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Abstract

The thesis is about the language of science, speci�cally biology, from the perspective

of relational content analysis of biology textbooks and students' representations. In this

exploratory study, we identi�ed gaps and problems in the nature and usage of predicates

used for connecting concepts and objects in sentences. To address these gaps, we designed

and developed a method of re-representation with iterative re�nements focusing on the

semantics of predicates, inspired by semantic network-based knowledge representation,

concept mapping, representational redescription, and systemic functional linguistics as

theoretical frameworks. The method was validated by using well-de�ned predicates from

published open biomedical ontologies and library of generic concepts. The method was

used for modelling biology language in terms of using predicates for describing structures,

processes, variable properties, experimental procedures, and explanations. This resulted

in curating a Reference Set of predicates i.e. relations, attributes. This Set was used

for the relational content analysis of cell biology passages from six textbooks as well as

students' representations. From this exploratory study, our �ndings are interesting for

unraveling the nature of biology knowledge. We also conducted feasibility, e�cacy studies

to demonstrate how the method may be used by suggesting a constrained concept mapping

method derived from the work. We performed a proximity study to demonstrate how the

method can be used as an indicator of expertise. The thesis highlights the importance of

developing rigor by reducing ambiguities, and concludes by drawing implications of the

work for research in biology education and science communication in general.
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Executive Summary

This dissertation focuses on the language of science from the perspective of relational

content analysis of biology textbooks and students' representations. In this exploratory

work, we have designed and developed a method of re-representation of biology language

and show its potential in content analysis of text and students' representations.

The thesis is organized in seven chapters, starting with an introduction and motivation

in chapter 1. We summarize some relevant literature, identify gaps and address these

gaps by borrowing insights from various theoretical frameworks in chapter 2.

This is followed by chapter 3, where we elaborate on the designing and developing

of the re-representation method with illustrations from cell biology topics. In general,

sentences are paraphrased in the form - (concept)-[linking-word]-(concept). As the linking

words provide meaning, we focus on their kinds and usage to weed out ambiguity, if any,

by re-representing them with semantically well-de�ned predicates, without changing the

concepts or loss of meaning. Through re-representing, and iterative re�nements, we present

a method for modelling biology language comprising ofstructures, processes, variable

properties, explanations, experimental design, and creating a Reference Set of predicate

vocabulary. The work demonstrates that the cell biology domain can be represented using

four broad ontological categories { structure based; class-subclass based; process based;

attribution based.

In chapter 4, we present a detailed methodology with coding and categorization of

propositions upto 3 levels of the corpus data from school, high school, undergraduate and

post graduate levels textbooks and high school and undergraduate students' representations.
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We discuss the procedures, data analysis, and �ndings in chapter 5. In chapter 6, we

elaborate on studies about feasibility, e�cacy of the method, and proximity percentage

as an indicator for developing expertise, all of which are relevant for science education

research. In the concluding chapter 7, we discuss the conclusions and implications of the

work in biology education and science education in general.

A graphical representation of the work done in the thesis is presented in the Figure 1

below.

Figure 1: A graphical representation of the research model. (To read from top to bottom
and left to right).
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Chapter 1

Introduction, Motivation and

Objectives

Language of science is a key element in science education. Researchers in the area of

philosophy (Carnap, 1938; Woodger, 1938), linguistics and science education (Halliday

and Martin, 1993; Lemke, 1990; Kulkarni, 1988; Kharatmal and Nagarjuna, 2008, 2010)

have depicted problems in understanding, characterizing, representing and communicating

scienti�c language. The recent areas of computer science, knowledge representation too

are focusing on disambiguation, precision in representing knowledge and ontologies (Sowa,

2003; Brachman, 1983; Smith et al., 2005; Keet and Artale, 2008; Bennett et al., 2013).

In science education, conceptual understanding is intertwined with learning the language

of science. Therefore it may be a�ected if the language of learning is not supported

(Zukswert et al., 2019). This thesis highlights the representation of scienti�c language in

science textbooks focusing on semantics.

In this chapter, we provide an introduction with background and motivation that led

to the idea of a thesis in the area of the language of science in science education.
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1.1 Background and Motivation

It is well known that the language of science (academic language) tends to use more

controlled vocabulary as compared to everyday language. While everyday language can

tolerate ambiguous use of words, contradictions, indeterminacies, etc. (Halliday and

Martin, 1993), scienti�c language cannot. Avoiding misunderstandings, controversies,

and errors in analysis cannot be achieved without weeding out ambiguity (Luszczewska-

Romahnowa, 1979).

To consider language di�culties in science, we need to address it from the perspective

of the nature of science and scienti�c language, along with students and teachers (Gardner,

1974). The nature of science includes processes, classi�cation, correlation, explanation,

etc., which generates new terms that become part of the technical vocabulary. Science

has a specialist vocabulary that has not only unfamiliar and new terms but also familiar

terms. Even with the familiar terms (energy, work, force), students have to construct new

meanings in the context of science (Evagorou and Osborne, 2010). When new terms are

introduced in the science vocabulary, such as electric current, these are done employing

metaphorical mechanisms, for example, depicting the 
ow of water. These mechanisms

serve to introduce new vocabulary into the prevailing language structure, as explicated by

Rom Harre (Ad�uriz-Bravo et al., 2021).

Even though the scienti�c discourse uses everyday language, there are subtle di�erences,

such as longer sentences and the use of passive voice to describe processes. The jargonized

vocabulary and logico-grammatical terms may also not be available for students' cognitive

structure. The logico-grammatical terms are used while linking logical sequences of ideas,

depicting causality in conditional statements, depicting abstraction, generating hypotheses,

etc. The scienti�c discourse often uses logico-grammatical terms that may interfere with

comprehending scienti�c language. In this context, Lemke (1990) equates learning science

as talking science. He further states:

\Talking science" means observing, describing, comparing, classifying, analyzing,

discussing, hypothesizing, theorizing, questioning, challenging, arguing, designing

2



experiments, following procedures, judging, evaluating, deciding, concluding, gen-

eralizing, reporting, writing, lecturing, teaching in and through the language of

science. Lemke (1990, p. 1)

Halliday and Martin (1993) argue that the problems faced while learning science can

be dealt with by making the grammatical construction of sentences used in the language

of science explicit while teaching. Lemke (1990) also complains that teachers leave the

semantics and grammar of scienti�c language completely implicit for both �rst-language

and second-language learners. The jargonized scienti�c language also becomes a barrier

to conceptual understanding and learning scienti�c skills (Halliday and Martin, 1993;

Zukswert et al., 2019). This often results in excessive focus on the abstract vocabulary of

science, mostly the concepts (class terms). Therefore, our emphasis is on the semantic

relations based on the insight:

\Concepts are ideational kernels that in isolation are devoid of meaning. Concepts

can only be de�ned by their relationship to each other. Meaning is a function

of the interrelationships between concepts in the knowledge base, and not the

concepts per se" (Palmquist and Dale, 1997).

A similar idea is used by Lemke (1990) as a linguist trying to apply this insight in

science education. Semantic relations, as these are domain-independent, can become the

crucial bridge between everyday language and the language of science, even in science

education. Lemke (1990) suggested that teachers must think about semantics explicitly

while teaching, and students need to understand thematic patterns based on semantic

relations leading toward scienti�cally correct statements. Further, Lemke (1990) argues

that semantic relations are more general and abstract than grammatical relations, though

in many ways, they have closer a�nities. In a graphical representation, the labels on the

lines that link the technical terms, or thematic items, refer to semantic relations (Lemke,

1990; Novak and Gowin, 1984; Fisher, 1990). It is the `links' i.e., semantic relations,

that we are interested in focusing on for representation of scienti�c language used in the

textbook by introducing a method of re-representation.
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Representing scienti�c language is about creating a pattern of relationships of meanings

woven with the semantic resources of language. This organic or holistic theory of meaning

can be called the network theory of meaning. Semantic relations have been of broader

interest among researchers in the area of philosophy (Schwarz and Smith, 2013; Smith

et al., 2005), cognitive science (Winston et al., 1987), linguistics (Lemke, 1990), computer

science (Quillian, 1968; Sowa, 1984), natural language processing, mainly controlled natural

language (Fuchs, 2018; Kuhn, 2010) and ontological engineering (Smith et al., 2005; Ong

et al., 2017; Hoehndorf et al., 2015). Knowledge can be represented as a network (Quillian,

1968) or a conceptual graph (Sowa, 1984), with relations as edges linking the various class

terms as nodes as concept maps (Novak, 2010; Mintzes et al., 1997; Ca~nas and Novak,

2008), as SemNet (Fisher and Kibby, 1996) obtaining a network of statements. Eventually,

this graph-based representation impacted the data exchange model in the form of RDF,

triple stores, and the other compatible graph databases (Hayes, 2004; Ontotext, 1999). As

they become part of the formal knowledge representation programs, the semantic relations

and logical connectives appear as primitives, vindicating that they form part of a layer

beneath class terms, where the latter are introduced as variables.

For modeling language of science, focusing on semantic relations among the class terms,

identifying ambiguities is essential (Lemke, 1990). The language of science is organized

in hierarchies of kinds and parts (Halliday and Martin, 1993). Therefore, teachers and

students need to be familiar with some basic kinds of semantic relations, such as \class

subclass", \part whole", etc., so that they can explain meaningful relations among scienti�c

terms unambiguously (Lemke, 1990).

Scienti�c vocabulary mainly consists of technical terms, i.e., class terms. Given that

scienti�c terms (class terms) are de�ned by specifying the relations between class terms

using linkages, it is reasonable to think that meaning resides in the linkages. By referring

to this as the network theory of meaning, we base the thesis work on this theoretical

ground, focusing on the predicate terms in contrast to the class terms. In this thesis, we

apply the term `predicate terms' for linking words (as depicted in the concept mapping

work), similar to object properties and data properties (as depicted in the biomedical
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ontology work). For example, predicate terms refer to `is a', `part of,' `composed of,'

`present in,' `made of,' `occur in,' `function of,' `proportional to,' `has size', `has color', `has

shape' etc. These are mainly domain-independent and are part of not only the language

of science but also everyday vocabulary. Therefore, it is intuitive to pass them tacitly

while dealing with class terms explicitly. Most content analysis methodologies, therefore,

ignore them, except the relational content analysis (Carley, 1990). In this thesis, we follow

the theoretical perspective of network theory of meaning (Churchland, 1988; Quine, 1948)

by adopting the methodology of relational content analysis to demonstrate this potential.

We take additional inputs borrowed from the growing availability of published ontologies

(OBOFoundry, 2020).

The language of science adopted speci�c grammatical preferences determined due to

semantic requirements (Lemke, 1990). Syntax, though is mainly conventional, which may

vary not only from one language to another but also within a language. Its invariant

logical structure captured in the grammar is not independent of semantics. Analysis

of sentences into the subject and verb phrases in linguistics or a statement/proposition

into subject, predicate, and object in logic and knowledge representation schemes are

well known. The ontology engineers designing semantic web platforms apply the form of

graph databases, which are primarily triple stores. The common concern in most of these

approaches, by linguists, philosophers, logicians, or ontologists, is to bring the implicit

semantics to the foreground by making them explicit.

A signi�cant outcome of these approaches is, that essential semantic relations have been

identi�ed and curated by both linguists (Halliday, 1985; Lemke, 1990), and researchers in

the area of cognitive science (Winston et al., 1987) in knowledge representation (Markowitz

et al., 1992a; Sowa, 1984) and ontology engineering (Smith et al., 2005). Semantic relations

have been applied for creating intelligent texts, querying, answering problems, etc. (Barker

et al., 2004). However, its application in science education and content analysis of scienti�c

text in the language of science is not fully explored.

Regular teaching and learning focus mainly on developing a vocabulary of scienti�c
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concepts through their de�nitions presented as statements. As a result, the focus is

mainly on the vocabulary of concepts, ignoring the vocabulary of predicates (relations

and attributes). The predicate terms are taken for granted and, therefore, remain implicit.

Our work is an attempt to uncover this implicit into explicit knowledge. In our early

research, we observed and reported the ambiguous use of predicates in the textbooks

and published concept maps (Kharatmal and Nagarjuna, 2006b). Over the course of

our research, we also reported saturation of the number of relations, indicating a limited

number of well-de�ned semantic relations are su�cient in a language of science, even in

biology (Kharatmal and Nagarjuna, 2011). We conducted and reported extensive content

analysis of passages from biology textbooks (Kharatmal and Nagarjuna, 2016).

The focus on predicates led us to explore whether the consistent use of well-de�ned

linking words (predicates) is a good indicator of rigor in scienti�c language. This motivated

us to develop an iteration-based re-representation method based on well-de�ned predicates

following the widely evolving �eld of the semantic web, which made the availability

of published open biomedical ontologies (repository of predicates and concepts). This

research work is formulated with an underlying assumption that the meaning of any term

originates from relations between other terms and not concepts per se.

The thesis applies ontology research with an explicit focus on semantics and drawing

from the published ontologies (Ong et al., 2017; Smith et al., 2005; Xiang and Janga,

2015) for relational content analysis (Carley, 1990) of science text and is supported by the

philosophical insight of network theory of meaning (Churchland, 1988; Quine, 1948). This

thesis documents the iterative development of the method and demonstrates its use for the

semantic content analysis of biology texts, students' representations, and in modeling the

language of biology. A note on the usage of the terms that we use based on the domain of

work: Sentences are paraphrased into subject-predicate-object representing a proposition.

We will follow a similar syntax considered as [concept-linkingwords-concepts] and [node-

link-node] in the concept mapping domain. When applied in semantic web standards, this

form is represented as triples of [class-objectproperty-class], and [class-dataproperty-class].

In the logic and knowledge representation language, predicates include relations and
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attributes, which also correspond to object property and data property respectively in

the open biomedical repository. We will follow the usage of concepts for technical terms

that are nouns, the usage of relations for verbs/linking words, the usage of attributes

for variable properties/adjectives. We often underline modalities and logical connectives

that de�ne the scope of each statement and express reasoning, forming complex sentence

structures.

1.2 Early Explorations

In this section, we trace the journey of our research work. Initially we started the

research due to our interest in the area of concept mapping { a method of graphical

representation of a domain (Novak and Gowin, 1984; Mintzes et al., 1997), based on

Ausubel et al. (1978) classroom learning theory. The widely recognized facet from the

theory is that:

. . . \If I had to reduce all educational psychology to just one principle, I would

say this: The most important single factor in
uencing learning is what the learner

already knows. Ascertain this and teach accordingly".

This focuses on the learner's prior concepts in the learner's cognitive structure. It

emphasizes the importance of existing knowledge and to build new knowledge in accordance

with the subsumptiontheory of classroom learning (Ausubel et al., 1978). The widely used

concept mapping method is developed on the Ausubel et al. (1978) learning principles with

a graphical format of concept-linkingword-concept, similar to the node-link-node form

commonly used in the Knowledge Representation (KR) area. Our interest developed in

studying the knowledge organizers in biology (Kharatmal, 2009; Kharatmal and Nagarjuna,

2007, 2006a).

The classical KR tools, such as conceptual graphs (Sowa, 1984), CYC (Lenat and

Guha, 1990), knowledge graphs, Word Net, (Fellbaum, 1998; Miller, 1995) are widely used

in computer science and knowledge engineering research and development. However, these

are not as accessible to researchers in the education community due to their complex
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design and requirement of technical background to use and understand. On the other

hand, the most accessible and easy to use in this genre are mind mapping (Bono, 1977)

and concept mapping (Novak and Gowin, 1984). In mind mapping, we think only about

the terms or vocabulary. On the other hand, concept mapping leads us to think in terms of

named relations, verbs or predicates. As our research is focused on the predicate space, we

are using the model of concept mapping. While holding on to this concept mapping model,

we will be extending the model by introducing additional conventions to the representation.

The concept mapping, when scored, can also be used for content analysis in terms of the

number of non-redundant concepts, propositions, hierarchy levels, cross-links, branches,

examples, etc. (Novak and Gowin, 1984). These characteristics of the map are being used

in the concept mapping community for evaluating the maps and also very often to use them

as standard conventions of concept mapping. For example, though every map does not

need to have cross-links, the advocates of the method encourage to look for cross-linkages.

Therefore, concept mapping already has the potential to make implicit knowledge explicit

and also visualize knowledge graphically. Often, studies have reported that the method

also helped in gaining new insights, which was not possible when knowledge is represented

in a linear text format (Mintzes et al., 1998; Kinchin, 2000).

