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ABSTRACT 

ABSTRACT 

Process Safety is a key element of engineering that ensures the rapid human 

advancements can occur safely. It is important for the people who are already working 

in the process industries, and for those who will join them in the future. Process Safety 

education is a mandatory component and should be in the chemical engineering syllabus 

in every university around the world.  

A concept map is a graphical representation of information that shows the 

relationships between concepts. Since its development, it has been used to represent 

ideas and concepts in a simple and holistic manner. This study investigates whether 

concept maps may be used to assess learning by individual students and by cohorts of 

students of the Process Safety domain. To achieve that objective, a method of assessing 

concept maps through a categorical scoring system is proposed by developing 

appropriate categorisations for the concepts, links and propositions.  

The concept categories for the Process Safety domain were developed and validated 

via a novel process to remove human subjectivity. The process involved defining ten 

categories into which each of the concepts could be assigned. Several sets of concept 

maps were analysed independently by three assessors, requiring the assessors to assign 

every concept into one of the proposed categories. Analysis of the assessors’ responses 

was aided by presenting their responses in a three-way table. The use of the novel table 

allowed the assessors’ responses to be compared effectively. This comparison tool 

enabled identification of problematic categories for further refining.  

The analysis of the distribution of the concepts, with the help of the proposed Link 

Quality Index, revealed more information about students’ understanding of the topic. 

This study analysed different types of connections between concepts to obtain more 

context and understanding of the concept maps, which represents students’ grasp of 

the Process Safety knowledge. The students generally appreciated the non-physical 

preventative measures, such as procedures and maintenance, but they did not recognise 

the importance of the education, training and values, such as responsibility towards 

Process Safety. This information is useful in helping to redesign the curriculum.  
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ABSTRACT 

This study also proposes a method that may be applied beyond Process Safety 

domain; the classification of propositions into one of three proposed attributes, 

Professional Practice, Values, or Technical Knowledge. The application of this method to 

engineering students’ concept maps revealed that students show high awareness 

towards Technical Knowledge. Students also demonstrate the ability to use higher order 

thinking in explaining the relationship of the behaviour of the Professional Practices and 

Values. Upon applying this method to nursing students’ concept maps, on the topic of 

Oxygenation, it is found that nursing students had similar patterns in their awareness of 

technical attribute. However, nursing students generally were more oriented towards 

using lower order thinking in explaining relationship between concepts.  

Overall, this study found that concept maps are a useful method to be applied in 

Process Safety domain; however, students need to be aware of the importance of having 

complete and clear propositions which are essential in indicating their understanding.  
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 INTRODUCTION 

1.1 OVERVIEW 

Educators around the world are looking for ways to assess student learning of critical 

topics.  For centuries essays and other forms of critical writings have been used to allow 

students to demonstrate their understand of topics, permitting them, in their writings, 

to demonstrate their awareness of the many critical linkages that exist between 

different facets of a domain.  Some forty years ago concept maps were first used to 

represent knowledge and understanding of particular topics.  Concepts maps are a 

graphical representation of a person’s understanding of how all the elements of a 

knowledge domain may be integrated together.  In a concept map, the central concept, 

which may be referred to as the domain, is linked to other concepts through linking 

words which form propositions.  Concept maps provide a means to capture how 

mappers choose to organise their knowledge, demonstrating how they interlink the 

many facets of across a domain.  Concept maps have been used by several researchers 

including among others, Segalàs et al. (2008) in the domain of sustainability, Besterfield-

Sacre et al. (2004) in industrial engineering, Walker et al. (2005) in the engineering 

design process, Walker and King (2002) in bioengineering, and Shallcross et al. (2011) in 

engineering design, to assess student learning. This study considers whether concept 

maps may be used to assess learning of the topic of Process Safety.  

The learning of Process Safety is crucial in all undergraduate chemical engineering 

programs. Process safety is a threshold concept that should be held by all chemical 

engineering students. As noted by Meyer and Land (2006), threshold concepts once 

understood, transform how students perceive a subject or topic. Once students 

understand the importance and key concepts of process safety, they will be able to view 

other aspects of their chemical engineering studies through the lens of process safety. 

Students can change their understanding of valid knowledge when they develop 

understanding of threshold concepts. Students need to understand the critical concepts 

fundamental to Process Safety, such as ‘hazard identification’, ‘risk assessment’, as well 

as their responsibilities towards themselves, their companies, co-workers and the 

public. Students need to be aware of professionals’ codes of practice and the 

catastrophic consequences that may arise when accidents occur. The inclusion of safety 

in an undergraduate chemical engineering program is a requirement for professional 
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accreditation stated by international bodies such as the Institution of Chemical 

Engineers (IChemE) (2020), as well as national bodies such as the Engineers Australia 

(2017), the Accreditation Board for Engineering and Technology (ABET) (2016) in the 

United States and the Board of Engineers Malaysia (2012). Accreditation guidelines 

emphasize that safety is not simply an add-on course to an engineering program, but 

should be an integral part of any engineering program. The importance of process safety 

is what makes it a threshold concept or fundamental principle around which a 

curriculum structure or the program may, and should, be constructed. 

The investigation conducted by the U.S. Chemical Safety and Hazard Investigation 

Board, (2009) into the powerful explosion and fire that occurred at the T2 Laboratories 

in Florida in 2007, which killed four and injured 32 workers, concluded that there was 

not only a poor safety culture with the company, but also a lack of basic safety 

knowledge by staff engineers. The investigation revealed that both of the owners, a 

chemical engineer and a chemist, involved in developing and operating the process were 

unaware of, and so did not recognise, the reactivity hazards of the chemical process they 

were using. Although the chemical engineer owner had prior chemical industry 

experience, reactivity hazards were not covered in the chemical engineering program 

they studied. The U.S. Chemical Safety and Hazard Investigation Board recommended 

that reactive hazards awareness be incorporated into all undergraduate chemical 

engineering programs.  

Hendershot and Smades (2007) strongly suggested that the fundamentals of great 

safety culture in the chemical and process facilities or industries should be introduced 

as early as in the classroom. This is because they believe that safety education that is 

initiated in educational institutions will shape students’ attitudes. Students need to have 

strong Process Safety awareness upon entering the work. If young graduates develop a 

good safety attitude and culture in their institutions during their academic formation 

then they will carry these safety concepts with them throughout their career, and also 

perhaps share their knowledge with their work colleagues.  

