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Abstract

In educational, social or organizational studies, open-ended concept maps are used as an
instrument to collect data about and analyze individuals’ conceptual knowledge. Open-
ended concept map studies devoted to knowledge and learning apply a variety of methods
of analysis. This literature review systematically summarizes the various ways in which
open-ended concept maps have been applied in previous studies of knowledge and learn-
ing. This paper describes three major aspects of these studies: what methods of analy-
sis were used, what concept map characteristics were considered, and what conclusions
about individuals’ knowledge or understanding were drawn. Twenty-five studies that used
open-ended concept maps as a research instrument were found eligible for inclusion. In
addition, the paper examines associations between the three aspects of the studies and pro-
vides guidelines for methodological coherence in the process of such analysis. This review
underscores the importance of expatiating on choices made concerning these aspects. The
transparency provided by this method of working will contribute to the imitable applica-
tion of open-ended concept maps as a research tool and foster more informed choices in
future open-ended concept map studies.”

Keywords Literature review - Concept maps - Analysis - Knowledge - Learning

1 Introduction

Concept maps were introduced by Novak and Gowin to activate or elaborate (prior) knowl-
edge. “Concept maps are graphical tools for organizing and representing knowledge. They
include concepts, usually enclosed in circles or boxes of some type, and relationships
between concepts indicated by a connecting line linking two concepts” (Novak and Cafias
2008, p.1). Concept maps have a wide variety of applications and are an increasingly
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popular learning and strategy tool (e.g. Novak and Cafias 2008; Stevenson, Hartmeyer and
Bentsen 2017). It is on the rise as an instructional method (e.g. Nair and Narayanasamy
2017), to aid in curriculum design (e.g. Buhmann and Kingsbury 2015) and as an assess-
ment tool (e.g. Marriott and Torres 2016). In recent years, concept maps have been used
more widely as a research instrument. This includes the application of concept maps to
study knowledge, explore mental models and misconceptions, or to describe people’s opin-
ions. Figure 1 provides an example of a concept map. The focus question or prompt for the
example in Fig. 1 could have been “What is a concept map?” or the topic provided could
have been ‘Concept maps’.

The words enclosed in circles are concepts, also referred to as nodes. These concepts
are connected with arrows, or links, that are indicated with linking words, explaining the
relation between the concepts. A proposition is a concept-link-concept combination, for
instance ‘concept maps—include—hierarchies’. In this example, there are four hierarchies
or strings of concepts stemming from the root concept ‘concept maps’. Links between con-
cepts from the same hierarchy are called links. Links between concepts from different hier-
archies are cross-links.

A concept map assignment includes: concepts or nodes, links or linking lines, link-
ing phrases, and the concept map structure, and all these aspects can be either respondent
driven or provided by the instructor (Ruiz-Primo 2000). For instance respondents think
of concepts themselves, or are provided a list of concepts they can use for their concept
map. In most studies that apply concept maps, at least one of these four aspects of the task
is instructor-directed; most commonly, the concepts to be used are provided (Ruiz-Primo
et al. 2001). In open-ended concept maps respondents choose their own terms for nodes,
links or linking lines, linking phrases and structure, therefore they resemble the respond-
ents’ knowledge structure (Cafias, Novak and Reiska 2013; Ruiz-Primo et al. 2001). Open-
ended concept maps are graphical tools in which respondents are invited to represent
their personal construction of knowledge, without instructor-directed aspects. In an open-
ended concept map assignment, only a topic or prompt is provided to the respondents. For

Fig. 1 Example of a hierarchi-

cal concept map by Ed Dole

(adapted from Dori 2004)
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instance Ifenthaler, Masduki and Seel (2011) asked respondents to create a concept map
to depict their understanding of research skills, Beyerbach (1988) asked students to draw
a concept map for teacher planning and Cakmak (2010) asked respondents to generate a
concept map concerning teacher roles in teaching process.

Open-ended concept maps are commonly applied to explore student knowledge, to
evaluate what or how students learn or to explore misconceptions in student knowledge
(Greene et al. 2013; Stevenson et al. 2017). The application of open-ended concept maps
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to study knowledge and learning faces new challenges concerning application and analysis,
as this application transcends the traditional, strictly defined, quantitative use of concept
maps in other domains, such as engineering, mathematics and psychology (Wheeldon and
Faubert 2009). When exploring knowledge and learning, the strictly defined quantitative
use of concept maps is believed not to do justice to the personal and idiosyncratic nature
of people’s understanding (Novak 1990). Open-ended concept maps are therefore used to
study people’s knowledge and understanding of complex phenomena, such as leadership
or inclusive education. They are also used when respondents’ knowledge is expected to be
fragmented, or when the misconceptions and/or limited nature of people’s understanding
are part of the study (Greene et al. 2013; Kinchin, Hay and Adams 2000).

The variation in outcomes using open-ended concept maps as a research instrument
reduces the comparability and leads to difficulty in data analysis (Watson et al. 2016a; Yin
et al. 2005). Previous studies describe limitations concerning methods of analysis. Several
studies argue that quantitative analysis neglects the quality or meaning and learning (Bress-
ington, Wells and Graham 2011; Buhmann and Kingsbury 2015; Kinchin et al. 2000).
Others argue that it is an insufficient evaluation of values or perceptions as expressed
by respondents (Jirdsek et al. 2016). Some studies address contradicting outcomes when
methods of analysis are compared, and they question the validity and reliability of concept
map analysis and concept maps as a research instrument (Ifenthaler et al. 2011; Kinchin
2016; Watson et al. 2016a; West et al. 2002). Cetin, Guler and Sarica (2016) claim that
it is unclear how the reliability and validity of open-ended concept map analysis can be
determined. Additionally, Ifenthaler et al. (2011) argue that some of the methods of analy-
sis applied in previous studies have questionable reliability and validity. Tan, Erdimez and
Zimmerman (2017) complement these statements by addressing the lack of clarity they
perceived in the existing methods of analysis when choosing a method of analysis for their
study.