The concept mapping research has been successful for several decades in various areas

of science education research { meaningful learning, misconceptions research, knowledge

structure, conceptual change, knowledge organization in biology, etc. (Novak and Gowin,

1984; Novak, 1990; Mintzes et al., 1997; Wandersee, 2002). Further, the tool also inspired

to develop the semantic network in knowledge organization of biology (Fisher, 1990; Fisher

et al., 2000; Fisher, 2002; Fisher and Kibby, 1996). The semantic network tool certainly

had the concept mapping method as its base but its main focus on creating a network with

some emphasis on linking phrases. The concept maps were mostly created using paper

and pencil, while the semantic networks could be created using computers. Further, a

freeware for creating concept maps called CmapTool, is developed (IHMC, 2011; Ca~nas and

Novak, 2008). Since 2004, the concept mapping community has been organizing biennial

international conferences highlighting the areas of education, semantics, assessment, etc.
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The focus in concept mapping has been on the concepts (class terms, nodes), with

little emphasis on the nature of linking words. The method gives freedom in choice of

linking words which are from the everyday language vocabulary. For example, during our

review of concept mapping work, we noticed that the widely used linking words were:

\is", \are", \can be", \has", \have"; and moreover the same linking words were used for

di�erent meanings. This results in ambiguity in concept maps (Kharatmal and Nagarjuna,

2006b). As the concept mapping research is based on the meaningful learning principle,

then we think that it can contradict the purpose.

To highlight this issue, we conducted a preliminary exploratory study on the critique

of the concept mapping method and published it to bring this to the notice of the concept

mapping community (Kharatmal and Nagarjuna, 2006b). We discussed the principles of

disambiguation, parsimony, and rigor in the critique paper with examples from published

concept maps. These principles serve as our guiding principles that are applied to a given

knowledge structure. The assumptions with which we began the exploration were based

on the nature, structure, and dynamics of knowledge.

We illustrated, with examples, the problems related to (i) the accuracy of linking words

and (ii) validating hierarchies. While depicting the problem of accuracy, we pointed out

the problems with the usage of 'have,' and 'can be' to mean at least two di�erent meanings

{ `part whole' and `class subclass'. We think this was a serious observation that gave rise to

map ambiguity in concept maps. We proposed the semantically well-de�ned relations: to

use `part of' to mean part whole relations and `includes' to mean class subclass relations

(Winston et al., 1987). We called this asre�ned concept maps(Kharatmal and Nagarjuna,

2006b). In addition, we pointed out the problems in scoring the hierarchy levels in the

concept map. It applied the graphical criteria irrespective of ascertaining the use of the

same linking words to mean the same expression in the same hierarchy (Mayr, 1969).

The work was noticed in the concept mapping conference and the science education

research communities. However, it also received some criticism that restricting the linking

words would create obstacles during concept mapping, and not allow the freedom to choose

9



any linking words while mapping. In order to provide a rebuttal to this criticism, we

explored another study to demonstrate the feasibility of using a constrained set of linking

words during concept mapping. In this study, we selected three homogeneous groups of

classroom students and conducted the same task with three di�erent methods: (i)group

1 wrote the passages; (ii) group 2 created concept maps (seeds concepts provided); (iii)

group 3 created re�ned concept maps (seed concepts and seed linking words provided). We

showed statistically that in group 3 students were able to depict more accurate propositions

as compared to groups 2 and group 1 even with using constrained set of linking words

(Kharatmal and Nagarjuna, 2009). This study used 7 kinds of linking words as a constraint

set that could be used to create any concept maps with or without seed concepts.

The constrained set of linking words was in
uenced by the seminal work on taxonomy

of semantic relations published in the cognitive science journal by Winston et al. (1987).

This work provided the strong base as the relations were not only organized but also

well-de�ned to preserve the semantics. These works culminated on our brainstorming of

research program to focusing on the nature and kinds of linking words.

We asked, would this constrained set of just 7 semantic relations alone be enough or

su�cient for representing cell structure and function at school level? We embarked on

this journey to �nd out by representing higher levels of textbooks, with the hypothesis

that even if the class terms increased the relations would not increase at the same rate.

This was demonstrated in the preliminary study conducted with three levels of textbooks

(Kharatmal and Nagarjuna, 2011).

With the constrained set of linking words, we could represent an entire cell structure

and function chapter from a class 8 textbook. The feasibility study, and the textbook

representation (Kharatmal and Nagarjuna, 2008) gave us con�dence to focus on the nature

of linking words. We wanted to embark on a new program, just as there is a program for

creating a nuclear vocabulary (Stubbs, 1986) for making the English language simpler.

Therefore with this interest, we asked: Can we explore a research program for creating

\Nuclear Predicate" or a \Reference Set" for their use in the language of science?
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1.3 Objectives of the Thesis

The Thesis has two objectives:

ˆ Developing a Re-representation Method: wherein we design and develop the method

focusing on the predicates in a proposition as a unit in a concept map.

ˆ Using the Re-representation Method for Semantic Content Analysis: to �nd out if it

can bear any signi�cance in understanding the language of science.

1.4 Signi�cance of the Thesis

We believe that the development of the Re-representation Method is the contribution of

this thesis, not only for representing scienti�c knowledge but also for conducting semantic

analysis of scienti�c text or language.

1.5 Outline of the Thesis

The chapter-wise outline of the thesis is as follows:

Chapter 1: Introduction, Motivation, and Objectives. The motivations for the

thesis are driven by the semantic network (meaning is in the network) principles,

the language of science, educational psychology, explicit knowledge, and semantic

principles.

We propose that the e-representation method leading to a Reference Set of well-

de�ned predicates that can act as an interface for facilitating implicit to explicit

knowledge.

Chapter 2: Theoretical Frameworks and Literature Review. The thesis applies

theoretical frameworks from multiple dimensions for designing and developing

the re-representation method. These are (1) knowledge as a network principle for

semantic holism, (2) the Representational Redescription model for implicit to explicit

knowledge, (3) Nominalization, (4) Open Biomedical Ontologies, and (5) Conceptual
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Spaces.

This chapter presents a literature review and discussion about the insights borrowed

from these frameworks. We also review research works that focus on linking words,

which resulted in identifying gaps. This led to framing the research questions.

Chapter 3: Design and Development of Re-representation Method. The method

developed as part of the thesis has the following features for representing knowledge:

1. Re-writing the propositions using well-de�ned vocabulary of semantic relations

from the community-based, validated repository (OBOFoundry, 2020).

2. Making a distinction between relations and attributes ie, variable properties

(Ong et al., 2017; Smith et al., 2005; Gardenfors, 2000).

3. Representing process-centric propositions by nominalization (Halliday, 2006).

4. Modelling processes (scienti�c explanations) as state-change using variable

properties (von Wright, 1963; Sowa, 2003; Dori, 2002; Doran and Martin, 2021).

5. Modeling experiments as moment-activities and variable properties (Doran and

Martin, 2021; Unsworth, 2020; Halliday and Martin, 1993).

6. Propositional linkages for reasoning using logical connectives (Copi et al., 1972).

This chapter illustrates Re-representation Rules used in semantic content

analysis of scienti�c text.

Chapter 4: Semantic Content Analysis Using the Re-representation. In this chap-

ter, the re-representation method is explored to �nd its signi�cance in the semantic

analysis of text. In this chapter, we present the analysis of language used in text-

books and students following the relational content analysis method. We present

the procedure of coding and categorization of data with illustrations.

Chapter 5: Semantic Content Analysis and Findings. This chapter presents a de-

tailed analysis of biology texts as a corpus leading to the patterns about saturation

of predicates, growth of knowledge, etc.
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Chapter 6: Studies Using Re-representation. We discuss high school students' �nd-

ings about feasibility and e�cacy studies using a constraint set of predicates. We

also discuss the proximity percentage as an indicator of expertise.

Chapter 7: Conclusions and Implications. The thesis concludes with contributions

of the study, implications, and future scope of the work.
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Chapter 2

Theoretical Frameworks and

Literature Review

2.1 Introduction

The theoretical frameworks in the thesis bears an interdisciplinary aptitude, as our

work is in
uenced not only by philosophy and logic but also by linguistics, cognitive

science, knowledge representation and science education. The philosophical insights of

knowledge as a network is crucial in driving our work focusing on semantics. The cognitive

model of Representational Redescription serves as a model for the transformation of

implicit representations to explicit knowledge. We are informed by the nominalization

technique used in linguistics, drawing on published biomedical ontologies, inspired by

modeling conceptual spaces while developing the re-representation method for semantic

analysis of language of science.

2.2 Knowledge as a Network

Semantic holism (or meaning holism) attributes the meaning of a word to its relations

with other words in an expression (Quine, 1948). In this context, we characterize knowledge

as a network where the meaning of a node (term, class) is acquired by virtue of its position
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with the neighborhood of the node rather than the node itself. Knowledge as a network

representation can be traced back to modeling knowledge as frames (Minsky, 1974) and as

a semantic network (Woods, 1988). In the semantic network model, knowledge stored in

frames (Minsky, 1974) is represented as a network of nodes and relations (Quillian, 1968).

The traditional meaning of semantics is \the scienti�c study of the relations between

signs or symbols and what they denote or mean". Understanding thesemantics in

the semantic network entails therelationship between form and meaning rather than

either the form or the meaning itself (Woods, 1988). Representing the semantics in the

scienti�c language is through the semantic relations connecting the nodes in statements.

For philosophers, the interest is about truth and falsity in propositions. For linguists,

the interest is in the disambiguation of sentences as the most important requirement

for notation in the semantic speci�cation of natural language. The research groups of

computational linguistics and arti�cial intelligence go beyond the form and meaning of

relations to extend to information retrieval and inferencing of a system.

In the interest of science education, in this thesis, these insights are applied for

representing scienti�c language in science text. For example, concept mapping with

concepts and linking words are considered for the representation of a domain. Concept

mapping is an established method to create a knowledge network with concepts and

linking words, creating propositions (Canas et al., 2015; Mintzes et al., 2000; Novak, 2010).

Concept mapping is a two-dimensional graphical representation of concepts connected

with linking words organized in a hierarchy with branches and cross-linkages (Novak and

Gowin, 1984). Research shows that knowledge organization occurs through creating a

network, which can be captured using concept mapping activities. Concept mapping

incorporates higher-order cognitive skills (Briggs et al., 2016; Canas et al., 2017) because

students assimilate new knowledge into their existing framework of knowledge, and not just

memorizing facts, which is considered to be a low-level cognitive skill (Momsen et al., 2010).

Concept mapping therefore has been successfully used in classroom learning for mapping

knowledge (Hay et al., 2008; Pearsall et al., 1997); assessing student understanding in

molecular biology, microbiology and other biological science courses (Briggs et al., 2016);
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in classroom and laboratory (Kaiser, 2010), and in novice-expert studies (Briggs et al.,

2016; Kinchin, 2001a; Chi and Roscoe, 2002; Lee et al., 2022; Mintzes and Quinn, 2007;

Price et al., 2021). Due to its signi�cance, the reliability and validity of concept mapping

as an e�ective tool for assessing student learning have been already established in science

education literature (Ruiz-Primo et al., 2001).

The biennial concept mapping conferences focus on themes of assessment, teaching-

learning, innovative methods, collaborative learning, etc. However, a recent literature

review of concept mapping studies indicates the exploration of the tool for open-ended

approach of analysis (de Ries et al., 2022); in deep learning techniques for comparing

concept maps by automated computation based on similarity (Montanaro et al., 2022);

in automatic concept map generation from natural language to derive semantically rich

graphs (Lu et al., 2023). This indicates the trend of focus on semantics in knowledge

graphs.

Our work too focuses on semantics but in representing scienti�c knowledge in textbooks

with special emphasis on linking words or relations (predicates). This is of signi�cance

as the linking words hold explanatory power for describing statements that take part in

part-whole, class-subclass, spatial, function, cause-e�ect, or processes dimensions. Recent

studies have also provided evidence about emphasizing linking words (linking phrases) in

concept maps. A research study compiled a list of linking words based on their re
ections

on teaching and extracting the linking words from books to include in undergraduate

introductory biology courses describing quantitative, structural, and temporal statements

(Javonillo and Martin-Dunlop, 2019). In another study, pathophysiology students created

concept maps on respiratory systems and endocrine systems using a standardized set of

linking words grouped as dynamic, static, illustrative, de�nition, and information (Fonseca

et al., 2021). The quantifying of linking words resulted into higher number of dynamic

linking words, indicating the prominence of processes.

Another prominent area of interest is about studies in novice-expert comparison using

concept mapping. Research on expertise studies indicates that experts use a variety of
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linking words for appropriate meanings. In contrast, novice's usage of linking words seem

often inappropriate, and use of similar linking words for a variety of meaning results in

ambiguity (Kinchin et al., 2000). As one of the characteristics of expertise is focusing on

links, we adopt concept mapping with speci�c set of linking words facilitating students in

expert-like thinking for developing science vocabulary. Studies indicated that providing

linking words along with concepts during concept mapping helps to depict more valid

propositions as compared to just providing concepts (Kharatmal and Nagarjuna, 2009),

helps in facilitating precision and rigor, attaining expertise (Kharatmal and Nagarjuna,

2008). The speci�c set of linking words with concepts serve as sca�olding in classroom

learning (O'Donnell et al., 2002).

Although the concept mapping as a research tool was mostly studied in biology

education, it has also shown to be studied widely in other physical sciences such as

chemistry education and physics education. Studies have been conducted on using concept

mapping in chemistry education on topics such as: atomic properties, states of matter,

acid-base, electro-chemistry, etc. A recent study showed learning achievements of using

concept maps with �ll-in-nodes on students of a general Chemistry course who had low

prior knowledge (Huynh and Yang, 2024).

Further, concept mapping with three di�erent modes: static, �ll-in-concepts, �ll-in-

labels, were applied to investigate the e�ect of learning chemistry in undergraduate

classroom. Their results indicated that the �ll-in-nodes, �ll-in-labels format were found

to be in
uencing learning, where in prior knowledge played a signi�cant role in enhancing

learning performance.(Wong et al., 2021)

Studies have also been conducted on using concept mapping in physics learning, physics

teacher education, on topics of light, particle physics, etc. A study to investigate e�ect of

concept mapping on physics achievement in comparison with traditional lecture based

teaching, was conducted on the topic of electricity. The results showed that concept

mapping was more e�ective than traditional instruction in improving physics achievement

(Karakuyu, 2010).
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A study showed positive e�ect of using concept mapping in comparison to the traditional

lecture based tutorial strategy in teaching circular and rotational motion (Luchembe

et al., 2014). In the domain of physics teacher education, a study determined the e�ect of

reading of concept mapping on the topic of light to convert into meaningful text. This text

was then compared with experts' text. The researchers found that over 75% of teacher

candidates were successful in converting the concept map into meaningful text (Usta et al.,

2014).

2.3 Representational Redescription Model

The Representational Redescription (RR) model is about the gradual transformation of

implicit to explicit knowledge in the course of cognitive development, learning, knowledge

acquisition as put forward by Karmilo�-Smith (1995).

Knowledge acquisition into the mind can occur in three epistemological ways: (i)

knowledge is already innately speci�ed; (ii) knowledge is acquired through physical and

socio-cultural/linguistic environments; (iii) by \an internal process of representational

change whereby the mind enriches itself from within by re-representing the knowledge that

it has already represented" (Clark and Karmilo�-Smith, 1993, p. 495). This epistemologi-

cal source of knowledge is of interest to Karmilo�-Smith (1995, 1991), that is by the way of

Representational Redescription(RR) model for cognitive development. In this model, the

knowledge acquisition, either innate or acquired, is stored by re-representing recursively

its own internal representations. The RR model suggests four levels { Implicit, Explicit 1

(E1), Explicit 2 (E2) and Explicit 3 (E3) { during the process of representational change

(Karmilo�-Smith, 1991, 1995).

1. Implicit: The �rst level-I is implicit, in which knowledge is activated as a response

to external stimuli. At this level, the knowledge maps, or procedural knowledge,

are unavailable as a data structure. The level-I representations remain bracketed

or fragmented without forming interlinks to other domains. Therefore, the level-I
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representations remain unavailable to other parts of the cognitive system.

2. Explicit E1: The level-E1 as an explicitly de�ned representation that can be related

to other representations. Level-E1 are redescriptions of abstractions in a higher

level language, and at this level, these are open for links with intra-domain and

inter-domain. Even though level-E1 representations are available as data to the

system, these are not yet necessarily available for conscious access and verbal reports.

3. Explicit E2: At this level-E2, the data are available for conscious access.

4. Explicit E3: The level-E3 involves reconciliation of internal representations and

external data that are now available for conscious access and verbalization.

In this way, the RR model, through I-E1,E2,E3, involves gradually redescribing a

procedurally based knowledge into more explicit, consciously accessible, and verbal formats.