How should we ensure that the professional graduates possess sound knowledge and 

appreciation on critical elements of Process Safety? How can their learning in this topic 
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be appropriately assessed? While there are many types of assessments available to 

confirm student learning, including conventional achievement tests, competency-based 

methods as well as behavioural and observation, one method that has been adopted to 

date is the assessment of student-prepared concept maps (Novak and Cañas, 2006) 

relating to Process Safety.  

1.2 RESEARCH SCOPE  

This thesis focuses on whether concept maps can be used to assess the learning of 

individual students and their cohort of the topic of Process Safety. In doing so, several 

methods of assessing concept maps based upon categorical scoring systems will be 

proposed.  

1.3 RESEARCH OBJECTIVES 

The research objectives are: 

• to develop a comprehensive and object approach to assess student learning of 

Process Safety by applying a method of categorising map concepts;   

• to determine students’ knowledge based on concepts constructed in their 

concept maps on Process Safety using the proposed method; 

• to develop an objective method for determining students learning based on 

constructed links featured in concept maps; and, 

• to develop a rubric for assessing propositions featured in concept maps to be 

used beyond Process Safety domain.  

 
1.4 THESIS OUTLINE 

This thesis is about a journey that considers several ways of assessing concept maps. 

Chapter 2 reviews the literature relating to concept map analysis performed by past 

researchers. It reviews each of the different methods of analysis and then describes the 

justifications for the categorical scoring system adopted in this work.  

In Chapter 3, the first novel work from this thesis will be described, which relates to 

defining and validating the proposed concept categories for the chosen domain of 

Process Safety. The method involves an elaborate process to compare responses 

obtained from three independent assessors. The results are then represented in a newly 



 

5 

 INTRODUCTION 

developed three-way table, which is also a novel outcome of this work. Chapter 4 

describes the findings from the three-way table analysis as well as, on issues, challenges 

and factors of why disagreement between assessors occurred. 

Applying the proposed concept categories to evaluating 178 student concept maps, 

Chapter 5 will describe how well students captured knowledge on Process Safety. In the 

same Chapter, the correlation between concepts will be analysed to determine whether 

the connected concepts featured in students’ maps are random or consciously done. In 

Chapter 6, this thesis continues exploring other approaches to assess students’ concept 

maps. This Chapter focusses on understanding the background of how students learn as 

well as investigating how their learning is reflected through the structure of the maps’ 

they construct. The concept maps’ structures and their complexity level will be 

investigated by applying existing methods. As a result, a novel measure called the Link 

Quality Index (LQI) is specifically developed for assessing links, which will give an 

accurate score to reflect the actual level of understanding of students.  

The final novel work is described in Chapter 7, in which a proposed rubric, called PVT 

method is specifically developed to assess propositions on cohort’s understanding of 

Professional Practice, Values and Technical Knowledge attributes. Although it was 

initially developed to be used in the Process Safety domain, the Chapter will include a 

discussion on applying the proposed rubric in the Nursing domain. Finally, the 

conclusions and recommendation that may be drawn from the entire journey from this 

thesis are presented in Chapter 8. 
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 LITERATURE REVIEW 

2.1 THE IMPORTANCE OF PROCESS SAFETY 

It is important to understand why the domain of Process Safety is crucial in engineering 

education in order to justify this study. In their dissertation, Carter (2018) reported 

responses by several American Institute of Chemical Engineers (AIChE) members on 

describing Process Safety as follows: 

“Process Safety is a mixture of engineering and management skills that focus on 

preventing catastrophic near misses and accidents, especially fires, explosions, 

structural collapse as well as damaging release associated with a loss of 

containment of dangerous substances, i.e., chemical products or energy”  

“Process Safety addresses the control and prevention of fires, explosions and 

accidental uncontrolled releases of hazardous substances” 

According to the Process Safety Competency Guidance, Institution of Chemical 

Engineers (IChemE, 2018), “Process Safety is about managing the integrity of operating 

systems by applying inherently safer design principles, effective engineering and 

disciplines operating practices’’, which involves mainly preventing and mitigating of 

potential incidents that lead to loss of controls of a hazardous material or energy.   

Accreditation bodies such as IChemE (2020), Engineers Australia (2017), ABET (2016), 

and Board of Engineers Malaysia (2012) note the importance of including safety in any 

engineering program. Engineering students are required to be aware of chemical 

Process Safety standards and regulations, such as Process Safety Management (PSM) 

that specify safety operating practices. Federal agencies, such as, the Chemical Safety 

Board (CSB) of United States require any organisations that work with highly hazardous 

chemicals, in which chemical that could cause serious irreversible health effects or 

significant environmental impacts, from accidental release, to have a Risk Management 

Plan (RMP) plan to minimise risk.  

In the Process Safety Competency Guidance (IChemE, 2018), it was noted that every 

person in an organisation including operators in the front line area, project engineers, 

human resource managers, and the chief executive officers across the entire range of 

industries, are responsible for setting the standard of Process Safety for their 
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organisations. It is important for every employee and contractor to possess a strong 

appreciation of Process Safety. Additionally, it is imperative for them to be aware of any 

potential hazards they are dealing with, as well as to understand the rationale of 

following codes and standards in their facility. This is because, lack of knowledge and 

insufficient awareness of Process Safety may, and do, lead to accidents. An example is 

the catastrophic incident that occurred in the T2 laboratories in Jacksonville, Florida in 

December 2007, in which four people were killed and local businesses were adversely 

impacted (U.S. Chemical Safety and Hazard Investigation Board, 2009). Investigators 

concluded that the main cause of the incident was that the site chemical engineer and 

the site chemist did not possess sufficient experience and were unaware of the hazards 

associated with exothermic batch reactions. They did not appreciate the challenges in 

safely scaling up a design from a beaker to a 10,000-litre reactor. Furthermore, they did 

not know how to perform an adequate or appropriate hazard analysis during the scaling 

up of their process (U.S. Chemical Safety and Hazard Investigation Board, 2009).  

As stated by the philosopher George Santayana “those who cannot remember the 

past are condemned to repeat it” (Santayana, 1905). When considering engineering 

education, it is crucial to be aware of past incidents together with a good grasp of safety 

knowledge, ensuring that graduates be able to employ good safety measures in their 

career. For example, students will be able to apply inherently safer designs or more 

robust control and mitigation systems when they commence working in the chemical or 

processing industries. The integration of safety in the workplace will help to prevent loss 

of control that leads to severe consequences such as fire and explosions, or toxic effects 

that may result in injury, death, property damage, and/or environment impacts. 