This literature review explores the analysis of open-ended concept maps in previous
studies. Firstly, we contemplate what aspects of the process of analysis to consider for this
review, based on the quality appraisal of the process of analysis in qualitative research.
Creswell (2012) emphasizes the interrelation of the steps concerning data gathering, inter-
pretation and analysis in qualitative research. Accordingly, Huberman and Miles (2002)
proposed three central validities for assessing the quality of qualitative research: descrip-
tive, interpretative and theoretical. These are respectively concerned with the data col-
lected or the characteristics of the data that are considered, how data are interpreted or
analyzed, and the conclusions that are drawn. These three aspects should be aligned or
coherent to increase the quality of research, and are therefore explored in previous open-
ended concept map studies. The method of analysis applied, concept map characteristics
measured, and conclusions drawn, and the associations between these aspects are explored
(Chenail, Dufty, George and Wulff 2011; Coombs 2017). The research question is: Which
methods of analysis are applied to open-ended concept maps when studying knowledge
and learning, and how are these associated with concept map characteristics considered
and conclusions drawn?
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2 Method

To answer the research question, we extract information concerning method of analysis
applied, concept map characteristics measured, and conclusions drawn from previous
open-ended concept map studies. Following guidelines for critical interpretative synthe-
sis reviews, this review combines an aggregative and interpretative approach to critically
understand the analysis in previous studies (Gough and Thomas 2012). The aggregation
entails the representation of clusters for each aspect based on cross-case analysis, as pre-
sented in the results. Subsequently, patterns among these aspects are explored and inter-
preted, leading to considerations for future studies concerning these three aspects and their
methodological coherence.

2.1 Selecting articles (inclusion)

This review applies a comprehensive search strategy to include all relevant studies (Ver-
hage and Boels 2017). Scientific articles are selected from three databases: the Education
Resources Information Center (ERIC); PsycINFO; and the Web of Science (WOS). The
keywords for the search are ‘concept map’, and ‘analysis’ or ‘assessment’ or ‘scoring’.
Studies are included from 1984 onward, when Novak and Gowin established the term ‘con-
cept map.” Due to the broad social science disciplines included in WOS, a further selec-
tion is made based on the predetermined WOS Category ‘Education educational research’,
to exclude for instance geographical studies that map cities, and are not concerned with
knowledge or learning but spatial planning. The combined search yields 451 studies in
ERIC, 198 studies in PsycINFO and 498 studies in WOS.

Three reviews of concept maps studies are used in a selective search strategy: the open-
ended concept map studies described in these reviews are included in this study (Anohina
and Grundspenkis 2009; Ruiz-Primo and Shavelson 1996; Strautmane 2012). Based on the
snowballing technique with these reviews, 85 additional studies are included, and 1316 in
total, as depicted in Fig. 2. The first review by Anohina and Grundspenkis (2009) presented
manual methods of analysis, and addressed the feasibility of automating these methods.
The reviews by Ruiz-Primo and Shavelson (1996) and Strautmane (2012) related methods
of analysis to the openness of the concept mapping assignments. These reviews did not
explore the associations between the methods of analysis and the conclusions drawn in
these studies. Our review is one of the first to address the associations between the methods
of analysis, the concept map characteristics considered and the conclusions drawn, instead
of focusing on these aspects separately. This coherence is relevant to explore as it enhances
the rigor and quality of qualitative studies, by ensuring an appropriate alignment of these
aspects within studies (Davis 2012; Poucher et al. 2020).

2.2 Screening articles (exclusion)

The selected articles are screened. 254 duplicates are excluded. Next titles and abstracts
are screened. In order to increase the quality of this process, the inclusion and exclusion
criteria are discussed with co-researchers until consensus is reached. 703 articles did not
apply concept maps, or concept maps were used as learning tool, instructional tool, for
curriculum design or to analyze answers, texts or interviews. These are excluded. For the
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ERIC PsycINFO ;N,eb of Reviews
N =471 N =262 clence N = 85
N = 498

Total N = 1316 (including duplicates)
Total N = 1062 (excluding duplicates)

Step 1: Excluded on title/
abstract N = 703

A 4

Longlist N = 359

Step 2: Excluded on
methods/results N = 329

A 4

Possible shortlist N = 30

Step 3: Excluded on full
text N =5

A 4

Shortlist N = 25

Fig.2 Search and selection strategy

remaining 359 studies that apply concept maps as research instrument, step 2 of the screen-
ing is based on the methods section. Studies are included based on the following inclusion
criteria:

Concept maps were used as a research instrument;
The study was an empirical study;

Respondents made their own concept map; and

An open-ended concept map assignment was applied.

In seven studies, other visual drawings than concept maps were used. In 31 studies, con-
cept map analysis was described based on theory instead of empirical data. In 71 studies,
concepts map were constructed by the researcher based on interviews, together with the
respondent during an interview or at group level based on card sorting techniques. In 154
studies, at least one of the aspects of the concept mapping task was instructor-directed.
Studies are included if one or more focus questions or one central concept was provided.

@ Springer



K.E. de Ries et al.

The critical appraisal of the methods section, leads to two additional exclusion criteria
(Verhage and Boels 2017). Seventy studies applied another research instrument alongside
concept maps. For these studies, the results sections are read to discover whether concept
maps were evaluated separately. In 30 studies, concept map analysis was combined with
interviews or reflective notes. 36 studies compared concept map scores with results from
other research instruments, such as knowledge tests or interviews. These studies were
excluded because the method of analysis or conclusions for the concept maps was not
described separately. This is problematic for our research purposes, as this study is con-
cerned with concept map analysis and conclusions based on concept maps analysis, and not
analysis and conclusions based on other instruments. Four studies that applied two instru-
ments—but reported on the analysis of concept maps separately—are included.

