).

Fig. 1. Network map of word co-occurrence in published identity literature from 1995-2015. Important clusters are labeled in the figure: C1 =K-12; C2 =
Identity; C3 = Diversity; C4 = Invisible; C5 = Science and Engineering; C6 = Engineering; C7 = Gender; C8 = College Instruction; C9 = Engineering Education;
C10 = Work Environment; C11 = Race/Ethnicity.



VI. RESULTS AND DISCUSSION

Fig. 1 shows the resulting topical network with each cluster
as a different color and node shape. Each node represents
common words in titles, keywords, abstracts (or summaries) of
the journal papers, books, and reports. The edges show how
each of the words is connected to one another throughout the
literature. Important clusters (identified through the CNM
algorithm and coded for themes) are labeled in Fig. 1 to
illustrate the connections between the concepts of diversity,
gender, identity, engineering, and engineering education in the
last two decades. The graph shows that while there has been
some research on ideas surrounding less visible diversity
categories (1.5% of papers found), this specific topic has not
been well-researched. This hole in the current literature is
marked in Fig. 1 with an oval.

This network shows a divide at the center with the left side
of the Fig. 1 stemming from connections with K-12 literature
(CI). On the other side, much of the work stems from the
central node of identity (C2) to topics in higher education. A
large cluster on diversity topics is closely tied to identity (C3).
This connection is not surprising as identity has been used as a
theoretical framework to understand how students see
themselves as engineers and highlight ways to support diverse
students in developing these identities. The cluster coded as
Race/Ethnicity (C11) is also tied closely with identity. Gender
and gender identity appeared as topics throughout multiple
sections of the network with a larger cluster labeled as Gender
(C7) that encompasses studies solely focused on gender as a
topic. The presence of gender across multiple clusters is not
surprising considering that many studies in engineering
education include gender differences as an additional research
question within larger studies. Other similarly themed clusters
branch off from these connections including the fields of study
of Science and Engineering (C5), Engineering (C6), College
Instruction (C8), and Engineering Education (C9). One
interesting structural aspect is the connection of the
Engineering Education (C9) cluster to the general cluster of
Engineering (C6) through the cluster of College Instruction
(C8).

Other smaller and less connected clusters were found for
the theme Invisible (C4) and Work Environment (C10). The
Invisible cluster included ideas of diversity that are not readily
visible including disability status, sexual orientation, and
gender identity rather than gender expression. It is interesting
that this cluster was closely connected to the cluster of Work
Environment. This connection may tie the culture of the
engineering workplace with concepts of “covering” or
“passing” to fit in. These terms describe behaviors of
stigmatized groups to manage how they present their identities
to others. In fact, three nodes within the cluster directly address
the intersections of social identities and invisible diversity for
LGBTQ students passing or covering in engineering [36].

This network also highlights a gap in the current identity
literature on research related to less visible diversity as shown
by the oval in Fig. 1. The concept of “invisible diversity” has
been applied to invisible social identities of sexual orientation
and disability status rather than mindsets and attitudes [36].
However, little to no studies examine the students’ affective

and cognitive profiles as aspects of diversity. These aspects are
one reason why we desire to have students with a variety of
lived experiences in engineering. Paul Eremenko, founding
CEO of Airbus Group Silicon Valley technology and business
innovation center and former director at Google, captures this
idea well,

It strikes me that there are two families or reasons why
[we need diversity] ...One is social justice. That there
should be representation commensurate with the
representation of everyone in our society at all levels,
including engineering. A different one is that we
believe that diversity improves the quality of
innovation. But it is possible that those aren’t congruent
- that there are groups that we want represented for
social justice reasons that have nothing to do with the
quality of innovation or those outcomes. It’s entirely
possible, right? But, I don’t have data either way...I
think you might do different things depending on which
of those are the end game or purpose. So particularly if
you care about ideas, the focus, it strikes me, should be
on output-centric measures...The way that we segment
for diversity, gender, race, ctc., the traditional ways of
segmenting, are not the right ways to do it [understand
diversity in engineering] [37].

Innovation is the key to economic growth and prosperity,
and engineering is a critical driver in industrial innovation [38].
Many companies are discovering that increased and more
diverse approaches to problem solutions contribute to product
innovation, global competence, and other successful corporate
outcomes [39]-[42]. However, engineering persistently lacks
the diverse mindsets and ways of thinking needed to solve
complex problems facing our world [43], [44].