Applying better safety design through appropriate loss prevention method and control 

also leads to an overall cost saving over the duration of a project (Carter, 2018). The cost 

of accidents, which includes recovery costs and compensations among other things, is 

higher than the cost of applying a good safety standard from the beginning. Boogaerts 

et al. (2017) in their study of the development of educational and training programmes 

for engineering students are also of the opinion that the consequences towards the 

human and financial aspect would be dire if Process Safety were to be neglected. They 
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noted that education, training and sharing good practices are the foundation of 

committing to Process Safety and preventing incidents.  

Since Process Safety is a critical element in engineering, educators must address the 

issue of how mastery of safety concepts can be assessed? How is it possible to 

adequately evaluate whether or not students have learned and understand safety? Is 

there a method to assess learning and understanding of individual student and cohort 

learning in Process Safety domain? One method that has not been adopted is the use of 

concept mapping, which is a knowledge representation tool. 

2.2 GRAPHICAL DIAGRAM METHODS 

The knowledge and understanding that a person may have about a particular domain 

may be represented visually using several graphical styles, including a mind map, 

conceptual diagram, and concept map. Graphical methods enable illustration of 

individuals understanding of their knowledge. A mind map is a non-linear representation 

of ideas that comprise of connected concepts. The concepts can be images, thoughts, 

ideas, and sentences (Davies, 2011). A mind map has an unconstrained structure and 

there is no necessity to explain any relationships made between the connected 

concepts. These make the mind map useful for brainstorming less complex subject for 

example, ways to stay healthy or the major issues that students might have failed in a 

test.  

Unlike a mind map, a conceptual diagram has a fixed structure with pre-defined 

category boxes with specified relationships. The categories are derived from a theory or 

model. This conceptual diagram is usually used for slide presentations, text illustration 

and management discussion (Eppler, 2006). Without knowing the meaning of a pre-

defined category, the conceptual diagram can be difficult to understand.  

     In comparison to the other graphical methods, the concept map has a hierarchical 

structure and at the same time allow mappers to be creative as the method enables 

links and crosslinks to be made between any relevant concepts (Novak and Cañas, 2008). 

Moreover, any links made between concepts are explained through linking phrases to 

aid understanding of concepts relationships. In this way, the concept map method helps 

mappers express their level of knowledge and understanding. Hence, concept maps are 
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the most appropriate visual method to be used in a classroom, not only for learning 

support, but also for an assessment tool. 

2.3 THE ORIGIN OF CONCEPT MAPS 

Human memory is an interrelated system where learning involves the adjustment of the 

cognitive system to integrate newly learned knowledge (Strautmane, 2012). Learning in 

this context is crucially reliant upon the learners’ existing awareness of concepts and 

their interrelatedness (Ausubel, 1968). According to Ausubel’s Assimilation Learning 

theory (Bretz, 2001), the process of meaningful learning begins with what the learner 

already knows. Learning emerges from the interactions between newly acquired 

knowledge and the learner’s existing knowledge. The learning material must be 

meaningful with important concepts relatable to any existing knowledge. Furthermore, 

the interaction involves differentiation and exploration of alternative meanings, as well 

as the resolution of any conflict that might exist between new and existing knowledge. 

Hence the learning interaction results in a more defined classification of concepts and 

connections, as well as the decisions relating to ambiguous, conflicting, or incorrect 

concepts. Learned knowledge and information are organised into cognitive hierarchies 

and network structures as suggested by Bransford et al. (2000) in How People Learn: 

Brain, Mind, Experience and School. The organised knowledge here suggests that human 

brain organises knowledge around central ideas or key domain concepts.  

The concept map is a tool that was developed in the early 1970s that allows one’s 

knowledge and understanding to be represented diagrammatically. The tool that grew 

out of Ausubel’s theory of human cognitive learning is a technique of hierarchical 

representation of information and their relationships, and which is widely known as a 

concept map (Novak and Cañas, 2006).  

Initially developed by Novak in 1972 at Cornell University to identify children’s 

abilities in acquiring science concepts, concept maps are grounded essentially on three 

elements from Ausubel’s meaningful learning theory, as follows: 

• The development of new meanings and understanding involves conceptual 

connections between newly learned information and existing knowledge 

(Bransford et al., 2000), 
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• Cognitive structure is organised hierarchically, in which the more inclusive or the 

most general concepts occupy the higher levels in the hierarchy, while the more 

detailed or specific concepts are arranged under the more general concepts at 

the lower levels (Ausubel, 1968), and 

• Meaningful learning occurs when concepts are unambiguous and are better 

integrated with one another (Kinchin et al., 2019). 

2.4 CONCEPT MAP STRUCTURES AND CHARACTERISTICS 

Concept map diagrams are comprised of concepts that are relevant to a certain domain. 

The concepts are typically enclosed within a box or circle. Using arrows that are labelled 

with a linking verb or phrase, the concepts are connected to one another, in a 

hierarchical structure, often usually branching from the more general to the more 

specific concepts. Ruiz-Primo (2004) called two concepts that are connected by a 

labelled linking arrow a proposition, which is the simplest, meaningful, stand-alone 

structure in a concept map. Each proposition is a statement of the learner’s 

understanding of how two concepts within any given domain relate to one another.  

The bold words highlighted above are important characteristics of a concept map, which 

require further elaboration: 

Domain – Subject area or field/scope of knowledge in which concept map is to be 

applied. For example, Novak et al. (1983) first applied concept mapping in the science 

domain.  (In this study the domain is Process Safety.) 

Concepts – According to Novak and Cañas (2006), concepts represented in concept 

maps are defined as perceived regularities or patterns in objects or events or records 

of objects or events. Concepts are usually conveyed using one or more words that 

include a noun or gerund, i.e., a verb form which functions as a noun. These concepts 

are basically ideas or keywords that are fundamental to a domain.  