The RR model argues for domain speci�city, although the process of Representational

Redescription within each domain would be the same. According to Karmilo�-Smith

(1991), a domain is a set of representations of a speci�c area of knowledge, such as biology,

language, physics, art, music, etc. Within the domains, are subsets called microdomains,

such as cell biology, noun acquisition, gravitational force, etc. (Machado and Braga, 2019).

The RR model was developed to critique the theory of modules (Fodor, 1983) and

age-related stage-theory model of cognitive development (Piaget and Duckworth, 1970).

In the area of representational theory of mind, the work by Fodor (1983) (1983), suggests

the mind would be formed of \modules" or innate input systems, which are encapsulated

and functioning independently that are unavailable to the other parts of cognitive systems.

However, Karmilo�-Smith (1991) not only rejects that mind is innate with pre-speci�ed

modules but instead proposes a gradual developmental of modularization of mind. The RR

model argues for a gradual process by which the implicit knowledge becomes explicit and

is available for conscious and verbal access to the same knowledge. The representations

embedded in the brain that are implicit are redescribed thereby becoming knowledge to the

brain allowing for these redescriptions to be available for cross-domain (Karmilo�-Smith,

1991). In this way, representations of an expert's knowledge emerge over a period as a
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function of repetitive re�nements (Mack and Robinson, 1991, p. 265).

The validity of the RR model as a general model of cognitive development has been

studied and evaluated for its utility, generalizability, and empirical support (Butler,

2008; Pine and Messer, 2003). The RR model has been considered as a reference for

conceptualizations of models to enable self-enrichment in science education (Machado

and Braga, 2019). Studies exploring children's representations from implicit to explicit

levels in domains of balance and numeracy reported that when children acquire explicit

verbal knowledge, they can access it for other tasks within a domain, thus indicating the

generalization of knowledge across domains. This generalization process as procedural

information becomes redescribed into a verbal and accessible format (Butler, 2008).

Researchers providing empirical support to the RR model have suggested modi�cations

by introducing transitional representational levels capturing gradual change from I-E1,

E2, and E3 levels. As part of a study on balance tasks with children, these transitional

levels were introduced, moving between implicit and abstraction nonverbal levels, and

abstraction verbal and E3 levels indicating more signi�cant variability in their performance

(Pine and Messer, 2003).

In cognitive psychology, the RR model was applied to understand spelling and read-

ing development in literacy and verbal knowledge acquisition among children (Critten

et al., 2007). The cognitive mechanisms by which the spelling development occurs from

phonological to morphological pattern, via U-shaped developmental curve, with implicit

representations becoming more rule-based and further becoming more explicit verbalizable

knowledge prior to the E3 level (Critten et al., 2007). The RR model was used as a

cognitive framework to device delivery modules as sca�olding in music listening while

developing critical skills in listening and sharing their understanding of music from im-

plicit to explicit knowledge (Boechler et al., 2015). Knowledge redescription can support

conceptual dependencies between counting, number structure, and calculation triggering

through structured activities. The rei�cation or re�nement of the counting process can

occur due to their knowledge of oral counting sequences getting redescribed in explicit

and accessible formats, as the RR model postulates (Voutsina, 2012).
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The RR model, however, is not without any criticisms about its mechanisms of

transformations of redescriptions and bears challenges underlying representations at the

implementational level, etc. Researchers are critical of how the model is used as an

architecture for redescribing in the system (Carassa and Tirassa, 1994). In the natural

language domain, the distinction between the E2 and E3 explicit levels seems blurry because

the RR model is about how it is employed in the system but not how it is represented. The

latter has been part of our research work. Procedural learning can occur when the learner

explores a new domain, but it does not imply a representational system. To critically

point out that, even though the RR model prescribes the three levels of redescriptions, it

does not attempt to explain the mechanisms of these transformations of redescriptions.

In summary, the modules, delivery courses, structured activities, constraints, processing,

and introducing transitional levels can serve as sca�olding for these mechanisms. We ask:

what if our proposed method of representation applying constraints can serve as one such

explanation of the mechanism, or can serve as sca�olding between implicit and explicit

levels/knowledge?

We agree with Hollan et al. (2000) and Karmilo�-Smith (1991) position about implicit

to explicit knowledge being a gradual process, and we strive towards a common or a middle

ground by blending these two positions. We, too, consider the implicit and explicit not as

a dichotomy but as interfacing in the continuum with constraints and re-representations.

Our interest in this area is designing a representation method that can facilitate an

interface for transforming implicit knowledge towards explicit knowledge.

In this thesis, Karmilo�-Smith (1991) model of phases/levels of Representational

Redescription (RR) is used as a theoretical framework to design and develop a method for

re-representation followingrepetitive re�nements. We are adopting the RR model as one

of the theoretical frameworks because it is about representational changes through which

implicit knowledge becomes explicit knowledge. We developed the Re-representation

Method as phases based on the previous one in recursive iteration. The theoretical

framework was found to be suitable for our research because the thesis aims to focus on

making links (linking words or linking phrases) explicit that are otherwise implicit but
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intended. We echo with Karmilo�-Smith's submission of each Phase as not just a \simple

duplication of lower levels, but rather, it involves increasing explicitation and accessibility"

Karmilo�-Smith (1995). The common concern in most of these approaches, by linguists,

philosophers, logicians, or ontologists, is to bring the implicit semantics to the foreground

by making these explicit.

2.4 Nominalization

Systemic Functional Linguistics (SFL) is the study of the relationship between language

and its functions in social settings (Halliday, 1985). The SFL follows a strati�cation

model of a linguistic system comprising of meaning (semantics), sound (phonology), and

lexicogrammaar (syntax, morphology, and lexis). According to SFL, grammar is treated

as a meaning-making resource with an interrelation of form and meaning.

In the context of the language of science, according to the SFL framework (Halliday,

2006; Halliday and Matthiessen, 2004), nominalization of terms is considered one of the

benchmarks of scienti�c text. Nominalization is a process of making (re-representing)

relationships (verbs), or qualities (adjectives) into things (i.e. nouns) (Martin and Rose,

2003). Nominalization falls under the grammatical metaphor idea whereby nouns nomi-

nalize process verbs without changing the meaning of the text (Halliday and Matthiessen,

2014). Nominalization is also seen as a transition from colloquial to academic or scienti�c

language and has a central role in making the scienti�c text more concise. Scienti�c text

usually follows this implicitly.

To illustrate how implicit meaning becomes explicit, we quote an example from Halliday

(2006, p. 35) and show the signi�cance of nominalization in the language of science.

1. Osmolarity increases, so putrescine is rapidly excreted.

2. Because osmolarity increases, putrescine is rapidly excreted.

3. That osmolarity increases means that putrescine is rapidly excreted.

4. Osmolarity increasing leads to putrescine being rapidly excreted.
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5. Increasing of osmolarity causes rapid excreting of putrescine.

6. Increase of osmolarity causes rapid excretion of putrescine.

7. Increases of osmolarity cause rapid excretions of putrescine.

All the above sentences express the same meaning and truth value. However, the

language of science evolved to describe and ascribe causal relations between the two

phenomena, which became explicit in the latter sentences. The verbs and adjectives

used in the former sentences have been nominalized as class terms in the latter sentences.

Without getting into the grammatical characterization of the transformations, which

are detailed by (Halliday, 2006, p. 84-85), let's focus on how the expression \osmolarity

increases" becomes \increase of osmolarity"; \so" becomes �nally a \cause" via \because",

\e�ect", \leads to"; how the adjective \rapidly" becomes the noun \rapid"; and the verb

\excreted" becomes the noun \excretion". After such repeated transformations, some of

the verbs and adjectives eventually become nominalized class terms, leaving the semantic

relation we extracted to express causation. Using prepositions to relate class terms to

create condensed expressions, as in \increase of osmolarity" and \excretion of putrescine"

must not be ignored. Such transformed usage of verbs and adjectives into nouns makes

the language of science di�cult to learn and is widely documented in science education

and linguistics literature. Our interest in this context is to �nd what verbs remain after

these re-representations. We notice that those semantic relations are precisely part of

the various and growing published ontologies and the fundamental logical relations that

remain. The remaining anddistilled semantic and logical relations are the common ground

of everyday language, scienti�c language, and ontologies.

In scienti�c language, these semantic relations need to be well-de�ned for disambigua-

tion. This is furthered by adopting well-de�ned relations (object properties and data

properties) from the published biomedical ontologies.
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2.5 Biomedical Ontologies

Biomedical ontology research and development work is a proliferating �eld with inter-

disciplinary researchers from computer science, philosophy, data and software engineering,

logic, linguistics, medical practitioners, etc. (OBOFoundry, 2020). The need for the

research area of creating biomedical ontologies arose from the post-genomic era due to

the shift from mapping genomes to analyzing information by applying controlled vo-

cabulary. Biomedical ontology research involves entities' speci�cations, attributes, and

relations among them (Rubin et al., 2008). These are controlled vocabularies describing

the semantics data in a human and machine-readable way, widely used for processing

information in biomedical research and healthcare systems (Konopka, 2015). Biomedi-

cal ontology, in contrast to biomedical terminologies, goes beyond mere dictionaries of

biological terminologies or biological products to controlled vocabularies, to principled

knowledge structures, to applied reasoning about biological knowledge (Bodenreider et al.,

2005). Creating a database of biomedical terminology comprised of names of substances,

qualities, and processes within the biomedical domain. On the contrary, the purpose

of biomedical ontology is to develop a principled de�nition of biological classes and the

relations among them. One such instance of this research is the Open Biomedical Ontology

(OBO) Foundry, a community-based initiative for developing new ontologies and reforming

existing ones (OBOFoundry, 2020; Ontology, 2020). Recent works on library of generic

concepts have been useful resource (Barker et al., 2001).

Various initiatives exist in this area of research and are growing, especially in the area of

biomedical and healthcare research. The Uni�ed Medical Language System (UMLS) aims

to merge existing vocabularies. The Foundational Model of Anatomy (FMA) represents

the classes and relationships for modeling the structure of the human body (Rubin et al.,

2008; Rosse and Mejino, 2003). Such curated ontologies are available through the public

domain, for example, Ontobee portal (Ong et al., 2017).

One of the essential concerns in the biomedical ontology research and development

work is the disambiguation of classes and relations (Smith et al., 2006). This is parallel
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to the concerns we raise but about the language used in the text. Within ontology

research, biomedical ontology is concerned with the principled de�nition of classes and

relations between them (Bodenreider et al., 2005), to provide consistent and unambiguous

formal de�nitions of the relations in the ontology, to enable automated reasoning about

spatio-temporal dimensions in biological and medical phenomena (Smith et al., 2005).

The domain of biomedical ontology modeling introduced the ontological framework for

systems biology (Podkolodnyy and Podkolodnaya, 2016) and experimental sciences (Hafner

and Fridman, 1996; Fridman Noy and Hafner, 2000) that is relevant for this thesis for

representations of text in science education. Our thesis, therefore strives towards a novel

work because we focus on the nature of semantic relations in statements in science text,

which are usually taken for granted as these belong to everyday language vocabulary.

One may ask, when the biomedical ontologies are already curating semantically well-

de�ned relations, then what is the uniqueness that we bring into our research program? We

argue that the biomedical ontology community focuses on curating and de�ning the class

terms and relations. Therefore, we borrow the well-de�ned relations for re-representing

textbook knowledge and thereby creating the Reference Set.

2.6 Conceptual Spaces

The Conceptual Spaces framework for Knowledge Representation has been immensely

in
uential within the �elds of cognitive science, cognitive linguistics, arti�cial intelligence,

semantic web, etc. (Bechberger and K•uhnberger, 2017). A conceptual spaces framework

comprises many quality dimensions that are based on perception, built up from geometrical

representations (Gardenfors, 2000; G•ardenfors, 2004, 2011). The \quality dimension" (also

known as variables in model-based reasoning) has explicitly been signi�cant to our work

on re-representing attribute space as part of developing the re-representation method.

According to G•ardenfors (2004), quality dimensions, such as temperature, weight,

brightness, pitch and the spatial dimensions are of height, width and depth as they are

produced by sensory receptors (Gardenfors and Warglien, 2012). The brightness dimension
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is perceived by the visual sensory system, pitch by the auditory system, temperature by

thermal sensors, and weight by kinesthetic sensors, respectively (Gardenfors and Warglien,

2012). In addition, there also exist other quality dimensions that are non-sensory. In

the Conceptual Spaces framework, the primary function of the quality dimensions is to

represent \qualities" or \properties" of objects and the relations between them (G•ardenfors,

2004, p. 11). One may ask how quality dimensions are related to representations in scienti�c

language? At this point, G•ardenfors (2004) makes a clear distinction of quality dimensions

as phenomenal and scienti�c interpretations. The distinction is between those based

on perceptions, memories, etc., and those part of scienti�c theory. The phenomenal

interpretations of the quality dimensions provide semantics for a natural language, which

is also of interest for our work.

Ontologically, some quality dimensions are considered innate, for example, the sensory

dimensions (G•ardenfors, 2004; Quine, 1948). As the learning process occurs during

cognitive development, more dimensions are gradually added. For example, in the

conservation task (Piaget and Duckworth, 1970), children initially think only about the

\height" of the liquid in the container. Later, these develop to separate the dimension

of \volume" from the \height" of the liquid, which is the relationship of the other two

qualities. Additionally, some di�erent dimensions may also be culturally identi�ed. For

example, the time dimension is circular in some cultures. A socio-cultural interaction

wherein people share knowledge may also evolve into conceptual spaces.

Further, G•ardenfors (2004), emphasizes the quality dimensions in science|for example,

the distinction between \weight" and \mass" in Newtonian mechanics. Although the

senses in human perception may not make this distinction, these are learned while adopting

the conceptual space of Newtonian mechanics. These distinctions either between \volume"

and \height" or between \weight" and \mass" can be understood as \shifts of conceptual

spaces" much like the \paradigm shifts" in cognitive development, and scienti�c revolution

(Kuhn, 1970).

To summarize, we develop a Re-representation Method, with the insights from the
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`Knowledge as a Network' model, that bears signi�cance in the semantic relations or

links in a statement. We focus on the nature and kinds of the links. This can help in

making the implicit meaning explicit as we re-represent the statements by following the

`Representational Redescription' model. How do we do it? We do it by borrowing the

well-de�ned semantic relations from the biomedical ontologies, process nominalization

from the SFL, predicates from conceptual spaces, to create a Reference Set.

At this point, we bring connections to the research program for creating a \nuclear

vocabulary" (Stubbs, 1986). Complementing to this, we explore a research program for

creating a \nuclear predicate vocabulary" or \Reference Set" for its use in the language

of science.

2.7 Identifying Research Gaps

Graphical representation tools such as concept maps and mind maps are widely used in

education. However, their focus was mainly on organizing the concepts (vocabulary) in a

hierarchical structure with little or no focus on using well-de�ned relations, leaving scope

for ambiguity. Problems associated with lack of rigor in concept mapping are reported

(Sowa, 2006; Kharatmal and Nagarjuna, 2006b; Kremer, 1995). In contrast to concept

mapping, SemNet attends to semantic relations more explicitly (Fisher, 1990, 2002; Fisher

and Kibby, 1996; Fisher et al., 2000).

We identi�ed certain inconsistencies while assessing the concept maps from published

sources. We state that the linking words that provide meaning to the concepts are

ambiguously and inconsistently used. Here we borrowed the insights from the classical

work on nature, usage, and de�nitions of semantic relationships (Winston et al., 1987) and

applied for disambiguation in maps. Some of these aremeronymic inclusion, class-subclass

inclusion, spatial inclusion, attributes,etc.
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2.7.1 Problems in Accuracy of Linking Words

We began with studying the published concept maps in the public domain, journal

articles, and books. The �ndings of concept mapping showed that it can be used for

meaningful learning, conceptual change, etc.(Novak, 1990; Martin et al., 2000). However,

with a deeper analysis of these works, we identi�ed certain inconsistencies in the nature

and usage of the linking words in the standard concept mapping and scoring methodology.

The inconsistencies may not be a problem in other subjects like physics, chemistry, and

mathematics, as this problem does not arise due to the use of formulae that use a minimal

set of predicates. Since the language of biology cannot be formulated in such a language,

we suggest that a controlled natural language can be used instead. Our research work can

demonstrate its possibility. We proposed certain re�nements of linking words in terms of

accuracy and validating hierarchies in concept mapping.

The concept map on a focus topic of \life in the ocean" (Martin et al., 2000) is shown

in Figure 2.1. In this concept map, S1 depicts using the linking words: `consists of', `have

2 groups', `are either' and `include'. A deeper analysis of the S1 suggests that only the

�rst level is part-whole relation while all the other levels follow a class-subclass relation

(Winston et al., 1987). We re�ned these linking words and re-represented those with the

semantically well-de�ned linking words as shown in S2. By this, we suggest weeding out

ambiguity, bringing in consistency i.e. to use the same kind of linking words for the same

meaning throughout the concept map.