For step 3 of the selection process, the full texts of the remaining 30 studies are read.
Five studies are excluded; in two studies, different concept map characteristics are summed
up and not described separately. One study calculated correlations between different con-
cept map characteristics, and two studies drew conclusions purely on group level, resulting
in 25 studies being included in this review, as depicted in Fig. 2.

2.3 Data selection from articles

Information on the following topics is extracted from the articles: the method of analysis,
the concept map characteristics, the conclusions, the rationale behind the choices made,
and general or descriptive information. A data selection scheme is developed which depicts
the extracted information (Table 1). To increase the reliability of the data selection, this
scheme was continuously discussed and adjusted by the authors over the entire selection
process. Reliability was further ensured by using signal words, based on common terms
used in the studies. For three of the studies included, the data selection was performed
independently by two researchers. Both researchers selected statements from the articles
concerning the items described in Table 1. One researcher included 79 statements and the
other 94 statements. The statements selected by the researchers overlapped completely. The
15 statements only selected by one researcher were discussed and added to the data. A total
of 109 citations were extracted from these three studies.

2.4 Data analysis

Data analysis is performed by using the selected articles for within- and cross-case analy-
sis (Miles and Huberman 1994). In this review, the cases are the articles included. The
first step of analysis is to order the extracted information in a meta-matrix (see "Appen-
dix A") that presents all relevant condensed data for each case or article separately (Miles
and Huberman 1994). If no explicit statements are found, information is added by using
the within-case analytic strategy of ‘overreading’ (Ayres, Kavanaugh and Knafl 2003). For
instance, for a study that counted specific concept map characteristics but did not describe
the method of analysis any further, the method of analysis was described as quantitative
analysis. To prepare data for cross-case analysis, different labels for the same aspect are
unified. For instance, ‘counting nodes’ is relabeled as ‘number of nodes.’

The second step entails coding the selected statements concerning the research object,
research design, methods of analysis, concept map characteristics, and conclusions drawn
in the articles, using a cross-case analysis approach. Preliminary coding of statements con-
cerning methods of analysis is based on the way studies refer to their method of analysis.
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However, the same term was sometimes used to refer to more than one analysis method,
while in other cases, multiple terms were used to refer to a single method. Thus, the des-
ignation of clusters based on how the studies referred to their methods of analysis proved
inconclusive and ambiguous.

Different distinctions between methods of analysis are found in the literature. For exam-
ple, in the review by Anohina and Grundspenkis (2009) the use of an expert’s map is one
choice, as well as the choice for quantitative or qualitative analysis and structural or rela-
tional analysis, to make a distinction between methods of analysis. In the review by Strau-
tmane (2012), the criteria for similarity analysis, e.g. “proposition similarity to expert’s
CM?”, or “convergence with expert’'s CM”, are described as separate criteria. Also in the
review by Ruiz-Primo and Shavelson (1996), comparison with a criterion map, is described
as a separate method of analysis. In this review, the distinction between quantitative, quali-
tative, similarity and holistic analysis is chosen, as these methods of analysis consider the
concept map characteristics distinctively and they are based on different principles and
theoretical assumptions. Holistic analysis is a separate method of analysis, as it is based on
a rubric, and similarity is a separate analysis, as it is based on a reference map. Moreover,
these four methods of analysis lead to different types of conclusions, and are therefore con-
sidered as distinctive ways to analyze and interpret data from concept maps. In conceptual
terms, these four methods of analysis are mutually exclusive, as they estimate the concept
map characteristics differently. However, when applied to analyze data, they can be com-
bined: similarity analysis compares concept maps to a reference map, either qualitatively or
quantitatively.

The statements concerning concept map characteristics are unified; for instance,
‘breadth and depth’ or ‘hierarchical structure of the map’ were both coded as structural
complexity. All concept map characteristics related to the semantic content of the map,
referred to as ‘terms used’, ‘content comprehensiveness’, ‘correctness’ or ‘sophistication’,
are clustered as semantic sophistication. The conclusions are clustered in the same way as
the methods of analysis. Conclusions about numbers of concept map characteristics are
labelled as quantitative, conclusions about descriptions are labelled as qualitative, conclu-
sions about overlap with a reference map are labeled as similarity and conclusions about
the quality of the map as a whole are labelled as holistic.

For the same three studies that two researchers selected statements from independently,
the statements were coded by two researchers independently. A total of 109 statements
were coded. Krippendorf’s alpha of the inter-rater agreement was 0.91. The discrep-
ancies in coding were all related to concept map characteristics. For instance, counting
cross-links was coded as interlinkage by one researcher and as structural complexity by
the other researcher, while the validity of links was labeled as semantic sophistication by
one researcher and category representation by the other. The first author coded the data
from the remaining 22 articles included in the review and consulted the co-authors when
in doubt.

The third step of the analysis was exploring the associations between the methods of
analysis, concept map characteristics and conclusions drawn. Across all articles, the asso-
ciations between the choices made in these three areas were explored. For instance, for all
studies that applied quantitative analysis, the concept map characteristics considered were
explored and listed. This showed that quantitative analysis was concerned with specific
concept map characteristics, e.g. size, structural complexity, category representation, inter-
linkage or complexity index. Subsequently, the conclusions drawn were explored for each
combination of methods of analysis and concept map characteristics considered. Based on
the associations found across articles between the methods of analysis applied, the concept

@ Springer



K.E. de Ries et al.

map characteristics considered and the conclusions drawn, considerations for methodologi-
cal coherence between these aspects were formulated.