Hierarchy – The fundamental inspiration for the hierarchical structure of concepts 

comes from Ausubel’s theory (1968), which suggests that more general concepts 

subsume the more specific concepts. For example, the elements in Figure 2.1, 

‘Concept 1’, ‘Concept 2’ and ‘Concept 3’ theoretically are more general than ‘Concept 

4’ and ‘Concept 5’. There are three hierarchy paths (A, B and C) as illustrated, which 
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are characterised by first-level concepts, i.e., ‘Concept 1’, ‘Concept 2’ and ‘Concept 

3’, respectively. Hierarchy path C is a level 1 path only because it consists of only one 

concept; ‘Concept 3’. In contrast, Hierarchy path A and Hierarchy path B are defined 

as level 2 paths, because they contain two concepts, i.e., ‘Concept 1’ and ‘Concept 4’ 

are under Hierarchy path A and ‘Concept 2’ and ‘Concept 5’ are under Hierarchy path 

B.  

Linking label – The linking label specifies relationships between the connected concepts. 

The explanation or description of the relationships between the connected concepts 

form a unit of meaning or proposition. This linking label demonstrates the 

connections that the mapper believes exist and gives a sense of how information is 

connected.  

Proposition – A proposition is the simplest feature of a concept map and it consists of 

the elements ‘concept’- linking label - ‘concept’. There are two types of propositions; 

branching and crosslinks. Branches are links between concepts from the same 

hierarchy path, while crosslinks are links between concepts from different hierarchy 

paths (Watson et al., 2016). Consider the proposition ‘Domain’ linking label ‘Concept 

1’ in Figure 2.1. This is a branching proposition because it connects concepts within 

the same hierarchy path which is in Hierarchy path A. Another example of a branching 

proposition would be ‘Concept 2’ linking label ‘Concept 5’. In contrast, the 

proposition ‘Concept 5’ linking label ‘Concept 3’ is a crosslink proposition because it 

connects concepts from two different hierarchical paths, namely Hierarchy path B 

and Hierarchy path C. Another crosslink that shows how a concept in one hierarchy 

path is related to a concept in another hierarchy path within a concept map is seen 

in ‘Concept 4’ linking label ‘Concept 5’. Novak and Cañas (2008) believe that 

crosslinks represent a creative leap that is very important in the facilitation of higher 

order and creative thinking skills. The presence of crosslinks in a map could indicate 

a broad understanding the mapper has of a particular domain as a result of nonlinear 

or creative thinking.  
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Figure 2.1: The structure of a concept map. 
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2.5 CONSTRUCTING CONCEPT MAPS 

Concept maps may be constructed in many ways that allow various degrees of freedom 

regarding structure and content. According to Cañas et al. (2012), the instructions and 

conditions under which a concept map is constructed influence the resulting map. For 

example, limiting freedom (by providing list of concepts or the structure to be adopted) 

will result in more standardised maps. Conversely, allowing complete freedom by not 

specifying any conditions, such as the particular concepts or type of structures to be 

used, will result in more subjective maps. To construct a map, students are generally 

provided with instructions and conditions. The instructions or ‘task demands’ describe 

what the student should do to complete the task, while the conditions or ‘task 

constraints’ refer to any relevant limitations that the student must follow while 

completing the task. The conditions provided vary from complete freedom as to the 

structure and/or content, to restricted structure and/or content. There are many 

combinations of conditions of freedom of structure and content as explained in detail 

by Cañas et al. (2012), however this thesis provides only several example of conditions. 

Concept mapping activities may be performed in several ways, including fill-in-the-

map or construct-a-map (Grundspenkis, 2009). Ruiz-Primo et al. (2001) classified fill-in-

the-map as a highly directed task because students are provided with an incomplete 

concept map in which some of the concepts and/or linking labels are purposely left out. 

Students are required to fill their answers in blank areas. The students can select 

appropriate elements from a list of concepts and/or linking labels provided to them. 

Ruiz-Primo et al. (2001) believed that the outcome from generating concept maps 

through a high directedness task does not provide a lot of evidence to assess students’ 

connected understanding. 

Ruiz-Primo et al. (2001) classified the construct-a-map approach as a low directed 

task. The students are given only a piece of blank paper, without any list of concepts 

and/or linking labels and are asked to construct their own concept maps. There is no 

restriction on how the maps may be drawn, and students are given the freedom to 

include as many concepts in their maps that they believe are relevant and to put 

appropriate labels to explain the relationship between connected concepts. In their 

earlier study of using low directedness task concept maps, Ruiz-Primo et al. (1996), 
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found that the linking labels that are used to relate concepts provide valuable insight 

into student understanding. 

A low directedness task can be more complicated than a high directedness task 

because the mappers are left with open options about the comprehensiveness of their 

maps. Nevertheless, this low-task-directed approach creates a map that is more 

representative of individual cognitive structure than that of a high directed task. 

However, according to Moon et al. (2018), individual representation maps are onerous 

for assessors because it takes a considerable time to manually transcribe map content. 

For high directedness tasks, the given incomplete map structure could limit the 

representation of individual cognition by constraining mappers from showing what they 

know. However, this task approach is advantageous for the assessors because the 

assessment is more straightforward, simple and less time-consuming.  

Because every kind of task has its own depth of insight and assessment efficiency, 

Moon et al. (2018) conducted a study, in which the level of directedness in generating 

concept maps included both a high directedness task (fill-in-the-map) and a low 

directedness task (construct-a-map). In their approach, the mappers were instructed to 

construct their own map structure by using concepts and/or linking labels provided to 

them. The study reported that this middle-way approach aided the mapper in recalling 

related concepts as well as their appropriate relationship and would result in more 

detailed maps. This task approach might also allow mappers to deliver the provided 

concepts and/or linking labels according to their own representation.  

Concept maps may be produced either by paper and pencil, through an oral interview 

or by the use of computer software packages, depending on how educators and/or 

researchers want their students/subjects to respond. Concept maps constructed 

digitally are easier to edit and organise because they allow mappers to move concepts 

and link them in new ways (Kumar et al., 2013). With paper and pencil, Novak and Cañas 

(2006) suggested that concept maps could be generated by first writing key concepts 

according to the research topic into a list. The next step to construct a map is by writing 

each of the key concepts on a sticky-note, which a mapper can work with on a board or 
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a paper and put the concepts on, then work to develop links between the concepts. This 

is an example of concept maps that are wholly generated by the mappers themselves.  

There are also studies in which the concept maps are not directly generated by 

students and respondents but automatically generated using an algorithm. For example, 

in the study by Bai and Chen (2008), concept maps were automatically constructed 

based on fuzzy rules and students’ testing records. Another example is the study by 

Daley (2004) where the concept maps were generated from interview transcripts 

prepared by the researcher. The concept maps would then usually be returned to 

participants for them to review, ensuring the researcher’s accuracy in conveying what 

the participants discussed in the interview. 