Another gap we found was about invalid criteria for counting hierarchy levels. We

argue that the criteria to assign scores for the hierarchy are graphical-based and not

semantic-based. Logically, in a well-formed hierarchy for representation, the relations are

transitive, asymmetric, using a single linking word consistently (Mayr, 1969). In S1's

concept map the �rst relation takes part in the part-whole relation and all the other

relations in the hierarchy take part in the class-subclass relation, though S1 uses di�erent

linking words. Therefore, the standard scoring method does not consider this subtle

distinction and therefore depicts a logical fallacy. This is a serious anomaly. Given this
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context, there was a need to �nd an appropriate re�nement for validating hierarchies in

the concept maps which is the use of same linking word for same meaning through the

same hierarchy.

Figure 2.1: Concept map depicting ambiguities and inconsistencies in linking words and
suggesting re�nements.

Through the re-representation, we could not only re�ne the linking words for accuracy

but also help in validating hierarchy in concept maps (Kharatmal and Nagarjuna, 2006b).

2.7.2 No distinction between relations and attributes

To indicate the lack of distinction between relations and attributes, we illustrate from

published literature and suggest its re-represented version. Consider the propositions:

(1) [sharks]! (can be)! [great white shark, tiger shark]

(2) [shark teeth]! (can be)! [big, small]
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These propositions use the linking words \can be" ambiguously to mean two di�erent

sense. It is used to represent a class-inclusion relation, and also for attribution relation.

The corresponding re-represented propositions in the same order are:

(10) [sharks] ! (includes) ! [great white shark, tiger shark]

(20) [shark teeth]! (size can be)! [big, small]

We eliminated ambiguous relation namecan beby resolving it into includesin (10), has

size in (20). As part of re-representation, we assign variable properties as attribution.

This distinction becomes necessary when describing processes and objects in terms of

quanti�able predicates, which is required for model-based reasoning. We assume in this

work that model-based reasoning and rigor are epistemic requirements for practicing

science, and therefore it is normative for introducing this explicitly in science education.

2.7.3 Lack of focus on process-centric propositions

Using verbatim linking words (verb based) in textbooks such as `produces,' `supports,'

`stores,' `secretes,' etc. gives a colloquial sense to scienti�c propositions (statements). It

eliminates the focus on processes in biology. This requires re-representation to bring the

focus to the process-centric proposition. The concept mapping community also shares

the concern, that the focus question is not just \what" but \how" to facilitate dynamic

propositions or process-centric propositions (Miller and Canas, 2008). In order for the

processes to come into focus, we need to nominalize (Halliday and Matthiessen, 2004)

these action-verbs and re-represent them as processes as depicted in the re-represented

propositions.

For example, in the sentence, \endomembrane system regulates protein tra�c", the

predicate \regulates" when re-represented, is nominalized into the process as \regulation

of protein tra�c". The nominalized process terms bring the focus of the objects to place

\protein tra�c" into processes such as \regulation of protein tra�c" and create dynamic

propositions such that the representation is to understand the \regulation of protein

tra�c" as a biological process vis-a-vis mere \structure of protein". This can enable to
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focus on the question of `how' in understanding any phenomenon or biological process.

2.7.4 No focus on depicting change

Although concept mapping has been used almost worldwide, researchers have pointed

out the need to deploy at its full potential. The concern is that the tool is used primarily

for depicting descriptions and not yet for representing explanations, change, or dynamic

systems (Canas and Novak, 2006). One of the reasons considered is focus questions that

are more description-based than explanation-based. It is also reported that the concept

maps have a strong advantage of representing static relations between concepts. Still, the

methodology lacks the potential for representing change or dynamic relations (Derbentseva

et al., 2007). This indeed calls for re-thinking the method to extend the concept mapping

methodology to its full potential, mainly because science is essentially about model-based

reasoning and modeling change. In this context, we suggest to use the variable properties

(attributes) for modeling change.

Through the above illustrations, we identi�ed the problems and gaps in mapping a

knowledge domain. Ambiguity in linking words or linking phrases and lack of rigor in

concept mapping is already been reported by other researchers (Costa et al., 2004). In

the Arti�cial Intelligence (AI) community, concept maps are considered less rigorous in

methodology (Kremer, 1995; Sowa, 2006), lacking in Knowledge Representation (KR)

formalisms (Canas and Carvalho, 2004).

Using linking words for precision and rigor in scienti�c language accurately characterizes

expertise (Kharatmal and Nagarjuna, 2008). Studies indicated that providing linking

words helps to depict more valid propositions than just providing seed concepts with

the freedom to use any linking words (Kharatmal and Nagarjuna, 2009). In the early

attempts, the focus on linking words was studied by Fisher et al. (2000) to create semantic

networks as an extension of concept mapping activities using computer-based software.

It introduced the software for knowledge organization only. In the novice-expert studies,

experts use a variety of linking words appropriate for speci�c meanings, while novices'
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usage of linking words seem often inappropriate, and using similar linking words for a

variety of meanings, thereby resulting in ambiguity (Kinchin, 2001b).

As the goal of mapping knowledge is to facilitate meaningful learning, it is essential

that the meaning providing linking words needs to be unambiguous, consistent, and

parsimonious. This can be achieved by replacing the vague and ambiguous linking words

with semantically well-de�ned predicates. This we callRe-representation. The predicates

are re-represented from the validated and open biomedical community of experts repository

(OBOFoundry, 2020).

Our work tries to bridge these gaps and hence our focus is on re-representing the

linking words to make it explicit and rigorous and studying if it can bear signi�cance in

achieving expertise and restructuring of knowledge. To address the gaps, we framed four

research questions (RQ).

2.8 Research Questions

ˆ RQ1: Can we design a method for representation of biology language focusing on

the semantics of predicates? What features of biology language could emerge from

it?

ˆ RQ2: Could this method be used for the semantic content analysis of biology

language? What would the analysis unravel about the nature of biology knowledge?

ˆ RQ3: Could this method be feasible? To what extent using the �nite set would be

e�ective in representing biology knowledge?

ˆ RQ4: In what ways would the semantic content analysis serve as a measure of

expertise? Could this method be used as proximity indicator?

To address RQ1, we begin with designing and developing a method by re-representing

linking words that lead to the modeling of biology language (chapter 3). To address RQ2,

we use this method to demonstrate its use for the semantic content analysis of biology

textbooks and students' descriptions with procedures (chapters 4 and 5). RQ3 is addressed
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by demonstrating the method's feasibility and e�cacy by comparing it with traditional

methods (chapter 6). RQ4 is addressed by comparing the text with the expert's knowledge

base and expert's ontology knowledge base to check if the re-representation of linking

words can show a proximity percentage (chapter 6). Chapter 7 discusses the conclusions

and implications of the work, followed by contributions and the future scope of the thesis.

2.9 Summary

This chapter discussed the theoretical frameworks for developing the method. In

Chapter 3, we establish connections between the theoretical frameworks for developing

the method.
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Chapter 3

Design and Development of the

Re-Representation Method

3.1 Introduction

In this chapter, we discuss the design and development of the Re-representation method

for semantic content analysis of scienti�c text. As mentioned, our early explorations

have led us to develop the re-representation method at each phase through a continuous

re-iterative re
ective inquiry process to test and re�ne the method parallel to a Design

Based Research (DBR) paradigm.

The DBR is an amalgamation of design, research, and practice co-occurring in a syner-

gistic relationship with designing and researching (Wang and Hanna�n, 2005; Wang, 2020).

According to Wang and Hanna�n (2005), DBR is \a systematic but 
exible methodology

to improve educational practices through iterative analysis, design, development, and

implementation, based on collaboration among researchers and practitioners in real-world

settings and leading to contextually-sensitive design principles and theories". One of the

critical characteristics of design experiments has been about \conducting a rigorous and

re
ective inquiry to test and re�ne innovative learning environments as well as to de�ne

new design principles" (Brown, 1992; Collins et al., 2004; McKenney and Reeves, 2018).

35



We appropriate the DBR into our designing and development of the Re-representation

Method.

Initially, we focused only on a preliminary set of 7 types of linking words belonging to

meronymic inclusion, class inclusion, and other relations. We tested this by deploying

it for textbook analysis. This Reference Set catered for representing structure terms

in the topic. As we analyzed more textbooks from higher levels of complexity, the Set

was necessary but insu�cient. We observed a need for more linking words, for example,

spatial inclusion, and function. This called for iteration of the re-representation method

to include other types of relations (iteration 1). In addition to the relations, we represent

attributes or variable properties distinctly (iteration 2).

Further, as we analyzed higher-class textbooks, we needed to analyze dynamic proposi-

tions (iteration 3) for process-centric statements. Once the process terms were brought to

focus, by applying the variable properties, we re-represented change for depicting process

modeling for scienti�c explanation (iteration 4). The method further re-represents the

experimental procedure (iteration 5) and linking propositions for inferences (iteration 6).

The re-representation method has evolved through features unique in design practices

such as creating, testing, iterative re�nements, and continuous evolution of the design

(Anderson and Shattuck, 2012).

3.2 Research Model

The graphical representation summarizes the overview of the research model comple-

menting with theoretical frameworks and approaches and is presented in Figure 3.1.

3.3 Thesis Objective - 1

We elaborate on this development of the re-representation method with testing, re�ning

it as an iterative process in six phases, and illustrating each phase with examples. We

emphasize that the Phases 1-4 have been part of the semantic content analysis, and
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Figure 3.1: A graphical representation of the research model followed for research question
1. (To read from top to bottom and left to right).

evaluation studies. The Phases 5 and 6 serve as an extension of the method for illustrating

representation of experimentation and not for any evaluation purposes.

ˆ Re-representation Phase - 1: Re-representing the relations (linking words) (applying

open biomedical ontologies, library of generic concepts)

ˆ Re-representation Phase - 2: Distinction of relations with attributes (applying open

biomedical ontologies, library of generic concepts, conceptual spaces)

ˆ Re-representation Phase - 3: Re-representing dynamic propositions (applying nomi-

nalization, process speci�cation language, library of generic concepts)

ˆ Re-representation Phase - 4: Re-representing process as change for process modeling

(applying Knowledge Representation, Object Process Modeling, process speci�cation
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language, library of generic concepts, open biomedical ontologies, conceptual spaces,

nominalization)

ˆ Re-representation Phase 5: Representing experiments (applying the SFL framework)

ˆ Re-representation Phase 6: Propositional linkages for inference-based statements

A note: These are not exhaustive phases. It is possible that, if and when the method is

applied to another domain, the phases may gradually increase or evolve.

3.4 Re-representing Using a Constrained Set - Ze-

roeth Version

As we discussed in the early explorations, we commenced the journey of focusing on

the nature and kinds of linking words that were used in concept maps, by referring to the

classic work on the taxonomy of semantic relations (Winston et al., 1987). Mapping a

chapter on cell structure and function from class 8 textbook (NCERT, 2007b), we arrived

at 7 linking words belonging mostly to meronymic and class inclusion relations. However,

as we further analyzed class 9 (NCERT, 2007c), there was a need for other dimensions

such as spatial inclusion and function. The set was added with more types of linking

words while analyzing higher-level textbooks.

Although concept mapping methodology had been our initial reference for concepts and

linking words, we suggested the replacement of ambiguous linking words with well-de�ned

linking words. As the work was on textbook analysis, we focused on statements. According

to concept mapping, two concepts connected with linking words form a proposition or a

statement. The concept mapping and textbook have a standard format for representing

propositions (statements). We shall refer to the linking words as relations because we

wanted to represent a standard format (not just for concept mapping alone). Henceforth, we

shall refer to the linking words or linking phrases as relations (or use them interchangeably

in the context of concept mapping work).
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3.5 Re-representing the Linking Words { Phase-1

The principle objective for the re-representation method has been to disambiguate

the linking words, either used in concept mapping or in textbook sentences and re-write

those with more explicit and well-de�ned relation terms. Let us begin with an illustration.

Consider the sentence, \Cell has nucleus" (A). The intended meaning of the sentence A

could mean any of the following: \Cell contains nucleus" (B); \Cell consists of nucleus"

(C); \Cell constitutes nucleus" (D); \Cell composed of nucleus" (E); \Cell is made of

nucleus" (F); \Nucleus is inside the cell" (G); \Cell possesses nucleus" (H).

How do we determine the intended meaning of sentence A? Without additional speci�-

cations, it is not possible. The later sentences B to H provide alternatives, but all of them

may or may not be correct. What one wants to express is based on the choice of the linking

words used between the subject and the object of the sentence in the given context. In the

above sentences, the subject terms and object terms are constant, though the position of

the subject and object may be changed as in sentence G. From this example, we classify

the later sentences as having more clear expressions than sentence A, which used a vague

and ambiguous linking word \has". This has been re-represented with \consists of" as the

intended meaning of the sentence is meronymy inclusion relation. Therefore the choice of

the linking word/ relations depends on the intended meaning that requires the linking

words to be re-written to make the meaning explicit and unambiguous. As \has" can be

used to express several meanings, but \consists of" has to be used to express only one

meaning i.e. meronymy.

We now take a few examples from the textbook to illustrate the re-representation

(Phase-1) of the linking words and disambiguate it with semantically well-de�ned relations.

This requires a few steps:

ˆ Step 1: Extracting and paraphrasing the sentences into propositions

ˆ Step 2: Re-representing the propositions

Each of the above steps is an instance of the Representational Redescriptional model
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(Karmilo�-Smith, 1991, 1995) and therefore helps in making meaning explicit at each step.

Content Sample - 1: Mitochondria

We discuss a passage from Class 9 text on Mitochondria (NCERT, 2007c, p. 57). Below

is the verbatim passage:

Mitochondria are known as the powerhouses of the cell. The energy required for

various chemical activities needed for life is released by mitochondria in the form of

ATP (Adenosine triphopshate) molecules. ATP is known as the energy currency of

the cell. The body uses energy stored in ATP for making new chemical compounds

and for mechanical work. Mitochondria have two membrane coverings instead

of just one. The outer membrane is very porous while the inner membrane is

deeply folded. These folds create a large surface area for ATP-generating chemical

reactions. Mitochondria are strange organelles in the sense that they have their

own DNA and ribosomes. Therefore, mitochondria are able to make some of their

own proteins.

3.5.1 Paraphrasing the Sentences into Propositions

. We extract each sentence from the passage and show its paraphrased propositions as

shown in Table 3.1 and in Figure 3.2. (Please note: The Tables and Figures may appear

at the end of each chapter, if not within the text).

The passage with 9 sentences is paraphrased into 20 propositions because the compound

sentences are broken into simple sentences to create propositions. A schematic is shown

in Figure 3.3.

Usually, a text passage on a topic comprises a number of sentences in the form

of simple and complex/compound sentences. The sentences are paraphrased to form

propositions. According to Wittgenstein (1922), \a proposition is either true or false".

Usually in natural language, the proposition is in the form of subject{predicate{object.
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Figure 3.2: A graphical representation of the topic of mitochondria using concept map.

Figure 3.3: Schematic showing the extraction of passage to form sentences and further to
form propositions.

In the concept mapping method, its equivalent is concept{linking word{concept form. In

knowledge representation (KR), a proposition is represented as a triple in the form of

node{link{node.

A simple sentence can yield one or more than one proposition. In this way, paraphrasing

from sentences can yield into a number of propositions. The method of paraphrasing is

similar to that of extracting sentences from a lexical database into basic propositions,

for example, creating Medical Wordnet from WordNet database (Smith and Fellbaum,

2004). We discuss the paraphrasing process for the passage on Mitochondria by referring

to Table 3.1.

ˆ Simple sentence yielding single proposition: S1 to P1; S3 to P6; S9 to P20.
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ˆ Compound sentence yielding more than one proposition: S2 to P2-P5; S8 to P17-P19.

ˆ Underlining linking words: Linking words of all the propositions yielding after

paraphrasing are underlined as shown in Table 3.2.

ˆ Avoiding redundancy: After paraphrasing, P5 is obtained twice from S2 and S4. In

both sentences, S2 and S4, the subject of the sentence is \Energy". The predicates

of \Energy" are \released in the form of" and \stored in the form of". To avoid this

redundancy of meaning in linking words both these sentences are paraphrased and

combined using the same proposition, P5. The concept mapping has the advantage

of eliminating redundancy or repetitions which are in the text. This convention

of concept mapping results in a network representation avoiding the repetition of

subject or object terms following the graph /network model.

ˆ Use of inverse relations: Proposition P4 can be paraphrased in two ways by inter-

changing the subject and object position and choosing the linking words appropriately.