3 Results

Twenty-five empirical studies from 1988 through 2018 used open-ended concept maps.
Twenty-one of these studies consisted of multiple measurements, most commonly a pre-
test/post-test design. Four of these studies compared two experimental groups, and two
compared an experimental and control group. Two of the four studies that consisted of
one measurement compared two experimental groups. In two studies, respondents received
their previous concept map to adjust in the post-test, and in one study respondents could
choose to adjust their previous map or to start a new one. Concept maps were either made
on paper with pen, on sticky notes or on a computer, most commonly with the CMapTool,
developed by the Florida Institute for Human and Machine Cognition. "Appendix A" pro-
vides the meta-matrix of these studies, including all selected information. For each aspect
(method of analysis, concept map characteristics, and conclusions) the categorization or
clustering based on the cross-case data analysis is presented in separate paragraphs. How
concept map characteristics are associated with methods of analysis is described in the
paragraph concerning the concept map characteristic. How conclusions drawn are related
to concept map characteristics and methods of analysis is described at the end of the para-
graph concerning conclusions drawn.

3.1 Methods of analysis

The different methods of analysis as described in the studies are extracted and presented
in the table below. The explanation of these methods of analysis is provided after Table 2.

Based on these studies it appears that the same term was sometimes used to refer to
more than one analysis method, while in other cases, multiple terms were used to refer
to a single method. These varieties increase the ambiguity experienced with concept map
analysis, as described by Watson et al. (2016b). Based on the ways in which concept map
characteristics are estimated, we propose the following distinction: quantitative, similarity,
holistic and qualitative analysis. Quantitative analysis, or counting concept map charac-
teristics, was performed absolutely or relatively—for example, the number of links was
counted separately or calculated in relation to the number of nodes. Category representa-
tion was also determined absolute, as the number of nodes belonging to a category, or rela-
tive, dividing the number of nodes belonging to a category by the total number of nodes
in a map. These different calculations can result in different conclusions. According to
Besterfield-Sacre and colleagues (2004, p. 113), quantitative analysis “fails to capture the
quality of that content. Further, these scoring methods can be time consuming, lack stand-
ards, and may introduce inappropriate bias.”

Similarity analysis described or calculated the percentage of overlap and/or discrep-
ancy compared to a reference map. To calculate percentage of overlap, the terms used
by respondents need to be aligned with the reference map. Similarity analysis provided
insights into the (degree of) overlap and discrepancies with a reference map and was per-
formed manually or in an automated manner (Ifenthaler et al. 2011).

Holistic analysis included scoring the structure or content for the concept map as
a whole. Besterfield-Sacre and colleagues (2004) developed the scoring rubric that was
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commonly used for holistic analysis. They developed this rubric to score the overall com-
prehensiveness, organization and correctness of the map, based on the topics experts dis-
cussed while analyzing concept maps. Holistic analysis was determined on an inter-rater
basis and is a cognitive complex task for which subject matter knowledge is necessary; this
scoring is subjective (Borrego et al. 2009; Yaman and Ayas 2015).

Qualitative analysis of semantic content was performed in most studies, either induc-
tively or deductively to determine categories. Qualitative analysis was the only way to
explore concept maps content inductively.

Most studies applied more than one method of analysis. Quantitative analysis was
applied in 19 studies, qualitative analysis also in 19 studies, holistic analysis in six studies
and similarity analysis in five studies. Why methods of analysis were chosen is described
in several studies. Ritchhart and colleagues (2009, p. 152) stressed that qualitative analy-
sis “allowed us to best represent all of the data from the maps”. Beyerbach (1988, p.339)
applied qualitative analysis, as it revealed “the nature of growth of student teachers’ think-
ing [..] and conceptual development”. Quantitative analysis was chosen as it “demonstrates
the student learning gains” (Borrego et al. 2009, p.14). Similarity analysis was performed
as “Comparisons of the students’ maps to an expert’s map will provide information regard-
ing how much is learned from the course and whether the concepts that are learned and
included in the maps are done so "correctly” and as intended according to the expert-
the faculty instructor” (Freeman and Urbaczewski 2002, p. 42). Besterfield-Sacre et al.
(2004, p. 109) choose holistic scoring to explore students’ conceptual understanding, as an
increase in understanding results “in higher quality maps as reflected by the holistic score.”

3.2 Concept map characteristics

This section describes what concept map characteristics were measured, how and why.
Table 3 provides an overview of the results. The concept map characteristics described
in this review concern characteristics as portrayed in the included studies. These include
characteristics concerning the structure of concept maps, such as size, structural complex-
ity and type of structure, and characteristics concerning the content of concept maps, for
instance the terms used or categories represented in concept maps. The different concept
map characteristics as portrayed in the included studies are presented below.

3.2.1 Size

The number of nodes was referred to as the size or extent, and considered as “a simple indi-
cator for the size of the underlying cognitive structure” (Ifenthaler et al. 2011, p. 55). Size
was established by counting the number of unique or correct nodes or propositions. Invalid
nodes were included to study mental models or when misconceptions were important.

3.2.2 Structural complexity

Structural complexity is concerned with how complex the structure of a concept map is.
The concept map nodes and links were used to study structural complexity quantitatively,
holistically or in similarity. The scoring system for structural complexity from Novak
and Gowin (1984), based on the number of hierarchies, cross-links and examples, was
applied in seven studies, and these measures were adjusted in four of these studies. Spe-
cific aspects of structural complexity, were breadth or number of hierarchies and depth or
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hierarchy level (Beyerbach 1988; Read 2008). Other references to structural complexity,
all calculated based on the number of links, are complexity, connectedness or dynamism
and these measures are more commonly used for non-hierarchical concept maps (Ifenthaler
et al. 2011; Tripto et al. 2018; Weiss et al. 2017). Freeman and Urbaczewski (2002, p. 45)
computed structural complexity as the number of relationships depicted in the map beyond
the minimal amount necessary to connect all of the concepts linearly. Ifenthaler and col-
leagues (2011) included computations from graph theory, such as unlinked nodes that are
not connected to the other nodes, the cyclic nature of a map, i.e. if all nodes can be reached
easily, or the longest and/or shortest paths from the central node. Structural complexity
was also scored based on a rubric, taking into account the overall organization of the map.
For instance a score of 1 if the concept map is connected only linearly, a score of 2 when
there are some connections between hierarchies, or a score of 3 for a sophisticated structure
(Besterfield-Sacre et al. 2004). Another way to score structural complexity is by comparing
structural characteristics with a reference map (Ifenthaler et al. 2011).