2.6 FUNCTIONS OF CONCEPT MAPS 

Since concept maps are presumed to be representative of an individual’s cognitive 

structure (Edmondson, 2000), concept maps have become an increasingly important 

method for assessing individual understanding in various domains. Edmondson (2000) 

applied concept maps to test knowledge and understanding in both formative and 

summative assessments within the science domain. Furthermore, numbers of 

researchers (Novak and Musonda, 1991; Iuli and Helldén, 2004; Hay, 2007) have used 

concept maps to assess changes in knowledge. The application of concept maps to 

assess understanding from grade one to grade twelve students in science concepts by 

Novak and Musonda (1991), showed that students who had received tutorial lessons of 

their course had more valid conceptual understandings and fewer misconceptions than 

the students who had not received the tutorial. Iuli and Helldén (2004) used concept 

maps as a research tool in a longitudinal study of students, aged seven to sixteen years 

to evaluate students’ understanding towards the topic transformation within a given 

curriculum content. The study was able to identify specific concepts that the students 

had difficulty in differentiating, for example, between the concepts ‘matter’ and 

‘energy’.  

Hay (2007) applied concept maps to measure and characterise the quality of learning 

of twelve postgraduate students on specific topics. The concept maps before and after 

the teaching of the topics were compared. Findings showed that there were three types 
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of quality of learning; deep, surface and non-learning. Each could be determined 

through the knowledge structure, as well as the richness of concepts before and after 

the class of concept maps.  

According to Hay (2007), the quality of learning can be directly observed by 

identifying the changes between two concept maps, before (first map) and after (second 

map) the course. An individual who has acquired deep learning would have more 

concepts in the second map than the first, consisting of new concepts and as well as 

concepts from the first map. The other method of identifying a deep learner is by 

assessing their second map, which is found to have explanatory content and 

comprehensive grasp of meaning. This can be observed in the connections between the 

new concepts and the prior concepts via linking labels that are meaningful and sensible. 

Not only that, but deep learners will have more map linked network structures in the 

second map compared to typical simple spoke structures in the first map. Surface 

learning and deep learning is similar in the sense that the second map of both learnings 

will have an increased number of concepts from the first one. However, the concepts in 

the second map for surface learners are not linked to the prior concepts and they do not 

show a significant improvement from the first map in terms of connections and how 

they are explained. Hence, the change in the understanding of surface leaners is minimal 

and not meaningful. For non-learners, Hay (2007) reported that there is no change and 

no improvement in terms of structure and the number of concepts that occur from the 

first to the second map.  

In a recent study, Kinchin et al. (2019) reported that concept maps have contributed 

to teaching, learning, and assessing knowledge within scientific domains. Kinchin 

applied concept maps repeatedly over several years (Kinchin, 2003; Kinchin, 2004; 

Kinchin et al., 2005; Kinchin and Hay, 2007) in teaching practice because it was believed 

that the quality of conversation between teachers and students can be improved 

through concept maps as it assists in the exchange of individual knowledge and 

understanding. The use of concept maps was also applied to lesson planning. For 

example, Kinchin and Alias (2005), Kinchin (2006), and, Kinchin and Hay (2007), noted 

that teachers have used concept maps in planning class lessons. Lesson planning 

involves developing learning objectives and designing teaching strategies to achieve 
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those objectives. Kinchin and Alias (2005) noted in their study that, by constructing 

concept maps, the trainee teachers were able to easily reflect their understanding, as 

well as aid them in designing their teaching materials and sequencing their objectives. 

All fifteen trainee teachers who were involved in the research agreed that concept maps 

enabled them to summarise a lesson from the micro-teaching course.  

Concept maps can also be used as a team working tool, which Kinchin and Hay (2005), 

as well as Hughes and Hay (2001) demonstrated in their studies. Concept maps were 

used to manage and integrate different knowledge and understanding. In 2001, Kinchin 

presented the results of a study similar to Novak and Gowin (1984) in the identification 

of expertise where the concept maps are used to show a measurable difference 

between novices and experts.  

Romero et al. (2017) concluded there are several advantages in the use of concept 

maps including promoting agility and skill in arranging concepts and that they have a 

good visual impact by showing the organisations and relationship between the main 

ideas in a simple way. They believed the way concepts are graphically displayed provides 

easy comprehension of new concepts. They also noted that the use of concept mapping 

allowed a relatively easy way for students to explain what they had learned in their own 

words.  

2.7 CONCEPT MAPS IN ENGINEERING 

Over the four decades since concept maps were first developed, concept maps have 

been applied in numerous domains including nursing, biology, computing science, and 

education (Hay and Kinchin, 2008). Daley and Torre (2010) noted that concept maps 

have been used successfully in the education sector and their use in the engineering 

field is increasing. For example, Segalàs et al. (2008) introduced the use of concept maps 

as a tool to assess the knowledge acquired by students in the sustainability domain. Pilot 

tests have been conducted to evaluate the students’ learning of the associated concepts 

and their interrelations. Besterfield-Sacre et al. (2004) have also used concept maps to 

assess knowledge integration by proposing a rubric to score students in their major field 

of industrial engineering. They noted that concept maps are an effective way to measure 

students’ conceptual understanding, and by applying the proposed holistic rubric in the 
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study, it was concluded that it enabled the educators to detect development in student 

knowledge from the second year to final year students. In another approach, Krupczak 

(2007) showed that commencing engineering students were able to grasp concepts 

easily as well as being able to communicate technical issues using concept maps as a 

way of conveying information. Nair (1998) found that the use of concept maps together 

with lifecycle analysis in the domain of green design showed that the students 

developed technical content knowledge and enhanced interdisciplinary (environmental 

science, engineering and decision making) thinking, as well as communication and group 

interaction skills.  

In engineering education, concept maps have been used mostly in assessing student 

learning. Walker et al. (2005), for example, found that the key difference between 

experts and students in engineering design process domains is the proficiency to address 

ethics and marketing in the sociocultural context. Students’ conceptions seem to be 

limited with consistently little reference to larger societal issues. The study, from the 

beginning to the end of a year in an engineering design course, demonstrated that the 

expert–student gap is close in two sections: knowledge of the design process and the 

motivation behind the design (scientific and customer need). Shallcross et al. (2011) 

applied concept maps to study how first year engineering students retained and 

integrated what they had learned from a case study relating to the design of the Thames 

Flood Barrier in London. In their study of using concept maps, they identified 

weaknesses in delivering the case study particularly relating to the importance of 

different design alternatives and the consequences of failure. The concepts from the 

226 students involved in the study were classified into seven different categories. The 

number and distribution of concepts in the categories were analysed to understand the 

extent of student learning and how the students link the key concepts of design and 

design criteria. They concluded that the use of concept maps in assessing case study was 

easier in comparison to the assessment via conventional essay-type assignments 

because the misconceptions were easier to identify upon inspecting the maps.  