Such linking words are called inverse relations. Semantically, the two propositions

are equivalent. In P4, the second proposition is selected for the map in order to

establish linkage with the pre-existing subject of \Mitochondria". Similarly, the

proposition P7 is paraphrased in two ways. The second proposition is chosen because

of the prior existence of the subject \Energy" in the map.

ˆ Adding words to make the meaning explicit: In the sentence S4, although the

sentence mentions only \for", we paraphrased it as \used for" to make the meaning

explicit, yielding P8 and P9.

ˆ Residue: The phrase \instead of just one" used in the sentence S5 has been ignored

since concept mapping does not de�ne how to represent quali�ers in the map. This

is also as an example to show that a concept map cannot take care of everything

that can be expressed in a text form. Let's call this as residue after paraphrasing.

Similarly, \in the sense that" in S8 is also ignored.

ˆ Adding a proposition to establish connection: The terms \outer membrane" and
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\inner membrane" do not exist in S5, but they do in S6. To represent the connection

between S5 and S6, two propositions, P11 and P12, are added between \two

membrane coverings" and \outer membrane" and \inner membrane", which will

also facilitate the representation of the connections in P13, P14, P15. Thus, concept

mapping helps in showing the branching relations between propositions more clearly

than in the text form.

ˆ Alternate paraphrasing: In P13 and P14, it is also possible to paraphrase \inner

membrane" and \outer membrane" as \porous outer membrane" and \folded inner

membrane". Using this alternate paraphrasing, we can now write \folded inner

membrane creates larger surface area" instead of P15. Though the subject in P15

refers to a property, therefore the sense of the proposition is not grammatical. This

issue will be resolved in iteration 2 of the re-representation method (Phase 2).

Figure 3.4: Re-representation of the topic of mitochondria using concept map.

We illustrate the re-representation of the same text in Table 3.2.

The re-represented propositions are emphasized in the list. We have ascertained that

there is no loss of knowledge, and only when required are the linking words replaced from

the Reference Set.

The Propositions P3 and P4 have been re-represented by replacing the linking words
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\necessary for" as RP2 and RP3, respectively, from the Reference Set. Not only the linking

words are replaced but also are used consistently in both propositions. In propositions P8

and P9, we have replaced the linking words with a more speci�c kind \has role" which

denotes that the object (synthesis of new chemical compounds, performing mechanical

work) speci�cally brings focus on the process (more details are discussed in iteration 3).

In proposition P10, the linking word is replaced with a particular kind from \have" to

\covered by" as in RP10. The linking word \have" is ambiguous and may denote either

a part and whole relation or containment relation (Keet and Artale, 2008; Kharatmal

and Nagarjuna, 2010). To avoid this ambiguity, a more precise linking word is used from

the Reference Set. As the relation between Mitochondria and the two membranes is of

a covering, the linking word \covered by" (Smith et al., 2005) gives accurate sense and

meaning to the proposition, in place of \have".

In another set of similar propositions, P13 P14, the linking words are changed from \is"

to a precise \has form" as in RP13 and RP14, respectively. We suggest these kinds of

linking words to be distinct. We explain this in detail in Phase 2.

In continuation, the linking words in propositions P15 and P16 have been replaced

with \produces" and \site for" respectively. Usually, when a map is created from the text,

the linking words \creates" and \for" are used. Not that there is any problem. However, a

suitable choice of linking words would be \produces" for RP15 to ascertain a cause-e�ect

relation. In RP16, the inner membrane gives a sense of being a site or location for chemical

reactions to occur. Hence, a suitable word \site for" is replaced from the Reference Set.

Now, let us consider the propositions RP17 to RP20 (from re-representations). These

re-represented propositions are depicted as a re-represented concept map shown in Figure

3.4. While nothing is wrong with these propositions, we went a step ahead. We represented

these propositions using the nested node feature of CmapTool to convey the propositional

connectives between these three propositions. The bottom part of the re-represented

concept map in Figure 3.4 graphically conveys the linking between propositions by using

the conjunctions \because" and \therefore". We have re-represented these propositions
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and created relations between propositions using the same feature of nested nodes in

CmapTool.

In the following sections, we explain the justi�cation for re-representing the linking

words with semantically de�ned relations.

3.5.2 Re-representing Propositions

During our course of research work, we noticed that the linking words used were

incorrectly used in expressing the intended meaning thus giving rise to ambiguity in the

proposition. Although the intended meaning was implicit there was a need to replace these

with well-de�ned linking words so that the meaning becomes explicit. The recent rise of

interest in Knowledge Representation (KR) and Arti�cial Intelligence (AI) research is

mainly motivated by projects in computer science and cognitive robotics and also demands

semantic relations. This resulted in the creation of libraries of well-de�ned predicate terms

for every domain along with concept terms, generally called ontologies.

An ontology is a formal and explicit description of concepts (classes/objects), their

properties (data properties), relationships (object properties) between the concepts. In

this work, we would make use of the work resulting from Open Biomedical Ontologies

(OBO) (OBOFoundry, 2020), Relation Ontology (RO) (Ontology, 2020), library of generic

concepts (Barker et al., 2001). We refer to this library in this work as Reference Set.

As and when we notice inaccurate usage or ambiguous linking words, we replace them

with well-de�ned linking words from the Reference Set. How do we know the linking

words are ambiguous? This question cannot be settled without making assumptions about

the intended meaning of the text, which cannot arise without domain knowledge and its

context. We will illustrate this argument for Re-representation through examples.

Often, linking words such as \is a/are", \has/have", \can be/may be", \in/on" etc.,

are used in science textbooks. Although position-wise, they are similar to the linking

words between nouns or concepts, these provide a colloquial sense when used in scienti�c

language. The problem is these linking words seldom convey the exact or intended
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meaning and give rise to ambiguity. While these words are not at all dismissed, we suggest

their usage with the appropriate linking words, such as using \is found in" instead of

using \is in", similarly to using \part of" instead of just using \has". Our approach

has been towards resolving this ambiguity as part of Re-representation and replacing

them with semantically well-de�ned relation names (linking words) such as { \part of",

\includes", \surrounded by", \located in", \has function", etc. This is done as part of the

Re-representation of propositions. We will discuss these situations from the context of

the data of content analysis.

The classical paper about semantic relationships (Winston et al., 1987) provided

the primary source for Re-representation of linking words. The semantic relationships

are organized intoInclusion (Meronymic inclusion, Class inclusion, Spatial inclusion),

Possession, Attachment, etc. (See Figure 3.5. Each of these linking words is semantically

well-de�ned, and therefore, the inclusion relations mentioned in this classic work have been

used during re-representation. Another signi�cant source for a repository of well-de�ned

relations is the state-of-the-art research on Biomedical Ontologies (Smith et al., 2005).

During re-representation, we apply the relation names de�ned in the Relations Ontology

(RO) (Ontology, 2020) of the formal knowledge representation group, the Open Biological

and Biomedical Ontologies (OBO) (OBOFoundry, 2020). In OBO, the relation names

are categorized asfoundational, temporal, spatial, and participation(Smith et al., 2005).

The rationale for choosing relation names from the RO is that every relation name in the

Relations Ontology has well-de�ned semantics, thus making the propositions precise and

unambiguous. Below are de�nitions of some of the critical relations (Smith et al., 2005).

is a =def. For continuants: C isa C' if and only if: given any c that instantiates

C at a time t, c instantiates C' at t. For processes: P isa P' if and only if: that

given any p that instantiates P, then p instantiates P.'

part of =def. For continuants: C part of C if and only if: given any c that
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instantiates C at a time t, there is some c such that c instantiates C at time t,

and c part of c at t.

located in =def. C located in C if and only if: given any c that instantiates C at a

time t, there is some c such that: c instantiates C at time t and c located in c

contained in =def. C containedin C' if and only if: given any instance c that

instantiates C at a time t, there is some c' such that: c' instantiates C' at time t

and c locatedin c' at t, and it is not the case that c *overlaps* c' at t. (c' is a

conduit or cavity).

The OBO and RO refer to the relations as object and data properties linked to class

terms. As mentioned in Chapter 2, we apply the OBO for curating the relations and thus

build the Reference Set. The procedure followed in this iteration is to notice the linking

words that are ambiguous and re-write these by replacing them with the terms found in

OBO or RO. This would result in a re-represented proposition.

We now explain the rationale for applying the procedure through the following illustra-

tions of the most widely used ambiguous linking words that require re-representation.

\Is-a/Are" Linking Words

The \is-a" (also known as \IS-A") is a primary relation that links class-subclass,

forming a hierarchy and enabling property inheritance. The \is-a" relation is used for

subset-superset relation, for example, \Car is a vehicle"; \A triangle is a polygon"; \Whale

is a mammal". All these propositions, even though they are using the \is-a" relation,

have the same intended meaning of class-subclass. Therefore, the use of \is-a" (or \are")

is used only to mean class inclusion relations. The KR community explicitly de�nes the

semantic meaning of the \is-a" relation (Soldatova, 2010; Smith et al., 2005) as:
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is a =def. For continuants: C isa C' if and only if: given any c that instantiates

C at a time t, c instantiates C' at t. For processes: P isa P' if and only if: that

given any p that instantiates P, then p instantiates P'.

We can understand the \is-a" relation with the following example: Mammalia (C) isa

vertebrate (C') if and only if, given any instance (c) of Mammalia (C) will also (c) be an

instance of vertebrate (C').

The \is-a" relation is commonly used in any science text. Still, it is also used for various

kinds of meanings, for example, in meronymy (part-whole), spatial inclusion (location

specifying), and instance of (member of a class) relations. The linking word \is-a" giving

rise to ambiguity is illustrated with examples in Table 3.3. These popular uses of \is-a"

can be replaced with more speci�c relations in the re-representation that we propose; we

reserve \is-a" for class-subclass relation, which follows from the de�nition given above.

Table 3.3 has verbatim sentences from text passages, their paraphrased propositions,

and re-represented propositions. In sentence S1, the usage of the linking word \is-a"

giving rise to ambiguity can be noticed. Usually, the intended meaning of \is-a" is class

inclusion relation, but sentence S1 and its paraphrased propositions P1 have a di�erent

sense. Proposition P1 asserts the class-instance relationship between `each mitochondrion'

and `membrane-bound structure'. Therefore, it requires re-representation as shown in

RP1, wherein \is-a" is replaced with a speci�c linking word \is an instance of", which is

semantically de�ned (Smith et al., 2005) as:

is instance of =def. An object is an instance of a class if it is a member of the

set denoted by that class. One would normally state the fact that individual i is

an instance of class C with the relational form (C i), but it is equivalent to say

(INSTANCE-OF i C)

Using this de�nition, a speci�c object is a member of an object of a class. A thing, or

a realizable object, is an instance of its class. For example, \Jerry is a mouse", which
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means that \Jerry is an instance of mouse". Similarly, the proposition, \Mumbai is a

city," also means that \Mumbai is an instance of the city". This way, once we know the

intended meaning, we replace it with well-de�ned linking words. In the case of biology

text, the objects mentioned with `each,' `this,' `a', `an', or `the' describe speci�c objects

which are instantiated. The sentence S1 mentions speci�c `each mitochondrion' within a

class of a `double layer membrane-bounded structure'. Therefore, the linking word for

re-representation would be \instance of" in place of \is-a".

In Table 3.3, the P1 is re-represented into two propositions, RP1 and RP2. Though

both are correct/valid propositions of what is asserted, RP2 is preferred over RP1 without

losing the intended meaning and yet being explicit. In continuation, the P2 of S1 has the

intended meaning of part, and whole, i.e., the double membrane-bound structure consists

of outer and inner membrane. Since this is a meronymy inclusion relation (explained in

the following section), the linking word, \with" in P2 is re-represented with \consists of"

in RP2. The same P2 can be re-represented in an inverse relation of RP2 as: \Outer and

inner membrane part of double layered membrane structure". The richness of the assertion

is provided with \consists of", or \has part"/\part of", which are semantically de�ned.

Therefore, the RP2 asserts a part and whole or meronymic inclusion relation. Each of the

outer and inner membranes exists within the double-layered membrane structure.

\Has/Have" Linking Words

Typically, the \has/have" linking word is used to convey the part and whole relation,

also known as Meronymic inclusion relation, for example, \cell has mitochondria"; \nucleus

has nuclear matrix", etc. We illustrate some cases of re-representing the \has/have" linking

word as shown in Table 3.4.

The sentence S1 is paraphrased into proposition P1 wherein the linking word \have" is

used. The proposition is asserting a part-whole or meronymic relation. The plastids exist

as a whole and the DNA and ribosomes exist as parts with respect to this context. To

make the part-whole assertion explicit, the P1 is re-represented as RP1 with the linking

word \consists of" or \has part" or its inverse relation \part of", which is semantically
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de�ned as:

part of =def. For continuants: C part of C if and only if: given any c that

instantiates C at a time t, there is some c such that c instantiates C at time t,

and c part of c at t. part of =def. For all c, t, if Cct then there is some c1 such

that C1c1t and c partof c1 at t.

part of: A core relation that holds between a part and its whole

The \part of" de�nition asserts that c is an instance of C that exists in at a given time,

there exists c1 an instance of C1 at the same time, and c1 is part of c. It also asserts that

c does not exist except as part of c1 (Markowitz et al., 1992b; Smith et al., 2005). For

example, \�nger is part of hand".

Let us understand the RP1 by applying the de�nition. Let DNA and ribosomes be

the class C, and let plastids be the class C1. The relation \part of" can be asserted

between the classes C and C1 such that it holds for their instances as well, respectively.

The DNA and ribosomes of plastids are here assumed not to exist independent of the

plastids. Wherever this interpretation is valid, we shall use \part of" or its inverse \has

part" relations. One could also use \consists of" linking word as a synonym for \has part".

Several species of inclusion relations are recognized by Winston et al. (1987), broadly

classi�ed into three types { class inclusion, meronymic inclusion, and spatial inclusion

relations. Meronymic inclusion relations are further distinguished into di�erent species as

shown in Figure 3.5. Some of the meronymic relations are discussed below, where we will

see the need to distinguish \part of" from \composed of", \portion of", and \located in".

A taxonomy of part-whole or meronymic inclusion relations yields six types of meronymic

relations: (1) component { integral object; (2) member { collection; (3) portion { mass;

(4) stu� { object; (5) feature { activity; and (6) place { area, because part relates to

wholes in di�erent ways (Winston et al., 1987).

These are said to di�er in three ways: whether the part and whole are: functional,
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Figure 3.5: Taxonomy of semantic relations (Winston et al., 1987).

homeomerous, or separable. The functional parts in the whole are constrained by their

function in space and time (for example, handle { cup). The homeomerous parts are

the same as their wholes (for example, slice { pie), while non-homeomerous are di�erent

(for example, tree { forest). The separable parts can be separated from the whole (for

example, handle { cup), while inseperable cannot (steel { bike) (Winston et al., 1987).

In Table 3.4, the sentence S1, the objects are taking part in component { integral

object, the linking word \consists of" / \has part" / \part of" can be used. However,

this is not the case with sentence S2, paraphrased as P2. In proposition P2, the subject

and object take part in the stu� { object relation. This stu� { object relation can be

distinguished from component { object relation as follows. The component-object relation

can be elicited by asking, \What are its parts?"; while the stu�-object relation can be

elicited by asking, \What is it made of?" i.e., about the composition of the object or

constituents of the object. According to Winston et al. (1987), another way to make the

distinction between component-object and stu�-object relations is that the stu� with

which the object is made cannot be separated, unlike in component-object where the

component can be separated from the whole object. Winston et al. (1987) suggests using

\made of" (or its synonym \composed of") for stu� { object relations and not \part of".

Therefore, the P2 is best re-represented as RP2: \Membrane of erythrocyte composed of

52% proteins and 40% lipids". The de�nition of \composed of" is discussed below:
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composedof=def. Component parts of anatomy of tissue made up of certain cells

or other body area/system or tissue types.

composition=def. A single physical entity inhering in an bearer by virtue of the

bearer's quantities or relative ratios of subparts.

We can apply this de�nition in RP2: A single physical entity (membrane of erythrocyte)

inhering (comprising) ratios of subparts (proteins and lipids). Table 3.4 illustrated two

sentences S1 and S2 with di�erent relations within the meronymic inclusion relation.

The meronymic inclusion relation is often also confused with the spatial inclusion

relation also known as the topological relation (Winston et al., 1987). Let us understand

the distinction between meronymy and spatial inclusion relations. The confusion between

these two kinds of relations is due to the linking word \has/have", resulting in the

ambiguity between meronymic and spatial inclusion relations. We have seen above that

the intended meaning of \has/have" is primarily for meronymic or part and whole relation.

But the same linking word \has/have" is also used to connote a spatial inclusion relation.