The analysis of structural complexity is more sensitive in measuring change than other
analyses (West et al. 2000). However, the limited hierarchical interpretation of structural
complexity based on quantitative analysis can lead to different scores than holistic scoring
of structural complexity (Watson et al. 2016a). According to West and colleagues (2000,
p- 821), scoring structural characteristics “[becomes] more difficult as maps grow more
complex,” and Blackwell and Williams (2007, p. 7) mentioned that scoring structural char-
acteristics “can conceal the essentially subjective basis on which it rests.”

3.2.3 Type of structure

Studies concerned with the type of structure or shape of the map categorized concept maps
qualitatively based on global morphologies. Global morphologies are common typical
structures found in concept maps, such as chain, spoke or net structures, as depicted in
Fig. 3. This analysis provides a measure for the aptitude for learning and “avoids many
pitfalls of quantitative analysis” (Hay et al. 2008, p. 224). Yaman and Ayas (2015, p. 853)
categorized concept maps based on their type of structure, and stated that it was “very easy
and informative.”

3.2.4 Semantic sophistication

Semantic sophistication is concerned with the terms as used by the respondents, for con-
cepts as well as for links. Semantic sophistication was explored by describing or clustering
the terms used by the respondents qualitatively. Analysis of the semantic sophistication
or content revealed the information in concept maps and what respondents think (Kostro-
mina et al. 2017; Ward and Haigh 2017): “These qualitative analyses go beyond traditional
assessment techniques in providing the instructor with a much clearer view of what his/her
students know, think, and understand” (Freeman and Urbaczewski 2002, p. 51). Semantic
sophistication was also scored based on a rubric, taking into account the comprehensive-
ness or correctness of content, and whether maps conformed to fact, logic or known truth
(Besterfield-Sacre et al. 2004). Gregoriades and colleagues (2009) described how holistic
scoring allowed them to assess overall understanding. The semantic sophistication was also
measured in comparison to a reference map. Beyerbach (1988, p. 341) calculated “con-
vergence towards a group consensus, and convergence toward an expert’s map to indicate
conceptual growth.” Freeman and Urbaczewski (2002, p. 42) compared students’ maps to
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Fig. 3 Global morphologies in concept maps (from Kinchin, Hay and Adams 2000)

an expert’s map to assess how much was learned and whether the learned concepts were
integrated correctly.

3.2.5 Category representation

Category representation is concerned with categories of nodes and/or links in con-
cept maps. Different types of categories were established, either valid and invalid nodes
or propositions, where invalid nodes are outside of the scope of the prompt, and invalid
propositions are incorrectly linked. Another category was old and new nodes in repeated
measures, where old nodes were already present in the first map, and new nodes were
added in the second map. Also content-related categories were distinguished, for instance
concepts at different levels. One study distinguished different system levels, in order to
reveal students’ systems thinking abilities—or, more specifically, students’ “ability to iden-
tify system components and processes at both micro and macro levels” (Tripto et al. 2018,
p- 649). Category representation can only be calculated quantitatively after categories are
determined in maps qualitatively. Category representation was calculated by the number of
nodes per category and was also referred to as knowledge richness, frequencies of themes,
presence of systems, representational level or category distribution (Cakmak 2010; Kostro-
mina et al. 2017; Ritchhart et al. 2009; Tripto et al. 2018; Yaman and Ayas 2015). Ritch-
hart and colleagues (2009, p. 154) calculated the percent of responses in each category.
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Cakmak (2010) studied perceptions about roles based on the number of concepts assigned
to each role.

3.2.6 Interlinkage

Interlinkage concerns the links between categories, and can only be calculated after cat-
egories are established. Interlinkage was also referred to as ‘complexity’ or ‘degree of
interconnectedness.” Interlinkage was interpreted as “students’ ability to identify rela-
tions between system components” (Tripto et al. 2018, p. 649). Specifically, the interlink-
age between old and new nodes was used to study learning, or how new knowledge is
connected to existing knowledge (Hay et al. 2008). Giicciik and Koksal (2016) explored
meaningful learning based on the number of interlinks and interpreted more interlinks as
more meaningful learning. Ward and Haigh (2017, p. 1248) concluded that the analysis of
interlinkage between old and new nodes allowed for holistic examination of the quality of
learning.

3.2.7 Complexity index

The complexity index is calculated based on the number of concepts, number of categories,
and number of links between categories. It was calculated in two studies to “characterize
the overall coverage of and connectedness between the categories” (Watson et al. 2016b, p.
549). The complexity index is a particularization of interlinkage, calculated by dividing the
number of interlinks by the number of categories, then multiplying this number with the
number of nodes (Segalas et al. 2012, p. 296).