Similarly, Walker and King (2002) used concept maps to investigate alternative 

methods for assessing students’ conceptual knowledge in the bioengineering domain in 

two separate studies. The first study found that students tended to have fewer 
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connections among concepts, while the academic staff maps contained dense networks 

of higher-order principles, which were consistent with the expert–student distinctions 

in structural knowledge. Additionally, the second study showed that the maps 

constructed at the end of the semester contained more connections, more precise 

vocabulary and were more coherent, as compared to the maps earlier in the semester. 

This revealed that there was an expansion in an individual student’s conceptual 

understanding throughout the semester. Hence, this implies that the concept maps 

technique provides a beneficial formative assessment that gives significant benefits to 

students in the matter of critical thinking skills and motivation. However, the application 

of concept maps in engineering education is not widespread. In fact, there was only one 

application of concept maps in the domain of process and personal safety (Shallcross, 

2015) despite the domain of Process Safety being one of the most important elements 

in chemical engineering courses.  

2.8 ASSESSING CONCEPT MAPS AND THEIR SCORING METHODS 

The use of concept maps as an assessment tool is somewhat problematic, as indicated 

by Besterfield-Sacre et al. (2004). The difficulties in objective scoring make concept 

maps suitable as a teaching tool rather than for evaluating student understanding 

(Abrams, 2020). Nevertheless, concept maps have still been used in a range of studies 

as an assessment method. The reason is that many researchers believe that concept 

maps are an appropriate means of evaluating an individual’s learning and development 

(Jablokow et al., 2015), as well as being thought of as a method to test students’ 

declarative knowledge. In their study of applying several existing assessment rubrics, 

Jablokow et al. (2015) concluded that engineering educators can be confident that the 

assessment rubrics that they used reflect cognitive level of first year undergraduate 

engineering students in design subject. Nonetheless, for the concept maps to serve as a 

useful assessment tool, instructors need a rigorous method to objectively evaluate 

them. 

In this section, the methods available for scoring or assessing concept maps are 

divided into two approaches; quantitative and/or qualitative.  
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2.8.1 QUANTITATIVE APPROACHES  

A single numerical score calculated for a concept map may be used as an indicator of an 

individual student’s conceptual understanding of a particular domain. This method relies 

on identifying specific characteristics or components/elements of a concept map such 

as the numbers of elements which include, concepts, links, crosslinks and hierarchies. 

There are several scoring systems that can be classified as using a quantitative approach. 

Weighted component scoring system – This is one of the earliest scoring systems for 

assessing concept maps. This scoring method assigns points to each component 

within the concept maps. The weightings of each component are decided by the 

researchers. As an example, Heinze-Fry and Novak (1990) assigned the number of 

links and hierarchy levels a score of five, while each crosslink was allocated a score of 

ten. The final score was then calculated by adding all the component scores. Similarly, 

the research conducted by Roth and Roychondhury (1993) awarded correct crosslinks 

with more weight than correct links/branchings. Barenholz and Tamir (1992) scored 

maps based on the numbers of concepts, propositions, hierarchies and also the 

quality of the maps based on an overall subjective impression. The scoring for 

concepts and propositions were equally weighted. Wilson (1994) scored maps based 

on the absence/presence of the map’s components. The study applied nonmetric 

multidimensional scaling (MDS) to convert pairs of concepts into a closeness matrix, 

and network-generating algorithm (pathfinder) to analyse the concept’s structure. 

MDS allows comparisons to be performed between individual maps while pathfinder 

identifies differences in the knowledge structures between groups.   

Holistic scoring system – This is a scoring method in which the assessors assign concept 

maps a score on a number of independent scales. McClure et al. (1999) were the first 

to propose this scoring system which was believed to demonstrate the mapper’s 

overall understanding of the study domain. Their study suggested that experts assign 

concept maps a score on a scale from zero to ten, however, the experts were not 

given any algorithm or guidelines to generate the score. The method was developed 

to test the effectiveness of a weighted average score system. Soon after that, Turns 

et al. (2000) proposed a system in which maps were scored based on several 

dimensions, including the comprehensiveness of concepts and the levels of detail in 
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the map. The maps were scored based on the number of hierarchical levels and the 

complexity of the links, using a scale from zero to five. Similarly, Besterfield-Sacre et 

al. (2004) applied a holistic scoring system in their study of assessing knowledge 

integration of engineering education by developing a rubric. The study proposed and 

validated a holistic score system that analysed three criteria of a map; 

comprehensiveness, organisation and correctness, with a score of either one, two or 

three. The scoring system was found to be useful in measuring knowledge integration 

within a discipline and was sufficiently effective to identify expansion in students’ 

knowledge integration. The process yielded maps with three scores for each of the 

three criteria. For example, a student map that was well-defined, poorly organised, 

and had correct conceptual or knowledge, the score would be three-one-three. Using 

the holistic rubric to compare the concept maps between different years, the score 

pattern of all threes for each dimension (i.e., three - three - three) was found to have 

increased from the second year to fourth year undergraduate students.  

Map comparison scoring system – This is a scoring system which assesses concept maps 

based on the similarity between a student and an expert concept map. In the study 

by Goldsmith et al. (1991), the similarity between students’ and experts’ network 

structures was determined to assess students’ cognitive representation of classroom 

learning. The similarity of the network structures was determined with the help of 

the Closeness (C) index which was also developed in the study. This is a set-theoretic 

method of quantifying the configural similarity between two networks having a 

common set of nodes (concepts). In brief, the index examines the degree to which 

the same node in two maps is surrounded by similar nodes’ environment. The 

Closeness (C) Index was also applied in a later study by Acton et al. (1994) as a tool 

to help compare maps constructed by students, experts and instructors. The degree 

of similarity between student and instructor or expert maps were used to predict 

exam performances of the students and to differentiate the levels of expertise in the 

maps.  