There needs to be a distinction between these two kinds of relations. We know that

meronymy relations exist between part and whole objects that co-extensively. On the other

hand, spatial inclusion relations are described as one object being surrounded by another

object but not by being a part of it, which means not co-extensively (not occupying the

same space).

Winston et al. (1987, p. 427), clari�es the ambiguity between meronymic and spatial

inclusion relations, citing two propositions { P1: \Florida surrounds the Everglades"; P2:

\East Germany surrounds West Berlin". Both propositions have the same linking word

\surrounds by". In the P1 the Everglades are part of Florida, as they are co-extensive

to each other. On the contrary, in the P2, West Berlin and East Germany are not

co-extensive, meaning no part of West Berlin is East Germany (Winston et al., 1987).

Therefore, P1 is meronymic, but P2 is a spatial inclusion relation and not meronymic.
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Let us take a few examples to understand the distinction. In the proposition, \Cell

has plasma membrane" or \Plasma membrane is part of cell". This means every part

of the plasma membrane is part of the cell and is co-extensive with each other. In this

case, meronymy is applied. For further clarity, this proposition can be re-represented as

\Plasma membrane (co-extensively) surrounds the cell" (where co-extensively surrounds

would mean meronymy).

It is a common usage that the linking word \surrounds" is used in co-extensive and

not co-extensive sense. For example, P1: \Cell is surrounded by plasma membrane" and

P2: \Nucleus is surrounded by cytoplasm". As explained before, the plasma membrane is

not only part of the cell but also is co-extensive with the cell. On the other hand, the

cytoplasm is not part of the nucleus and is also not co-extensive. The later usage is more

like the \house is surrounded by trees". Though \surrounded by" is used in both cases,

this semantic distinction is not brought out by this linking word. To resolve this ambiguity

issue, we suggest that whenever there is a case where the objects are co-extensive to

each other, we use the linking word \enveloped by" to assert meronymic inclusion by

convention. While, the linking word \surrounded by" is to be used for spatial inclusion

relations alone, where the objects are not co-extensive to each other. The other option

is to qualify, \surrounded by" with co-extensively for asserting meronymy. The linking

words, \enveloped by" and \co-extensively surrounded by" can be used synonymously for

meronymy.

Let us understand the de�nitions of these two linking words: \enveloped by" and

\surrounded by" as shown below. We propose the de�nition \enveloped by":

enveloped by: [de�nition]. X envelopedby y if and only if (1) y is a part of x, and

(2) x is surrounded by y

Applying the above de�nition, the cell envelopedby plasma membrane if and only if

(1) a plasma membrane is a part of the cell, and (2) a plasma membrane surrounds the

cell
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The above de�nition, uses \part of" which is de�ned above and \surrounded by" which

is de�ned below (Ong et al., 2017):

Surrounded by = [de�nition]. X surroundedby y if and only if (1) x is adjacent to

y and for every region r that is adjacent to x, r overlaps y (2) the shared boundary

between x and y occupies the majority of the outermost boundary of x

Applying the above de�nition, the nucleus is surroundedby cytoplasm if and only if

(1) the nucleus is adjacent to the cytoplasm and for every region r that is adjacent to the

nucleus, r overlaps cytoplasm (2) the shared boundary between nucleus and cytoplasm

occupies the majority of the outermost boundary of the nucleus.

In sentence S3, the SCM proposition, P3 mentions \mitochondrion having two mem-

brane coverings". The P3 asserts a relation of covering or an envelope between mitochon-

dria and membrane. In addition, the mitochondria and the membrane have a part-whole

relation. Based on the above analysis and the proposed de�nition of the linking word

\enveloped by", the P3 is re-represented as \Mitochondria enveloped by two membranes"

as shown in RP3.

Not only does the Re-representation of linking words make the meaning explicit, but it

also helps to resolve the ambiguity. Whenever this situation arises, we suggest consistently

replacing such ambiguity with semantically de�ned linking words.

\Of", \In", \On", \About", \With" Linking Words

If the linking words are prepositions (of, with, from, on, etc.) the resulting relations

between concepts or terms are expressions and would not be quali�ed as propositions.

Prepositions such as \of", \in", \on", \with", and \about" are often used as linking

words in concept mapping. If these prepositions are combined with a speci�c linking

word, for example \located in" or \contained in" instead of \in" alone, then this can

be unambiguous. Prepositions can be used along with other verbs. When these are
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used without a verb, one may get an expression but not a complete proposition. For

example, \Water in a bottle" uses the preposition \in" alone without a verb. But it can

be re-represented with, \Water is contained in a bottle", which uses a preposition and the

verb \contained in". We suggest re-representing these linking words with semantically

de�ned linking words to bring clarity and speci�city to each of these prepositions. Table

3.5 illustrates examples with prepositions as linking words used in sentences from science

text.

In Table 3.5, the sentence S1 is paraphrased into propositions P1 and P2. The linking

words \lie on", and \buried in" are used in these two propositions. The intended meanings

of these two propositions connote the place (location) of the objects within the other

objects. According to Winston et al. (1987), these are spatial inclusion relations, wherein

the object is located or surrounded but not a part of the object that it locates or covers.

For every object, there is some region in which it is located. The objects (entities)

that occupy the spatial regions can be denoted with relations, for example \located in",

\contained in", and \adjacent to". Examples of these relations, as given in Smith et al.

(2005) are: \ribosomes locatedin cytoplasm", \lung contained in thoracic cavity", \inner

layer of plasma membrane co-adjacentto outer layer of plasma membrane".

Although the linking words \lie on" and \located on" are synonymous, for consistency,

we will continue to use \located on", as it is semantically de�ned in the Reference Set,

shown in RP1.

We use the linking word \located on" from an existing semantically de�ned linking

word \located in". We propose the de�nition of \located on" using the de�nition of

\located in" as shown below:

c locatedin r at t - [de�nition]. a primitive relation between a continuant instance,

a spatial region which it occupies, and a time
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proposed: c locatedon r at t - [de�nition]. a primitive relation between a continuant

instance, a spatial region on which it occupies, and a time

Another de�nition by Schulz et al. (2005) states that:

The \location" relation of the spatial inclusion relation has been also formally

de�ned as when each physical object or anatomical entity (c, d) is associated with

a spatial region (r)at a time (t) as: located-in(c, d,t) = [de�nition]. part-of(r(c,t),

r(d,t),t)

It means c is located in d at time t, when c is part of the region r at time t, and d is

also part of the region.

Continuing with sentence S1 and its paraphrased proposition as P2, the linking word

used is \buried in". The assertion is about objects being embedded or immersed inside

the other object. We can re-represent the P2 by replacing it with semantically de�ned

linking word based on \immersed in" (Ong et al., 2017) as in RP2:

immersed in: [de�nition] a relation between a (physical) entity and a 
uid substance

in which the entity is wholely or substantially surrounded by the substance.

Continuing with the use of prepositions, the sentence S2 is paraphrased to propositions

P3, P4, P5. Each of these uses di�erent prepositions, such as \are", \are of", " and \are

with" as linking words with varied intended meanings. Propositions P3, P4, and P5 take

part in class inclusion, attribution, and spatial inclusion relations, respectively.

The P3 is an example of class inclusion relation discussed above in the section on

\is-a"/\are". The P4 has the intended meaning of the varying properties of objects. These

relations are categorized as attribution relations (Winston et al., 1987). For example,

trees can be tall or short. The property of height is the attribute of trees as objects. The

attributes are variables, which means the height of trees can vary. The P4 asserts the

varying shapes and sizes of the object leucoplast, and it can be re-represented with the

linking word \varies in". We propose the de�nition of \varies in" borrowing from the

semantically de�ned linking word \completely varies in" as shown below. The source is
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from the portal { http://purl.obolibrary.org/obo/GENO 0000784):

completelyvariesin: [de�nition]. A relation between two sequences or features

that are considered variant with each other along their entire extents.

proposed de�nition: variesin: [de�nition] When X variesin Y, it implies instances

of X can occur in variable instances of Y.

For example, \vacuoles vary in shapes". Applying the proposed de�nition of linking

word, the P4 can be re-represented as \leucoplasts varies in shapes and sizes" as shown in

RP3.

In sentence S2, proposition P5 uses the preposition \are with". The intended meaning

of the P5 is about containment relation, which is a spatial inclusion relation. It is possible

that the P5 itself can be paraphrased by using the linking word \contains" or its inverse

relation \contained in" as the word storage connotes the containment of materials in a

region. The paraphrased P5 is re-represented as RP4 proposition, using the semantically

de�ned linking word \contained in" (Smith et al., 2005) as shown below:

c containedin c 1 at t = [de�nition] c locatedin c 1 at t and not c overlap c 1 at

t. (Smith et al., 2005)

Another de�nition is also shown as below:

contained-in(c, d,t) = [de�nition]. located-in(c, d,t) and not(part-of(c, d,t))

It means, c is contained in d at time t is de�ned as c located in d and c is not part of

d. For example, urine is contained in urinary bladder, means urine is located in urinary

bladder and urine is not part of urinary bladder (Smith et al., 2005).

Containment relation is also obtained between a material object (or a substance) and

some immaterial cavity or body space (Schulz et al., 2005). By applying the de�nition,
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\leucoplasts contains stored nutrients" or its inverse \stored nutrients are contained in

leucoplasts" means that stored nutrients are located in leucoplasts without overlapping.

The sentence S3 is paraphrased as proposition P6. The intended meaning is about

composition. In the same sentence S3, the P7 belongs to function relation, and its RP7 is

the nominalized process-centric proposition. We discuss this in detail in the section on

re-representing dynamic proposition (Phase 3).

We now apply the re-representation Phase-1 and re-represent the linking words to

create re-represented propositions of the same map as shown in Figure 3.4. While doing

so, we ensure that the meaning is preserved and there is no loss of knowledge. If the

existing linking words are appropriate, then we preserve the same, and if they appear

vague or ambiguous, then we replace them from the Reference Set.

Logical Connectives

Scienti�c language is just not about describing facts or statements. It also dwells on

reasoning, inference, explanation, etc., for scienti�c modeling. We suggest the use of logical

connections to be applied for reasoning between statements. During content analysis, we

looked for processes in biology text with the commonly used logical connectives (Copi et al.,

1972) such as conjunction (and), disjunction (or), negation (not), material implication (if

then), biconditional (if and only if). We �nd the terms such as, \because", \hence", \due

to", \therefore", etc. indicators of logical connectives in the language of science. However,

in this work, we do not focus on logical connectives extensively; only mark them in the

passages.

Similarly, the other phrase, \therefore," which is a logical connective between two or

more propositions, is missed during mapping. Perhaps because the tool has no provision,

it gets mapped along with either subject, linking phrase or object. Logical connectives

cannot be combined with either of these; therefore, we need to use them independently to

connect propositions.

These terms are represented as logical connectives for reasoning between two propo-
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sitions { \P1 therefore P2"; \P3 because P4". For example, \Leaves have color green"

because \leaves contain chlorophyll". More about this is discussed in the section on

re-representing propositional linkages (Phase-6).

3.5.3 Preliminary Content Analysis { Growth of Knowledge

We applied Phase 1 of re-representation using well-de�ned relations for analysis of

three textbooks of classes 8, 9, and 11 on the topic of cell structure and function (NCERT,

2007b,c,a). Just as the constrained set of 7 linking words was enough to represent an

entire chapter of the topic in the class 8 textbook, we explored the possibility of some

more types of linking words that would be required for representing textbooks of higher

classes. We got exciting �ndings. The structure-function based sentences only in the

school textbooks were represented using a �nite set of linking words (relations). We also

observed that these same �nite set were repeatedly utilized for all the three levels of school

textbooks. We consider this as saturation. However, for the same structure-function based

sentences, the linking words depicting properties or attributes showed an increase with the

levels of textbooks. Figure 3.6 which shows the list of relations and attributes (Kharatmal

and Nagarjuna, 2011). The graph in Figure 3.7 depicts the saturation of relations and

increase in attributes. Apart from the structure-function based sentences, there were other

forms of sentences which were not able to capture using concept mapping or using the

�nite set. We call this as residue (also mentioned in section 3.5.1). As list of this residue

is { For class 8 - because, called as/known as, cannot, di�er from, does not a�ect, due

to, except, exposed to, increase, means, passed, relate to, varies in, while. For class 9 -

acts as, a�ected by, because, becomes, before, called/known as, during, group of, involves

process, means, move across, occupy, occurs, related to, required for, resulted in, similar

to, undergoes process, visible with. For class 11 - acts as, called, discovered, divides by,

duplicates, emerge from, observed by, occupies, proposed by, required for, traversed by,

year. This residue was not part of the content analysis in the early explorations study.

During this early explorations, this was a limitation of the method as it was able to

represent only structure-function based sentences. It is only after the method was further
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developed for representing processes, we were able to capture most of the residue in later

Phases of re-representation.

Figure 3.6: List of predicate terms{relation names and attribute names (emphasized) and
the number of concepts that the predicate terms are linked to in class 8, 9, 11, in the
chapter on cell biology.

3.6 Re-representing Attributes { Phase-2

We distinguish between relations and attributes while focusing on the linking words.

This is signi�cant for representing variable properties of objects (Quine, 1948; Halliday,

2006; Winston et al., 1987). For example, in the sentence, \cisternae are of with many


at, disc-shaped sacs with 0.5 microns to 1.0 microns diameter", the intended meaning is

about a shape and range of diameter of cisternae. So the verb \are of" is ambiguously

used for shape and diameter. Since these are variable properties, these are re-represented

with the predicate \has shape" and \has diameter range". Properties enable detailed

descriptions of phenomena and quanti�cation in biological processes. Properties depict

changes in physical qualities or measurable quantities (Doran and Martin, 2021).
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Figure 3.7: a.: Graph depicting constancy in predicate terms even when the concepts
increase progressively in class 8, 9, 11. The concept names are scaled on the secondary
y-axis (Note: lines connecting points are just a guide to the eye); b.: Graph depicting the
proportion of relation names and attribute names linked to the concepts in classes 8, 9,
and 11.

Even though these attributes can be represented as linking words, to meet the objective

of applying KR principles, these need to be de�ned distinctly. This is important because

it is only due to this distinction that it is possible to represent change and processes

further. As a development and addition to the re-representation method in Phase 1, the

Phase 2 focuses on the distinction of linking words into relations and attributes.

A relation is between two objects, and attributes are unique relations between class

and variable properties. The variables `range over' a domain of possible values (Quine,

1948). An attribute is a property of an object (Winston et al., 1987; Quine, 1948), that

are usually described by adjectives, for example,color, shapes, size, weights, etc. Sowa

(2003, p.89). In the conceptual spaces framework of representation, Gardenfors (2000)

applies the notion of dimension based on perceptions \to assign properties to objects

and to specify relations among them" (emphasis by Gardenfors (2000)). Based on this

framework, Gardenfors (2000) assign dimensions such asquality, spatial, sensory receptors,

and mathematical notions having geometrical structures. For example,temperature, weight,

brightness, and pitch as quality dimensions; height, width, and depth as spatial dimensions;

color, sound, and taste as sensory dimensions; points, planes, lines, and distance as
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mathematical dimensions.

Following the Knowledge Representation area of research, we can �nd reference to

semantically well de�ned attributes also called as property value (Barker et al., 2001). For

example,diameter, depth, surface area, 
uidity, length, size, etc.are speci�cally de�ned

in the context of creating a complete vocabulary for modeling biology textbook.

The biomedical ontology community describes attributes as properties in their classi�-

cation scheme (Ong et al., 2017). While categorizing terms in the ontology databases, the

attributes are classi�ed as | qualitative type ( colour, appearance, etc.), quantitative type

(number, size, etc.) (See Appendix).

We use this distinction between a relation and attribution in the Phase 2 of the

Re-representation method. Regarding representations, the KR community describes the

relations as object properties, and attributes are called data properties (Ong et al., 2017).

The World Wide Web Consortium's (W3C) Web Ontology Language (OWL) (OWL,

2012) is a semantic web language designed to represent rich and complex knowledge

about things, groups of things, and relations between things (Bechhofer, 2009). OWL's

things (entities) are represented as classes, datatypes, object properties, data properties,

annotation properties, and Individuals. For our interest and context, the classes are

concepts, object properties are relations, data properties are attributes, and datatypes

are a range of possible values.

3.6.1 Distinction Between Relations and Attributes

Let us take a simple sentence, \The car is a vehicle". The sentence uses \is-a" linking

word and is a class-subclass inclusion relation, where objects in both subject-object places

refer to a class of objects. Now let us take the sentence, \The car is red". This sentence

also uses a \is-a" linking word but is not a class-subclass inclusion relation. This is because

the object car refers not to another class of object but to an adjective or a property of

the object, i.e., \red". Properties are variables. Color is the property name (becomes

variable), and red is the property value (possible values). Such relations are referred to as
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\attribution" relations. In another instance of the sentence, \Tree is 6 meters", meaning

that the object `tree' is being described with its height property being 6 meters. In the

two sentences, \The paper is made of cellulose" and \The paper is white," the former is a

relation, and the latter is an attribution. Similarly, shape as a property is used to describe

the paper as an object with the domain of possible values, either square or rectangle.