A variety of concept map characteristics was considered, leading to different insights.
Size was measured in 18 studies. Structural complexity was also taken into account in
18 studies. Structural complexity considered nodes and links and seems relatively easy
and objective to determine; however, it is more interpretative than it seems, especially as
concept maps grow more complex. Type of structure was measured in three studies, and
revealed the overall structure of the concept map, disregarding the content and allocating
one score for the overall structure of the map. Although it is a time-consuming step to
describe and interpret terms used by respondents, this is the only way to gain insights into
the semantic content of the maps. The semantic sophistication was taken into account in 13
studies. Terms used were sorted into themes or categories, which was done in eleven stud-
ies, either inductively or deductively, based on a theoretical framework or scoring rubric,
or in comparison with a reference map. Evaluating the terms used and categorizing or uni-
fying them was a necessary preliminary step for calculating other concept map characteris-
tics, namely: category representation, interlinkage and complexity index. These character-
istics were only considered when meaningful categories were present and interconnection
of these categories was convenient, for instance, in the case of systems thinking. Interlink-
age was determined in five studies and the complexity index in two studies.

Explanation of the rationale for concept map characteristics and measures varied from
just mentioning which characteristics are measured and how, to studies that explain their
operationalization based on theoretical descriptions of the research object that is explicitly
deduced into specific concept map characteristics and measures. Some studies explicitly
explained the choice for concept map characteristics based on the conclusions to be drawn.
For instance Besterfield-Sacre et al. (2004, p.106) explain counting cross-links as follows:
“We propose that measuring inter-relatedness is a way to assess the extent of knowledge
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integration.” How concept map characteristics were related to methods of analysis, is
described in Table 3.

3.3 Conclusions drawn in the studies

The different conclusions drawn in the included studies about knowledge or learning are
presented below. Conclusions about knowledge, for instance knowledge extent, were based
on the number of nodes (Gregoriades et al. 2009). In repeated measures, an increase in
number of nodes was interpreted as “more detail” (Beyerbach 1988, p. 345) or “greater
domain knowledge” (Freeman and Urbaczewski 2002, p. 45). Counting the nodes was
performed to “quantify knowledge understanding” (Besterfield-Sacre et al. 2004, p. 105).
Conclusions about an “increase in richness” (Van den Boogaart et al. 2018, p. 297) or “bal-
anced understanding” (Watson et al. 2016b, p. 556) were based on counting the number of
nodes per category. Conclusions about better coverage and interconnectedness or systemic
thinking were based on the complexity index (Segalas et al. 2012). Conclusions about what
respondents knew, or in repeated measures about how their knowledge changed over time
were based on describing the content of concept maps (Freeman and Urbaczewski 2002, p.
42). It “revealed that teachers assign a significant role both to its own activity and activity
of the University administration, as well as cooperation with students” (Kostromina et al.
2017, p. 320).

Conclusions about the complexity of knowledge, or the complexity of the knowledge
structure, were based on the number of links. For instance, a conclusion about “more
complex constructions of their knowledge” was based on the number of links, or struc-
tural complexity of concept maps (Read 2008, p. 127). In repeated measures, conclusions
about “conceptual growth” were drawn based on structural complexity measures (Beyer-
bach 1988, p. 342). Conclusions about knowledge integration and learning gains (Borrego
et al. 2009) were based on scoring the structural quality of concept maps based on a rubric
and, in repeated measures, about additional conceptual understanding (Besterfield-Sacre
et al. 2004; Watson et al. 2016b). Conclusions about the use of semantically correct con-
cepts (Ifenthaler et al. 2011), or correct integration of concepts (Freeman and Urbaczewski
2002), were based on a comparison with a reference map. Other conclusions drawn based
on comparison with a reference map were that students have significant misconceptions
(Gregoriades et al. 2009), or that respondents gained a better understanding (Freeman and
Urbaczewski 2002; Ifenthaler et al. 2011). Conclusions about meaningful learning were
based on counting the number of links between old and new concepts (Hay 2007). Con-
clusions about development were also based on the type of structure of concept maps in
repeated measures. Conclusions drawn based on the type of structure were in one study,
that pre- and post-maps were both mainly non-hierarchical (Yaman and Ayas 2015), and
in one study, that 16 of 18 respondents’ pre- and post-maps showed “remarkable structural
homology, even where the content and its internal organisation were different” (Hay et al.
2008, p. 233).

Most studies applied more than one method of analysis and combined concept map char-
acteristics when conclusions were drawn. Two of the three studies applying one method
of analysis, qualitatively described the terms used in maps. The other study that applied
one method of analysis, explored the semantic sophistication and structural complexity
holistically. All other studies analyzed at least one concept map characteristic with two
methods of analysis (for instance combining quantitative and similarity analysis of struc-
tural complexity), but most commonly multiple concept map characteristics and multiple
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methods of analysis were applied. However, a conclusion concerning counting different
concept map characteristics was that it has shown opposing results within several studies:
“While cross link scores were lower in some cases, hierarchy scores increased dramatically
demonstrating that students were seeing each proposition in greater depth” (Blackwell and
Williams 2007, p. 6). Or in the study of Freeman and Urbaczewski (2002), where structural
complexity scores decreased while all other scores increased. In all studies, an increase
in a measure or concept map characteristic was interpreted as conceptual development or
growth, and in all but one repeated measures studies, development was found. This par-
ticular study described the main themes based on qualitative analysis of the terms used,
without interpreting this as development. Two studies mentioned that the number of links
or cross-links did not increase, and two studies found homogenous types of structures, but
still concluded that understanding increased, mainly based on other measures.

Although most studies draw conclusions about conceptual understanding or in repeated
measures about conceptual growth, conclusions drawn are related to the methods of analy-
sis applied and concept map characteristics considered. Conclusions about an increase or
growth, are mainly based on counting structural concept map characteristics, or applying
quantitative analysis. Conclusions about meaningful learning and more balanced under-
standing, were also based on quantitative analysis. Conclusions about knowledge, learn-
ing or conceptual growth, or integration of knowledge were based on a comparison with a
reference map. Conclusions concerning knowledge integration, learning and coverage were
based on holistic analysis. Conclusions about the content of maps, and what respondent
know or what themes they mention, were based on qualitative analysis of terms used.