Much of the research based on innovation has operated
under a key assumption that external markers of diversity (e.g.,
age, race, gender expression, etc.) will automatically increase
the diversity of engineering solutions. The literature shows
inconsistent and mixed findings for this assumption. Some
research shows that teams including more variety in diversity
indicators like age, race, and gender do not show improved
innovation [45], [46] while other research has found that
minority dissent that actively challenges the basis for
engineering decisions can improve innovation [47], [48]. These
findings suggest that diversity in approaches, problem-solving,
and ways of thinking improves innovation in engineering
design more reliably than does diversity along the lines of age,
race, gender, etc. However, the process of enculturating
students into engineering through engineering curriculum often
creates homogeneity in students’ approaches to problems [49],
[50], ways of thinking [51], and attitudes [52]. This
homogenization reduces variability in students’ innovation [53]
and can create a mismatch between how students perceive
engineering as a field and how they perceive themselves as
engineers, often resulting lack of belonging and ultimately,
attrition [53]-[55]. As a result, a gap of understanding how to
develop students with diverse and innovative mindsets in
engineering education remains.

The visual representation of a systematic literature review
presented in this paper was the basis for a recently funded grant



titled, “CAREER: Actualizing Latent Diversity: Building
Innovation  through  Engineering  Students’  Identity
Development,” to explore students’ diverse attitudes and
mindsets in engineering, termed latent diversity. These latent
attributes are present, but are not visible or actualized, and have
the capacity to become or develop into opportunities for
innovation in the future.

VII. LIMITATIONS AND FUTURE WORK

One limitation of this method is the work of the researcher
to make meaning out of the numerous resulting clusters. Other
more advanced linguistic analysis techniques could be used to
automate this process. For example, Latent Semantic Analysis
is a method that uses high-dimensional linear models to
analyze large bodies of text and create a representation that
captures the similarities of word and text passages [56]. This
approach models the relationships among documents based on
word frequency and usage within and across text contexts (e.g.,
documents, paragraphs, sentences, and phrases) [57]. The
underlying premise is similar to the analysis conducted in this
paper but more rigorously represents how individual units of
analysis (i.e., words or phrases) have meaning within the texts.
Latent semantic analysis does not use researcher-constructed
dictionaries, knowledge bases, semantic networks, grammar,
syntactic parsers, or morphologies. Rather, it takes only the
raw input text parsed into individuals words or strings and
separated into meaningful passages like paragraphs, sentences,
etc. [58]. This approach approximates human language
processing is a powerful way to understand relationships
among text. However, latent semantic analysis does have some
drawbacks. This method does not use word order, syntactic
relations or logic, to understand the meaning within text. It
only uses differences in word usage and frequency to
understand how passages of text are related to one another.
This approach could offer another way to understand large
bodies of text from a systematic literature review using big
data techniques.

Future work includes examining different approaches to
synthesizing systematic literature reviews through linguistic
analysis to understand the current body of literature in a new,
highly visual way. This approach does not replace the current
synthesis of a systematic literature review which gleans
meaning of the current literature and the findings of that work
from an expert understanding. However, this method can be
used for gap analysis and a preliminary understanding of how
the topics in the body of literature are related to one another.

VII. IMPLICATIONS

This paper offers a step-by-step process for implementing
linguistic analysis methods commonly employed in other areas
of research into engineering education. This paper presents the
application of linguistic analysis to create visualizations of
systematic literature reviews both methodologically as well as
in an applied example of identity and diversity in science and
engineering education. This approach uses current tools for
exploring the science of science, Sci2 Tool, and visualizing
networks, NodeXL, that are readily available to the
community. Use of widely available tools provides accessible
and replicable methods for use by the engineering education

community. This paper offers a new way to visualize
systematic literature reviews as interconnected networks of
word use and commonalities among published work rather than
tabular lists of papers commonly seen with systematic reviews.
This approach is not a replacement but rather an augmentation
of current systematic literature review practices.

IX. CONCLUSIONS

This paper presents a first step in using networks to
visualize connections between data gathered in a rigorous and
systematic method and can be used in addition to traditional
approaches in systematic literature reviews. The process for
this approach is presented in and example understanding how
identity and diversity are framed in the current science and
engineering education literature. A large gap in understanding
nonvisible aspects of diversity in identity development was
highlighted and a new concept, latent diversity, was presented
to fill this identified gap. Use of a visual network to understand
gaps in current literature can provide new and quick ways to
promote research in under-researched areas as well as highlight
areas with significant published work.
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