Combination method of component scoring and map comparison system – It is also 

possible to score concept maps using a combination of two systems. In the study by 

Anderson and Huang (1989) student concept maps were used to determine the level 
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of understanding of different types of muscles and their functions. The authors 

classified propositions from student maps into different accuracy categories based 

on the pair of concepts, the linking labels, and the direction of the linking arrow. 

Student propositions were assessed by comparing weighted propositions to those in 

a master map, which was developed by subject experts. For example, if the student’s 

propositions included the same concepts as in the master map and had a correct 

linking label, the score then would be four. But if the linking label was partially 

correct, two points would be awarded. If the linking label was wrong or missing, then 

no points would be awarded for the proposition. In addition to the scheme, if the 

linking arrow pointed correctly, two points were added, but if the arrow pointed 

wrongly or was missing, no points were added. Therefore, a student proposition 

could obtain a score of either six, four, two or zero, based upon its accuracy. A similar 

scheme was applied in other studies. For example, in the work of Schreiber and Abegg 

(1991), understanding of chemical reaction equations and chemical change taught in 

a first year chemistry course were examined. In this study student concept maps were 

compared to an expert map develop by chemistry professors. The comparison was 

related to hierarchical structures and propositions featured in their maps. This study 

also combined different types of component scoring systems, for example counting 

the number of linking lines, and the number of crosslinks. This study was more 

extensive than all of the previously mentioned studies because the overall score for 

each of the map was not simply the sum of all points from the map, but was based 

on a formula that was computed to accommodate scoring maps which have 

conceptually weak or poorly developed links. The final score suggested the level of 

individual knowledge on the study subject.  

Combination method of component scoring and holistic scoring system – Here, the 

concept maps are analysed using the combination of the two systems, which consider 

specific maps components individually, as well as the entire map holistically. For 

example, Jablokow et al. (2015) analysed undergraduates’ concept maps by using 

weighted component metrics (for example, the total number of concepts, hierarchies 

and links, map density and complexity, link similarity, and closeness index) and four 

holistic metrics (dominant structural pattern, comprehensiveness, organisation and 



 

24 

 LITERATURE REVIEW 

correctness). The purpose of the study was to prove that the relationship between 

cognitive style and concept mapping performance was not significant. The results 

supported the hypothesis that cognitive style and concept mapping performance 

(which usually is indicative of cognitive level) were not correlated. 

Categorical scoring system – In this approach, assessors classify every concept featured 

in a concept map into a predefined category. Usually, the categories for a particular 

domain are developed by the study researchers, and the concepts are then assigned 

to the different categories subjectively. For example, Lourdel et al. (2007) proposed 

that the concepts featured in student maps could be assigned into one of six 

categories identified and defined by the authors. The study also took into account 

the number of inter-links among categories. Segalàs et al. (2008) improved the 

previous study by proposing ten categories into which sustainability domain concepts 

might be classified. The study proposed a novel indicator known as the Complexity 

Index to calculate how many and connected students recognised concepts to the 

study domain. The proposed index was used to compare the knowledge of students 

before and after the students took the course. The index was calculated by referring 

to the whole student cohort which was in line with the study’s objective. Shallcross 

et al. (2011) applied the scoring system to a case study in which seven different 

categories were proposed to evaluate how students integrated and retained 

knowledge relating to aspects of the design of the Thames Barrier. Later, Shallcross 

(2013) re-applied the scoring system to a different case study, the Piper Alpha 

disaster in which the study developed six categories that broadly cover concepts 

relating to the incident. Two years later, Shallcross (2015) developed eight categories 

for the concept maps to be applied to Process and Personal Safety.  

2.8.2 Qualitative approaches  

Rather than developing some form of numerical score or scores for each map, 

qualitative approaches analyse the concept map’s components and produce a 

descriptive analysis of the underlying extent of an individual student’s conceptual 

understanding. This approach looks for distinct patterns, such as linking arrows or the 

overall structure.  
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Spoke, chain and net structure extraction – This is a system which classifies how well 

the concepts are integrated as seen in the structure of the map. Kinchin et al. (2000) 

proposed that the structure of a concept map might be classified into three broad 

groupings; spokes, chains and nets. This qualitative classification differentiates the 

increasing integration of conceptual frameworks from spoke to chain, and finally, to 

net structures (spoke-chain-net). The different structures are also able to tell whether 

the students have demonstrated rote or meaningful learning. The strength of 

assessing concept maps through the classification of types of concept map structure 

in this study lies in its simplicity. The structures (Figure 2.2) are differentiated based 

on their complexity and flexibility in accommodating additional concept knowledge. 

According to their study, a spoke characterised map has only one level of hierarchy 

with concepts that are directly linked to the domain. This suggests that the mappers 

possessed a simple understanding. On the other hand, for a chain characterised map, 

the concepts are arranged in a linear sequence and linked to one another in one 

hierarchy path. A net characterised map has several hierarchy levels and paths, and 

the concepts are highly integrated, which represents meaningful learning. This 

qualitative identification of concept structures enables the students’ thought-

processes to be clearly and definitively represented, which is very useful to the course 

teacher.  

Link analysis – This involves a set of algorithms to perform linkage analysis. Linkage 

analysis makes use of data mining tools to elicit linkage patterns which have been 

used in many applications, for example, in the domain of computer network. Liu et 

al. (2005), developed linkage algorithms to identify misconceptions in student 

understanding and suggesting improvements to flawed concept maps. The study 

compared links between each concept within a student’s map with that of a teacher’s 

map. This study showed that the comparisons of linkage are possible because the 

concepts maps that are produced by the students are generated based on their 

responses in solving problems. Students were required to solve design problems by 

using several concepts that were provided by the teacher. The linkage scoring system 

is only applicable to concept maps that are produced as a result of high directness 

tasks.  



 

26 

 LITERATURE REVIEW 

 
(a) 

 
(b) 

(c) 

Figure 2.2: Examples of concept maps with identified structures of (a) Spokes-
characterised map, (b) Chains-characterised map and (c) Nets-characterised map.  
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2.9 ISSUES WITH EXISTING SCORING METHODS 

Previous studies into the use of concept maps reveal that the application of concept 

maps to the engineering domain or other domains have focussed on the evaluation of 

knowledge mastery. As discussed by Jablokow et al. (2015), there are various methods 

to assess knowledge mastery as seen in concept maps, one of which is the weighted 

component scoring approach.  

The weighted component scoring system method was pioneered by Novak et al. 