4 Conclusion

The central research question was: Which methods of analysis are applied to open-ended
concept maps when studying knowledge and learning, and how are these associated
with concept map characteristics considered and conclusions drawn? The conclusions
are presented based on the three main aspects of the research question, namely methods
of analysis, concept map characteristics and conclusions drawn, as well as their mutual
associations.

4.1 Methods of analysis

This review explored the methods of analysis applied in open-ended concept map studies
and provided a first step towards exploring which methods of analysis are applied and how.
Four categories of methods of analysis were identified, namely: (1) quantitative analysis
based on counting concept map characteristics; (2) similarity analysis based on a compari-
son with a referent map; (3) holistic analysis that entails the scoring of maps as a whole
based on a rubric; and (4) qualitative analysis that involves describing characteristics, for
instance the terms used.

The 25 studies applied different methods of analysis. Due to the idiosyncratic nature
of the data stemming from open-ended concept maps they can be analyzed in different
ways (Novak 1990). Qualitative and quantitative analysis are most commonly applied to
open concept maps, but to make concept maps more comparable, it is common to use both
methods, in which case quantitative analysis is preceded by qualitative analysis. Quantita-
tive analysis is performed to count differences between maps. Similarity analysis explores
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the overlap with a reference map based on the nodes or structural characteristics. Holistic
analysis scores the structure and content of concept maps. Qualitative analysis is used to
explore or describe concept map characteristics and to explore the uniqueness of each map.
Each method of analysis deals with the idiosyncratic data differently. Qualitative analy-
sis of semantic sophistication is the only way to explore the idiosyncratic nature of open-
ended concept maps and the terms for concepts as the respondents use them. Quantitative
analysis reduces the unique terms respondents use to numbers. Similarity and holistic anal-
yses value the terms used based on an existing framework and provide a score for overlap
or correctness respectively. When an open-ended concept map is used to gather the unique
terms respondents use and there is no correct map available, qualitative analysis is required
to explore or describe this information or to make quantitative analysis more meaningful.

4.2 Concept map characteristics

Concept map characteristics are not always explicitly described, and many different
descriptions are used for similar concept map characteristics. This study distinguished
between seven concept map characteristics as described in the included articles. Concept
map characteristics that were counted or evaluated quantitatively are size, structural com-
plexity, category representation, interlinkage and complexity index. These are all related to
structure, except for category representation, as this referred to the number of concepts per
category. The type of structure, semantic sophistication, categories and interlinkage can be
described or evaluated qualitatively. These are all related to the content of the map, except
for type of structure. The structural complexity and semantic sophistication can also be
evaluated in relation to a reference map based on a rubric. Similarity and holistic methods
of analysis combine structural and content-related features of concept maps.

4.3 Conclusions drawn in the studies

Our review shows that although the methods of analysis vary, the conclusions drawn
are quite similar. Despite whether concept map characteristics were counted, compared,
scored or described, conclusions were drawn about understanding or conceptual growth in
repeated measures. All studies with repeated measures applying quantitative analysis found
an increase of a measure that was interpreted as conceptual growth. Similarity analysis in
repeated measures revealed an increased overlap in specific measures, which was consid-
ered as development of understanding. Holistic analysis revealed that better understanding
or knowledge integration was found in repeated measures. Three studies used qualitative
analysis to identify conceptual growth, for instance, the concept of leadership, where stu-
dents considered leadership more as a process in the post-test. Twenty of the 21 studies
with repeated measures found some type of development or learning gains, most com-
monly referred to as conceptual growth.

4.4 Associations across articles
Associations were explored between the coding of the methods of analysis, the concept

map characteristics, and the conclusions drawn, in order to provide guidelines for meth-
odological coherence between these aspects. Figure 4 provides an overview of the types
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Method . Concept map s . Type of
of analysis Focus of analysis characteristic Application of analysis conclusion
Of nodes or Size By counting the number of nodes | The extent of domain
propositions or propositions knowledge
By counting the number of
Of nodes and links Structural complexity  nodes and links (in or between Uil ol knowlgdge
. . structure complexity
hierarchies)
QuEitETE Of categories of nodes Category . By counting the number of nodes The level of knowledge
Al representation per category richness/ balance
Of links between . By counting the number of links The levgl ofcate=ey
. Interlinkage N integration /
categories between categories . .
interconnection
By dividing the number of links
. . . The level of coverage
Of categories and links L between categories by the number . N
. Complexity index . s and interconnection of
between categories of categories, multiplied by the
knowledge
number of nodes
Semantic By comparing the words or Correct use of concepts
Of nodes RV content of nodes to a reference
sophistication or correct knowledge
Similarity map
Analysis By comparing the organization . .
Of nodes and links Structural complexity = of nodes and links to a reference (ot liliggilion el
knowledge
map
Semantic By scoring the words or content of | Overall quality of
Of nodes TS .
. sophistication nodes based on a rubric knowledge content
Holistic
Analysis B ing th ization of Overall quality of
. . y scoring the organization o verall quality o
Of nodes and links SlitsiEl Gy nodes and links based on a rubric | knowledge integration
Of nodes Seme?nt_lc ) By describing the words used or Knowledge content
sophistication content of nodes
Qualitative
Analysis describing the global led
Of nodes and links Type of structure By describing the globa el ge structure
morphology complexity

Fig.4 Associations between methods of analysis, concept map characteristics and types of conclusions

of conclusions that can be drawn from open-ended concept maps, in accordance with the
identified methods of analysis and concept map characteristics.