We make the distinction between a relation and attribution as follows:

ˆ A relation is between two classes or individuals or between a class and an individual.

ˆ An attribution is between classes or individuals and variable property (with possible

values).

The properties of objects (i.e., color, height, length, size, etc.) are variable and can

have a range of possible values: physical/qualitative or measurable/quantitative. A few

more examples of attributes as variable property (domain) and the range of possible values

are denoted in Table 3.6.

We introduced this distinction in the textbook analysis of the school level. We found

that although there was a saturation of relations, the attributes increased from lower to

higher levels of school textbooks shown in Figure 3.7 (Kharatmal and Nagarjuna, 2011).

This is of signi�cance. We wanted to extend the study by adding two higher levels, i.e.,

college levels textbooks.

As part of re-representation, we assign variable properties as attribution. An illustration

of re-representing attributes from a passage of Class 11 textbook (NCERT, 2007a) is

shown in Table 3.7.

Typically, mitochondria are sausage-shaped or cylindrical having a diameter of

0.2-1.0 micrometer (average 0.5 micrometer) and length 1.0-4.1 micrometer.

The passage describes the object of mitochondria in terms of variable properties such

as shape, diameter, and length. Therefore, the propositions can be re-represented by using

attributes \has shape", \has diameter", and \has length" as shown in Table 3.7.
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3.6.2 Disambiguation of Attributes

The rationale for making the distinction is to disambiguate the attributes from class

inclusion relation as shown in Table 3.8

The sentence S1 is paraphrased to obtain two propositions, P1 and P2. The linking

word in P1 \are" denotes two senses: class inclusion and attribution. We re-represent the

P1 to RP1 and RP2 to clarify these two relations. The RP1 uses the linking word \is

a" to denote the class inclusion relation, while the RP2 replaces the linking word \are"

with \have shape" because the pili are mentioned here in the context of an elongated and

tubular shape. In this way, by re-representing the method, it not only creates a distinction

between relations and attributes but also enables disambiguation.

It may be noted that not all the paraphrased propositions must be re-represented.

For example, proposition P2 has the linking word \are made of", whose usage provides

the correct sense. Therefore, proposition P2 is preserved even in the re-represented

proposition.

From sentence S2, the paraphrased proposition P3 has \are" as its linking word. While

its usage is intended for class-subclass, its re-represented proposition RP3 uses the most

often used linking word \IS-A" to provide the explicit meaning of class inclusion. The

same proposition describes `�mbriae' as a type of structure with a small property of length.

However, for both these intended meanings, there is one linking word. To make the sense

explicit of these two meanings, proposition P3 needs to be re-represented distinctly. The

same proposition P3 is re-represented to denote the attribute of length, and therefore, the

linking word used in RP4 is chosen as \has length", as shown in Table 3.8.

This re-represented proposition can now be used to assert a correlation between

two variables, \(tubular shape of pili) has a role in (providing a larger surface area

of membrane)". The variable properties and values create a state-change model of

representing processes.

Variable properties are required to be the focus (subject) in scienti�c language be-
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cause the relation between them builds scienti�c knowledge. Relations between variable

properties can establish process explanation, reasoning, and correlations, and become

experimental parameters. For example, \shape of pili is related to membrane surface

area". Scienti�c laws are descriptions of relations between variable properties (Giere,

1990). For example, \volume of gas is related to temperature of gas". Scienti�c text

usually follows this implicitly. Through this re-representation exercise, we are making

the character of scienti�c language more explicit. Focusing on variable properties can

be achieved by re-representing the proposition through nominalization. We apply the

nominalization based on the SFL framework for representing dynamic propositions as

iteration 3 in Phase-3.

We focus on variable properties for representing scienti�c knowledge because the pro-

cesses or changes in scienti�c phenomena/events are represented using variable properties

with a range of possible values. Each process can be represented as a change in the

variable properties. During a process, at a given time, the state of an object is nothing

but a value of its variable property. The process occurs through a change in the state of

an object, also called the state-change model as Phase 4.

Here, we suggest following the following rules/disciplines while representing attributes

for rigor (Kharatmal and Nagarjuna, 2010):

ˆ Not to use \is-a" for attributes

ˆ Use of \has" along with an attribute linking word i.e., with a well-de�ned predicate

only. For example, \has size", \has color", etc.

Phase 1 and Phase 2 of the development of the re-representation method were su�cient

for representing structure terms or static propositions. However, biological science is

not just about structure terms alone. It also has the physiological component, structure-

function relations, and process modeling. This was also observed as we analyzed biology

textbooks from higher levels. Representing the process-centric statements needed to

be complemented even in our designing of the re-representation method. The need for

creating dynamic propositions in the concept mapping method was also pointed out by
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the concept mapping community (Miller and Canas, 2008; Derbentseva et al., 2007). This

required iteration - 3 to introduce the process-centric dynamic propositions to incorporate

the focus on processes. Improvisations based on iterations �t as per the DBR methodology.

The further iterations of Phase 3 of the re-representation method are illustrated in the

following sections.

3.7 Re-representing Dynamic Propositions { Phase-3

Traditionally, biology as a subject is about structure and function. Usually, the

textbook representation of the process is in the context of the role/function of a structure.

This agency of structure creates teleological and anthropocentric biology that can be

eliminated by focusing on processes compared to structure. The shift in biology from

structure-function towards process-centric language has been the focus in philosophy of

biology (Nagel, 1979; Rosenberg, 1985; Woodger, 1938) and is of signi�cance in science

education (Kharatmal and Nagarjuna, 2013).

The propositions about physical movement, action, change of state, and causal relations

are considered dynamic (Miller and Canas, 2008). The process terms are brought into focus

through nominalization by re-representing relationships (verbs) or qualities (adjectives)

into things (i.e., nouns) (Halliday, 2006). The processes as verbs are re-represented

through nominalization (Halliday and Matthiessen, 2004; Halliday, 2006). Nominalization

as expression was created historically to represent a new kind of knowledge during the

scienti�c revolution. As a result of experimentation, a new type of scienti�c discourse was

designed for establishing the cause, events, reasoning, etc. (Halliday, 2006). It is a process

of making (re-representing) relationships (verbs) or qualities (adjectives) into things (i.e.,

nouns). The nominalization of statements is carried out for explicating relations between

processes (Halliday, 2006, p. 173), during which the process terms are brought into focus

for creating dynamic statements or process-centric statements.

In the biomedical domain, the relation \has-function" is depicted as a primitive relation

that relates biological structures with functions (Burek et al., 2006; Chaudhri et al., 2014c),
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and de�ned as \a relation from an entity to its functions" (Barker et al., 2001). For

example, in the sentence, \pancreatic cells secretes insulin", the predicate \secretes" when

nominalized into process term, is re-represented as \secretion of insulin", giving rise to

the proposition as \pancreatic cells have a role in the secretion of insulin". To highlight

the process concepts, we use predicates such as \role of"/ \function of," \site of", \has

subprocess", \causes", etc. This is similar to the \momenting" of dynamical activities for

scienti�c explanations in the SFL framework (Doran and Martin, 2021; Unsworth, 2020).

This enables a static proposition to become dynamic or process-centric, an essential aspect

of understanding biological processes.

Table 3.10 illustrates a few propositions depicting the re-representation of linking words

into process terms. The linking words are usually verbs, and the structure or process terms

are nouns. While creating dynamic propositions, the verbs are changed to nouns, resulting

in process terms and introducing `has a role in' as a verb. The process by which this

re-representation occurs, especially for representing process terms, is called nominalization

(Halliday, 2006), a process in which verbs become nouns.

3.7.1 Nominalization of Processes

The verbatim use of linking words (verb-based) in textbooks, such as \produces",

\supports", \stores", \secretes", etc., gives an everyday sense to scienti�c propositions.

This colloquial sense is transformed into a much-needed biological sense by re-representing

linking words into concept terms, such as \production", \secretion", \storage", etc. It,

hence, becomes more process-oriented biological propositions (dynamic propositions).

Such an essential process of transforming from colloquial to scienti�c proposition is due

to re-representation by nominalization (Halliday, 2006).

In Table 3.10, the verbatim linking words (verbs) used in the text are depicted. These

are indeed depicted as action verbs because an agent (the object) performs speci�c

biological processes (Rosenberg, 1985). We argue that the essence of these propositions is

process-centric rather than structure-based objects. To make these static propositions into

67



dynamic propositions (Miller and Canas, 2008; Kharatmal and Nagarjuna, 2013), so that

the processes come into focus, we need to nominalize these action verbs and re-represent

them as processes as listed in the re-represented propositions. We can notice that the

static objects have now been re-represented as processes, for example, \release of energy",

\regulation of protein tra�c", etc.

The non-nominalized linking words, when nominalized, make the text process-centric by

adding processes to the content or bringing process-centric words to the foreground, which

otherwise were implicit or in the background. For example, in the sentence, \mitochondria

releases energy", the linking word used is \releases" when re-represented is nominalized

into the process as \release of energy". Similarly, in the sentence, \endomembrane system

regulates protein tra�c", the linking word \regulates" when re-represented is nominalized

into the process as \regulation of protein tra�c". These nominalized process terms bring

the focus of the objects from \energy", and \protein tra�c", into processes such as \release

of energy", and \regulation of protein tra�c" and create dynamic propositions such that

the representation is to understand the \regulation of protein tra�c" as a biological

process vis-a-vis mere \structure of protein". This enables us to focus on the question of

`how' in understanding any phenomenon.

Bringing the focus on processes is an advantage of the re-representation method. With

just an additional re-arrangement (Juznic, 2012), the process-based terms now in object

place can be rearranged to subject place. While doing this, we need to rearrange the

nominalized linking word into an inverse form so that the meaning is not changed; for

example, \has function" and \has role" are transformed into their inverse forms as \is

a function of", \is the role of", respectively. The resulting dynamic proposition with

the process term in the subject place is rendered as \release of energy is the role of

mitochondria" and \regulation of protein tra�c is the role of endomembrane system". As

shown in Table 3.11, all the re-represented propositions with nominalized linking words

begin with processes.
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3.7.2 Representing Change

We proposed this work in an exploratory study on representing change (Kharatmal

and Nagarjuna, 2013). Once the re-representation creates the process-centric dynamic

propositions, it would be feasible for process modeling, which is proposed as an advance-

ment in the concept mapping methodology and even in the re-representation method.

We do not stop in the development of the re-representation method to enable a dynamic

proposition. We leap forward to explicitly design the method for process modeling, thus

developing an iteration - 4 over the method.

The iterations so far have been about representing propositions with re-represented

linking words (iteration 1), making distinction between relations and attributes (iteration

2). This was followed by the need to represent dynamic propositions with process-centric

linking words and hence iteration 3. Now that we can re-represent dynamic propositions

with process terms getting in the foreground, how do we represent the dynamics of the

process itself? For example, in the process of boiling water, we know that the water is

an object undergoing the process of boiling. During this process, several changes occur,

such as the temperature of the water changes from cold to hot, and the state of water

can change from liquid to steam, depending on the time, heat, etc. The boiling dynamics

focus on variable properties such as temperature, state of water, heat, time, etc. As there

was a need to represent change, the next challenge was to incorporate these dynamics,

changes occurring in terms of variable properties (ie, attributes), into the re-representation

method so that these become explicit.

We now discuss yet another iteration - 4 based on iterations 2 and 3 as precursors. Only

when we make a distinction between relations and attributes we can utilize the attributes

as variable properties to depict change for process modeling and we get processes to

foreground by nominalization.
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3.8 Re-representing Processes as State-Change { Phase-

4

A model for a scienti�c explanation, as put forward by von Wright (1963), about

processes is {pTq, where \p" is the initial state of a�airs, \q" is the end state of a�airs,

and \T" is the transformation. The \T" is a process, and the \p" and \q" are states of

a�airs considered `features' of the world. The features in von Wright's model are similar

to attributes in the KR model. In Sowa's model of process representation, processes

are described as an \evolving sequence of states and events" occurring in time and are

classi�ed into discrete and continuous (Sowa, 2003). According to Sowa (2003), events,

as opposed to processes, are those changes that occur in discrete steps interspersed with

inactive states. In ontology modeling, nominalization of predicates is a distinguishing

criterion for processes and events (Baratella, 2020; Guarino et al., 2022).

According to the Object Process Methodology (OPM) of process modeling (Dori, 2002),

the process is represented as a change in the state of an object. The three entities in OPM

{ objects, processes, and states - are building blocks. According to OPM, the objects exist,

processes transform objects, and states are used to describe the objects. In the OPM, the

process of \melting" is depicted as a change in the state of water from \ice" in the prior

state to \liquid" in the post state. Similarly, in the process of \freezing," the change is

depicted as a change in the state of water from the \liquid" in the prior state to \ice" in

the post state.

The modeling of Dori's work is quite similar to that of von Wright's work, depicting

processes as changes in states. \Both states are connected by process links for each property

whose value is being changed. Each process consists of a change of one parameter" (Zytkow,

1999, p. 318). We can notice a similar design of applying pre and post-representations in

the structure-function behavior (SBF) modeling language wherein functions, which are

processes, are being modeled using a set of pre-conditions and post-conditions as applied

in the domain of engineering (Goel et al., 2009).
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The process modeling stated by Dori (2002), is in
uenced by the model of von Wright

(1963), depicting processes as changes in states in terms of variable properties and possible

values, and similar to model-based reasoning (Magnani et al., 1999) characterizing science,

and scienti�c explanations. For example, while illustrating Galileo's inclined plane, which

is one of the hallmark experiments of modern science, Zytkow (1999) suggests as a principle

for representing variable property as states, \to consider one process per each object

involved and each parameter that changes its value", further to connect each state to

depict process suggests that, \both states are connected by process links for each property

whose value is being changed".

Various process and state related speci�cations are provided with informal and formal

de�nitions (Schleno� et al., 2000). For example, to represent relations among activities

and among activity-occurrences, in terms of temporal, interval, state, prior-state, overlap,

between, during, etc. are well-de�ned. (See Appendix B).

Mere representation of process-centric terms is insu�cient to understand the processes

as change. To bring this into focus, we need to model processes in terms of state change.

A process occurs through a change in the state of an object. Only through change can

there be an explanation of processes (Harr�e, 1970). During a process, at a given time, the

state of an object is nothing but a value of its variable property. Each process can be

represented as a change in the value of the variable properties.

In cognitive semantics, based on the model of the conceptual space, the researchers

argue for analyzing the action space similar to predicate space (Gardenfors, 2000). Even

in their work, modeling of action is about changes in properties of objects, which makes it

suitable for analysis of the semantics of verbs (Gardenfors and Warglien, 2012). Mapping of

action to result is considered to be important in the event category, wherein \the result of

an event is modeled as a vector representing the change of properties of the patient before

and after the event" (Gardenfors, 2000). In the conceptual spaces framework, a movement

of an object's representation is modeled as changes from one position (start point) to

another (endpoint) (Gardenfors and Warglien, 2012). According to this framework, the
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movement in the points (start, end) is considered a vector representing the change of an

object's properties, introducing it as kinematics. Further, change can now be de�ned with

three notions: \(1) a state is a point in a conceptual space; (ii) a non-zero vector in such

space represents a change of state; (iii) a path is a concatenation of changes of states"

(Gardenfors and Warglien, 2012, p. 163).

In the KR domain, the works related to ontological modeling have introduced the

ontological framework for systems biology (Podkolodnyy and Podkolodnaya, 2016) and

experimental sciences (Hafner and Fridman, 1996; Fridman Noy and Hafner, 2000). For

representing experimental materials and methods and the reasoning task, Hafner and

Fridman (1996) introduced new ontological categories ofMixtures and Transformations,

along with made-of and sequencerelations. In continuation with the modeling of experi-

mentation, Hoehndorf et al. (2011) included four basic classes for process representation:

Separate, Combine, Transform, and Assessdepending on single or multiple inputs and

outputs. A list of binary relations: part of, participates in, has input, has output, modi�er

of, function of, realizes, occurs in, quality of, were used to model process ontology for

integrating systems biology with biomedical ontologies (Hoehndorf et al., 2011). A list

of relations speci�c to representing states:subevent, rawmaterial, �rst event , next event,

object, result, has state, etc. were used for depicting change (Chaudhri and Inclezan, 2015).

Our work applies these relations to modeling the processes as changes in the states of

objects. In all of these frameworks for process modeling, we �nd some common features,

such as variable property describing the state, values of variables, and the change in state

as a change in the variable's value.