Figure 4 can serve as a guide for future open-ended concept map studies which use the
specific types of conclusions to be drawn as a means of deciding what method of analysis
to apply and what concept map characteristics to consider. For instance, in cases of quanti-
tative analysis, Fig. 4 suggests that no conclusions can be drawn about correctness or qual-
ity, only about the extent of domain knowledge, and an increase or decrease in repeated
measures. In similarity analysis, correct and incorrect nodes and links are determined,
based on a correct model. Therefore, conclusions can be drawn concerning correctness.
When applying a rubric for holistic scoring, one overall score is often given for the entire
map, in which the overall quality is scored (Besterfield-Sacre et al. 2004). Quality of con-
tent includes correctness, but only for the map as a whole. The concept map characteristics
of size, category representation and semantic sophistication consider the nodes and lead to
conclusions about knowledge. The concept map characteristics of structural complexity,
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interlinkage, complexity index and type of structure consider both the nodes and the links
and lead to conclusions about knowledge structure or integration. By explicitly using the
conclusion to be elicited as a basis for choosing methods of analysis and concept map char-
acteristics, the transparency of research increases, which enables better quality assessment
(Coombs 2017; Verhage and Boels 2017).

5 Discussion

When relating these conclusions to broader theory, the first point of discussion is that
20 out of 21 repeated measures studies identified learning or conceptual growth. This
raises the question whether all development is interpreted as development, and whether
an increase in nodes and links represents better understanding or not. Rikers, Schmidt
and Boshuizen (2000), who studied encapsulated knowledge and expertise in diagnosing
clinical cases, found that the proportion of encapsulating concepts increases as an indica-
tor of expertise development. This entails a decrease in the number of nodes and links
as expertise develops, as experts are able to differentiate between concepts and relation-
ships that are more and less relevant according to a specific contexts. Accordingly, Mintzes
and Quinn (2007) explore different phases in expertise development based on meaningful
learning theory. Their distinction between phases of development is based on the number
of expert concepts, which in turn are relevant superordinate concepts that are absent from
novices’ concept maps. Accordingly, Schwendimann (2019), who studied the process of
development of concept maps, also found differences between novices and experts mainly
in the professional terminology experts use for their concepts and linking words. There-
fore, the conclusion that an increase is always better is contradicted by many studies of
expertise development in the field of cognitive science (Chi, Glaser and Farr 1988).

Our review did not aim to discuss the value of open-ended concept maps as an instru-
ment to study knowledge or knowledge development. Nor did it aim to explore the validity
of different methods of analysis, or determine which method of analysis is most valid, as
these methods of analysis can be related to different research purposes or research objects
(Kim and Clariana 2015). Quantitative analysis is based on an evaluative approach which
assesses knowledge or growth based on specific measures or characteristics, such as size
or complexity. Similarity and holistic methods analyze concept maps from expected struc-
tures or content and have an evaluative or prescriptive purpose. Similarity analysis and
holistic analysis take a more normative approach to the analysis of open-ended concept
maps, by comparing them to a reference map or scoring the map based on a rubric, respec-
tively. On the other hand, qualitative analysis has a more explorative purpose. Merriam
and Grenier (2019) explain similar purposes of qualitative research methods and point out
that more open or qualitative analysis is suited to more explorative purposes, while more
restricted approaches are more appropriate for evaluative purposes.

This review has several limitations. Only studies applying open-ended concept maps
to study knowledge and learning were included. The results of this study could be dif-
ferent when reviewing studies that apply more closed concept maps, or studies that com-
bine the application of concept maps with other research instruments. Also, the research
objects are not included in Fig. 4, as references to research objects were ambiguous in pre-
vious studies and it was unclear whether studies referred to the same objects differently,
or studied different objects. As a result, this review focused on the process of analysis,
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disregarding what aspects of knowledge or learning were studied. Moreover, Fig. 4 pro-
vides no guidelines for alignment with other aspects of coherence in qualitative studies,
for instance the philosophical positioning, the fundamental beliefs or theoretical perspec-
tive taken (Caelli et al. 2003; Davis 2012).

The findings in this review could be substantiated by further research exploring implicit
choices or implicit methodological coherence that could not be extracted from the articles.
This could take the form of interviews with the authors of the studies about their methodo-
logical assumptions, approaches and chosen methods of analysis. They could then be asked
why and how they made choices related to their research object, the concept map charac-
teristics they considered and the conclusions they drew.

While previous reviews by Ruiz-Primo and Shavelson (1996), Anohina and Grund-
spenkis (2009) and Strautmane (2012) explored aspects of the process of analysis sepa-
rately, or related the method of analysis applied to the level of openness of the concept
map task, this review examined three aspects of the analysis process in coherence. By
doing so, the present study aims to inform the ongoing discussion in social sciences and
beyond about the quality of analysis. Unfortunately, open-ended concept map studies
often still feature ambiguous language use. This ambiguity decreases transparency about
the method of analysis, the concept map characteristics, and, ultimately, the conclusions
drawn and the methodological coherence of these aspects (Chenail et al. 2011; Seale
1999). Clarifying which approach is chosen to make sense of the information in open-
ended concept maps provides a method of dealing with idiosyncratic information pro-
vided by the respondents and will support other researchers or policy makers to better
interpret and value the conclusions drawn. By describing studies on the basis of the pro-
posed distinction between methods of analysis applied and how they interpret or value
information from concept maps, the constraints of each method can be discussed, and
findings or conclusions can be understood with a degree of confidence (Chenail et al.
2011). This distinction between methods of analysis can enhance transparency about the
conclusions to which a specific method of analysis can and cannot lead. Clarity about the
choices within and across studies is stimulated by uniform referencing to these choices,
which decreases the confusion caused by the variety of ways in which scholars refer to
similar constructs. In future research, the guidelines provided in this study will assist
scholars to make more informed choices for their analysis of idiosyncratic data gathered
with open-ended concept maps.

Appendix A

See Table 4
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