According to the Systemic Functional Linguistics (SFL) approach, biological processes

are dynamic activities that describe scienti�c phenomena or explanations with a series of

events, called `momenting' (Doran and Martin, 2021; Halliday, 1985). Each explanation is

represented byactivity, composition, classi�cation, and property. This complements our

re-representation methodology ofprocess, meronymic inclusion, class inclusion, variable

properties. The SFL group is creating a compositional characterization of the momented

activities; for example, `prophase' is `momented' as `chromatin condensation' and `chro-
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matin folding.' The SFL group acknowledges the property for a more detailed description

and quanti�cation of processes. We are extending the SFL's approach and modeling

the processes at a deeper level beyond just compositions or classi�cations by proposing

an additional depth that the processes can be re-represented as prior and post states

(Dori, 2002; Sowa, 2006; von Wright, 1963). This proposal has been accepted by the SFL

community (Kharatmal, 2023a).

Thus, we develop Phase 4 of representing processes in terms of changes in states of

objects.

3.8.1 Process Modelling

We illustrate process representation with a content sample from a widely used as

textbook (De Robertis and De Robertis, 1985, p. 420).

Content Sample - 2: Mitosis Cell Division { Prophase

\The beginning of prophase is indicated by the appearance of the chromosomes as

thin threads inside the nucleus. The word \mitosis" (Gr., mitos, thread) expresses

this phenomenon, which becomes more evident as the chromosomes condense.

The condensation occurs by a process of folding of the chromatin �bers. At the

same time, the cell becomes spheroid, more refractile, and viscous".

In this passage, the processes mentioned are \condensation", \folding of chromatin

�bers", \changes in cell". The mere mention of processes would not provide explanation

about what actually happens to chromatin during chromatin condensation, the folding

of chromatin �bers. Similarly, if there are speci�c changes in the cell, then one cannot

know the prior state as well as the post state of the cell. If a process changes an object,

it certainly requires that change be represented. We suggest representing these changes

using variable properties, such as foldings, length, shape, viscosity, etc. This is also one of

the main reasons for distinction between relation and attribution. The previous iteration

2 in Phase-2 serves as a pre-cursor for this Phase-4.
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The process of chromatin condensation occurs through two sub-processes: \chromatin

folding" and \shortening of chromatid". During chromatin folding, the object chromatin

changes concerning its length, which is a variable property. The process is depicted using

changes in the state of the object i.e., of chromatin, with prior state and post state. The

prior state is { chromatin is less folded, longer in length, and its post state is { chromatin

is more/densely folded, shorter in length. Both the states are connected by process-centric

linking word { becomes/changes into. Simultaneously with this process, the cell also

becomes spheroid, more refractile, and more viscous. From the above passage, we can

identify the objects, processes, and variable properties, as shown in Table 3.12.

For representing the prior state and post state in the form of propositions, applying

the node-link-node format (subject-predicate-object) form, the folding of chromatin �bers

can be re-represented as follows:

ˆ Chromatin �bers have the appearance of loosely folded

ˆ Chromatin �bers have the appearance of densely folded

ˆ Chromatin �bers have a length longer

ˆ Chromatin �bers has length shorter

This representation provides the changes in terms of prior-state and post-state. However,

in order to resolve the redundancy of some terms, we can re-represent the attributes that

are in object place into subject place by nominalization (Halliday, 2006) shown as:

ˆ Loosely folded Chromatin �bers

ˆ Densely folded Chromatin �bers

ˆ Longer chromatin �bers

ˆ Shorter chromatin �bers

The following re-representation can now link the change in terms of two prior state

and post state of the process folding of chromatin �bres. Since we are now linking two

propositions speci�c to state change, we suggest using process-centric linking words. For
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example, in this case, the linking word \becomes" is used to link two propositions with

variable properties, as shown below:

ˆ Loosely folded chromatin �bres become densely folded

ˆ Longer chromatin �bres become shorter OR

ˆ Length of chromatin �bers becomes shorter

With these series of re-representations, the process of chromatin folding can be shown

as state change. We apply the same method and represent the other processes as state

change as shown in Table 3.13.

3.8.2 Nominalization of Processes

According to the Systemic Functional Linguistics (SFL) framework, nominalization

falls under the grammatical metaphor idea whereby nouns nominalize verb processes

without changing the meaning of the text. Nominalization is discussed with illustration

in chapter 2, section 2.4.

In continuation, re-representing the other processes from the content sample-2: Mitotic

Cell Division{Prophase:

A proposition in the form of depicting attributes as a precursor for a state change.

ˆ Nucleoli has size larger

ˆ Nucleoli has size smaller

Linking of two propositions with a process-centric linking word:

ˆ (Nucleoli has size larger) becomes (Nucleoli has size smaller

Changing the attribute to subject place by nominalization:

ˆ (larger size of nucleoli) becomes (smaller size of nucleoli)

Eliminating the redundancy

ˆ larger size of nucleoli becomes smaller
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ˆ size of nucleoli becomes smaller

Here, we agree that even if we started with making the relations and attributes explicit

for depicting change as prior-state and post-state, eventually we can notice that the

relations and attributes are getting implicit, and the re-representation of statements

is more of a condensed or concise form. Then the important question is: Why to do

this re-representation? For this our justi�cation is that while doing this series of re-

representations, we are actually mapping `changes' and these changes are made explicit

while representing scienti�c phenomena or scienti�c explanation of processes. Therefore,

we think that this re-representation to depict change is of importance to think in terms of

`how' the changes occur in processes or phenomena (Kharatmal and Nagarjuna, 2013).

We illustrate the graphical representation using CmapTool's nested nodes method to

depict the process modeling of state change as shown in Figure 3.8.

Figure 3.8: Concept map depicting process modelling of prophase of mitotic cell division.

3.8.3 A Framework for Process Modelling

We brie
y describe some terms related to process representation as below:
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Object/Structure term: An object or a changing system, for example, larva, plant,

cell, etc.

Process term: A term that depicts any change of an object, for example, boiling, raining,

respiration, pumping of blood, growth, etc.

State of an object: We consider the state of an object as the attributes (properties) of

an object at a given time. For instance, the properties of plants can be height, color,

etc.

Prior-state and post-state: As the terms depicts, prior-state describes the state of the

object before undergoing a process, and post-state describes the state of the object

after undergoing a process. In the process of \freezing of water", the prior state of

water is liquid, whereas the post-state of water is ice. For example in the process of

\chromatin condensation", the prior state of chromatin is longer length, whereas the

post-state of chromatin is shorter length.

Linking words for linking states and process: The recommended linking words to

link two states can be { \becomes", \changes to" (\transforms into", \converts

into"), \moves to", whereas the linking words suggested for linking two or more

processes can be { \has sub-process", \co-occurs", \followed by", \causes"/\results

in", etc.

A process term is linked with either an object or a process term. If an object term is

linked to a process term, we use the linking word { \has a role in". If a process term is

linked to a process term, we use an appropriate linking word, e.g., \has sub-process". If

several processes occur at the same time, then we could use the linking word { \co-occurs".

When the sequential or cyclical processes are involved, we use linking word { \followed

by". Another prominent form of linking word { \causes" (\has e�ect"/\results in") is

used to connect the causal relations in the process. As in most of the processes, the

change that occurs in the form of state-transformations or state-changes, we depict these

with the linking words { \becomes", and wherever applicable, if the process changes the

location of the object, it is depicted with the linking word { \changes to", etc. The list of
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process-based linkages (linking words) is shown in Table 3.14.

By using CMapTool, Figure 3.9 is about the cyclical process, and Figure 3.10 is about

cause and e�ect.

Figure 3.9: Concept map depicting process modelling of cyclical process.

Figure 3.10: Concept map depicting process modelling of cause and e�ect.

We �nd parallels in the works of Chaudhri et al. (2014a) that an explicit representation

of knowledge is important for creating a knowledge base. This work is using terms from

upper ontology to map the objects for explanation. In our method, explanation of scienti�c

phenomenon can be in terms of change in state of objects. Taking an example of the

process of signal reception (shown as concept graph), the process Attach is depicted using
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the linguistic terms form upper ontology such as base object, event, sub-event, next-event,

result, etc. Using our method, we could represent the same example as below:

The two processes are about binding and changing:

(i) In process of binding (of signaling molecule to receptor protein):

signaling molecule has position base molecule (prior state)

signaling molecule has position receptor protein (post state)

signaling molecule located on cell's surface Or

signaling molecule located inside cell

(ii) In process of changing the form of receptor protein:

receptor protein has prior state receptor protein1 (prior state)

receptor protein has post state receptor protein2 (post state)

(iii) (binding, changing) initiates (transduction)

By using logical connectives, our method also can be used for reasoning between statements.

Although in this thesis we have not showcased it more prominently, but there is a possibility.

To summarize, we adopted the Dori (2002) Object Process Modelling approach and

Halliday (2006) nominalization approach for developing the method for process represen-

tation as a change in states of objects. Figure 3.11 shows a process-centric framework for

mapping processes applying the design principles.

We proposed this model of process representation depicting as a state change model.

This was accepted by the concept mapping community and science education research

community as well (Kharatmal and Nagarjuna, 2013). As there is scope to utilize the

nested node utility of CmapTool, we suggest this as a model to incorporate processes in

studies by the concept mapping research work.

3.9 Compiled List of Categories and Rules

The list of semantic categories shown in Table 3.15 is not exhaustive, even for a given

domain. This serves the limited purpose of demonstrating the feasibility of the relational

content analysis suggested. One may extend or modify the rules and the corresponding

79



Figure 3.11: Concept map depicting a framework for process modelling.

codes if the idea �nds any value.

3.9.1 Semantic Categories

The semantic categories are shown in Table 3.15.

3.9.2 Re-representation Rules

The re-representation rules are shown in Table 3.16.

3.10 Illustrations

We now provide illustrations of some passages applying the semantic categories and

re-representation rules. (Also see Appendix for more such passages).

(1) Typically [mitochondrion]is sausage-shapedor cylindricalhavinga diameter of
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0.2 - 1.0 micrometer (average 0.5 micrometer) and length1.0 - 4.1 micrometer.

In this passage, the intended meaning is about describing the shape, diameter, and

length as data properties. The verbis is replaced withhas shapeand the verb having

is replaced withhas a diameter of, has a length ofand coded accordingly. By applying

the semantic categories and following the re-representation rules, the same passage is

re-writen as:

(10) Mitochondrionhassausage or cylindricalshape, [R2, C7] has a diameter of

[R3, C8] of 0.2 - 1.0 micrometer (average 0.5 micronmeter) andhas length of[R3,

C8] 1.0 - 4.1 micrometer.

(2) Plastids also havetheir own DNA and ribosomes.

In the sentence (2), the verbhave is used to for expressing the semantic relation:

consists of, belonging to meronymic inclusion. The relations asserts one being apart of

another. Therefore it is re-written as:

(20) Plastids also consist of[R3, C1] their own DNA and ribosomes.

In all the above examples, we largely considered sentences that describe structures.

Biological text largely includes a description of structure and function. Biology text also

has passages that describe processes. We shall perform a relational content analysis of

process-centric sentences.

3. Cell membranesseparatescontents of cellsfrom their external environments,controlling

exchange of materialssuch asnutrientsandwaste productsbetweenthe two. They also

enableseparate compartments to be formed inside cells in which specialized metabolic

processessuch asphotosynthesisandaerobic respirationcan take place. Chemical reac-
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tions, such aslight reactions of photosynthesis in chloroplasts, sometimestake place on

the surface of the membranes themselves.

The passage is re-written as:

(30) Cell membraneshave a role in[R6, R7, C5] the separation of contents of a cell from their

external environments, the formation of separate compartments inside a cell, the control

of material exchange,and [R10] nutrients and waste productsbetween[R1], the two.

Special metabolic processesincludes[R2, C2], photosynthesis and aerobic respiration,

whichoccur in[R1, C4] the separate compartments of cells. Chemical reactionsincludes

[R2, C2] light reactions,occur in[R1, C4] chloroplasts during photosynthesis, which

occur on[R1, C4] surface of membranes.

Passage (3), describes the function of the cell membrane. Therefore, we replace the

verb forms by nominalization (Halliday, 2006), whereseparatesbecomes \separation

of content", forming becomes \formation of", andcontrolling becomes \control of" by

bringing them to the subject place in the sentence. These nominalized process terms

occur as class terms in ontologies (Ong et al., 2017). In the nominalized statement, the

verbs are replaced by a well de�ned predicate \has role/has function" (Arp and Smith,

2008b) available from the Reference Set. The re-written statements depict the processes

at object place (although these can be at either object or subject place) Further, with

just an additional re-arrangement (Juznic, 2012), these process terms can be brought to

focus in subject place, using the inverse name of the object property, while preserving the

meaning. For example, \The separation of contents of cellis the role ofa cell membrane".

The term such ashas the sense of subtyping, therefore we replace it with de�ned object

property includes(an inverse name of object propertyis). The verbs takes place indepict

the sense of site or location. Although it's expression is correct, we use its synonym

occur in as speci�ed in the Reference Set. One may also note that the prepositionsin and

on indicate locative prepositions (Zwarts and G•ardenfors, 2016) and following these have

been rewritten in combination with explicit predicate terms. The conjunctionand is used

to combine the two subjects. The relationbetweenis a well de�ned three place predicate

82



with three arguments (Sowa, 1984), and therefore remains unchanged.

Scientists approach phenomena/processes not merely by naming the terms but modeling

by identifying the various parameters/variables, where the change is modeled in terms of

change in state.

Consider the following passage:

4. The beginning of prophaseis indicatedby the appearance of the chromosomes as thin

threads inside the nucleus. In fact, the word "mitosis" (Gr., mitos, thread) is an

expression of this phenomenon, which becomes more evident as the chromosomes start

to condense. The condensation occurs by a process offoldingof the chromatin �bers.

At the same time, the cellbecomesspheroid, more refractile, and viscous. (De Robertis

and De Robertis, 1985, p. 420).

The passage is re-written as:

(40) Chromatin condensationbegins in[R8, C6] prophase andends in[R8, C6] metaphase.

During condensation the unfolded chromatinbecomes[R8, C6, C7] folded. The thin

threads of chromosomesbecomescondensed chromosomes. During the process, the cell

becomesspheroid, more refractile and viscous. The term \mitosis"refers to[R1] the

thread formation, which is derived from[R1] \mitos" meaning thread.

The passage refers to several state changes. To retain the temporal order, we modeled

the process as prior state and post state as a requirement of process modeling elaborated in

the previous section. We usebecomesas a semantic relation between prior state and post

state. \The unfolded chromatin becomesfolded" or \thin threads becomescondensed,

thick chromosomes". Similarly,refers to is a de�ned object property for naming. Two

or more class terms or adjectives can be combined with the usage of prepositions to

create condensed expressions. This passage represents processes as a state change model,

described in the section 3.8.

In this section, we presented some illustrations of relational content analysis of science

text focusing on object properties (relations) and data properties (attributes). The
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emphasis is on rewriting the sentences to arrive at an explicit form. This re-statement

of a sentence is categorized asexplicitly stated knowledgein KR (Chaudhri et al., 2011).

As part of the re-representation of relations, our approach has been towards resolving

ambiguity, making implicit meaning explicit, making distinctions between object and data

property, nominalization of verbs for processes, and representing processes in terms of

state change. We followed the semantic codings and applied the re-representation rules as

mentioned in section 3.9.

The Phases 1-4 shall be used for semantic content analysis (chapter 4, chapter 5 and

for evaluation studies (chapter 6). We re-iterate that the following Phases 5 and 6 serve

as an extension of the method for illustrating representation of experimentation. In Phase

5 we characterize experiments by analyzing students' representations, and in Phase 6 we

represent an experiment by applying procedures following the previous Phases. These

two Phases 5 and 6 are also not part of semantic content analysis, student evaluation,

feasibility/e�cacy studies, proximity studies.

3.11 Re-representing Experimentation { Phase-5

As an iteration and further extension of our method, we characterize experiments

following the SFL framework. Scienti�c explanations are characterized by nominalization,

a higher percentage of action verbs organized in a logical sequence, whereas experiments

are characterized by the use of imperatives (Halliday and Martin, 1993).

3.11.1 Multimodal Analysis

By identifying the variable properties and parameters (a standard way of experimental

design), we show that the proposed content analysis methodology also applies to passages

describing experiments. In addition to the textbook analysis, we are doing a multimodal

content analysis (Martin et al., 2021; Unsworth, 2020) of experimental design following

SFL. The undergraduate biology students' description of experimental design about

olfactory responses of Drosophila larvae is published in (Kharatmal et al., 2022). A sample
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