(1983). The research was carried out on seventh and eighth grade science classes from 

two different schools. By assigning specific points to each of the concept maps’ 

components; one point for each correct linking, five points for each level of the hierarchy 

and ten points for each correct crosslink between two concepts in different sections, 

Novak et al. (1983) found that the experimental group that used concept mapping 

demonstrated superiority in problem-solving compared to the control group that did 

not use concept mapping. They believe that concept mapping can contribute to the 

evaluation process used by the teachers because of the concept maps ability to 

represent different levels of mastery of knowledge, as well as to facilitate meaningful 

learning among students.  

Even though the finding by Novak et al. (1983) seemed promising, there are two flaws 

from the ideal map that was described in the study that should be addressed. One is for 

the case when the linking lines that connect concepts do not have arrows. However, 

often an experienced assessor can figure out, in which direction the arrow should be 

pointing. But, this should not be the case, since a concept map should be independent 

and should not especially require a high level of interpretation to be understood. The 

second issue is the robustness of the definition of crosslinks that were developed by the 

researcher. They did not disclose correctly how to find crosslinks in concept maps. The 

ideal map (Figure 2.3) shown in Novak et al. (1983) has a total score of 28 which comes 

from each map component; three points from the hierarchy level, eleven points for the 

relationships, two points for the crosslinks, seven points for the branching and five 

points for general to specific concepts. Two linking lines; ‘systems’ for example ‘internal 

skeleton system’ and ‘systems’ for example ‘bones’ that was claimed as crosslinks are 

supposed to be branching links.  
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Figure 2.3: The ideal concept map from Novak et al. (1983) around the domain ‘Animals’. 
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According to the definition by Besterfield-Sacre et al. (2004), crosslinks are concepts 

that are joined from different hierarchy paths. However, the two linking lines are in fact 

from the same hierarchy path, which connected concepts from first generation concepts 

to second generation concepts. These flaws question the reproducibility of the weighted 

component scoring method because while one assessor might identify a link as being a 

crosslink, another assessor might not, as the definition is unclear. In addition, it is 

difficult to understand what the overall score represents since it is the result of counting 

every component in students’ maps. Does the overall score adequately represent the 

students’ understanding of the researched domain? This is because the way the score is 

taken in the weighted component scoring system does not include any interpretation or 

meaning behind the featured propositions.    

Ruiz-Primo and Shavelson (1996) criticised the weighted component scoring system 

by stating that they prefer scoring methods that focus more on the adequacy of the 

propositions, rather than on simply counting the number of components. Six years later, 

Rye and Rubba (2002) undertook a research with seventeen year-eight physical science 

students. They investigated concepts maps on the topic of chlorofluorocarbon and its 

role in global atmospheric change. The students’ maps were scored using a comparison 

scoring method by analysing students’ concepts and propositions against an expert 

concept map in order to determine student understanding. The expert map was 

constructed by the teacher on what they believed to be an ideal understanding of the 

study domain. The scoring method assigns greater weight to the propositions than the 

concepts because Rye and Rubba (2002) believed that the relationship between 

concepts is a more robust indicator of understanding than merely identifying concepts. 

The proposition score that was proposed in the study was equally-weighted regardless 

of whether the links are branching or crosslinks. Although crosslinks are an indicator of 

integrative reconciliation, a principle of when learners recognise and form a new 

relationship between sets of propositions which are often assigned with a greater score 

than branching. But that is not the case in this study. The students' concept map score 

is the summation of the points accumulated from the map using the proposed scoring. 

The scoring used by Rye and Rubba (2002) is summarised in Table 2.1.  
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Table 2.1: Scoring rubric by Rye and Rubba (2002). 

Components Scores 

Concepts 3 points for the presence of each of the first-generation of teacher-

expert concepts. 

2 points for the presence of each of other than the first-generation 

of teacher-expert concepts. 

1 point for external concept, in which for concepts that were not 

part of the teacher-expert map however were related to the study. 

Propositions 6 points for the presence of each of the teacher-expert 

propositions. 

4 points for valid and relevant propositions between two teacher-

expert concepts or between one teacher-expert concept and one 

external concept. 

2 points for valid and relevant propositions between two external 

concepts.  

 

Rye and Rubba (2002) recommended assessing concept maps by emphasising the 

relationships between concepts, which reflects the degree to which students 

communicate their understanding of information taught by their teacher. This more 

complicated method was applied to assess only seventeen students’ concept maps, 

which is a small quantity. However, this method is not practical for assessing a large 

number of students’ maps because of the onerous analysis required for each map. The 

overall scores from the study also do not represent what students have identified as 

important to be included in their maps. For example, one student might get a high 

overall score by demonstrating many accurate propositions similar to the expert map in 

one area of the study domain that is less critical, but very few propositions in another 

area of the study domain that is more critical. While the research supported and 

recommended the use of expert maps for assessing concept maps, the issue would be 

how to choose the most appropriate or the more valid reference to the study domain. 

However, the recommendation to emphasise on propositions in assessing concept maps 
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is reasonable as propositions do provide a lot of information and context to the overall 

concept maps.  

Besterfield-Sacre et al. (2004) proposed a better and clearer definition of crosslinks 

and also proposed the use of holistic scoring approach to assess concept maps. Their 

study assessed the work of thirteen engineering students in the industrial engineering 

domain. The authors aimed to quantify knowledge and understanding and to provide an 

insight into how the students integrated the concepts correctly. The proposed scoring 

method, which was developed by two industrial engineering professors, considered 

three important map attributes; comprehensiveness, organisation and correctness. The 

comprehensiveness attribute is developed to capture the extent of a students’ 

knowledge of a domain. Is the knowledge limited to just a few areas, or more extensive? 

The organisation attribute is developed to measure map arrangement, whether the 

structure showing linearly connected concepts or sophisticated and well-integrated 

concepts. While the correctness attribute is to score the accuracy of the knowledge 

presented in the maps. Does the map contain misconceptions, inaccuracies or accurate 

understanding of the study domain?  

The findings of the Besterfield-Sacre et al. (2004) study are very promising as they 

demonstrated that holistic scoring may be sufficiently precise to detect growth in 

knowledge integration shown by second year students as they move through to the 

fourth year, as the student map scores tended to increase with class level. They also 

noted that as students covered more subjects, their understanding would become 

richer, leading to high-quality maps as reflected by the holistic score. Of all the methods 

elaborated in this section, this is the only one that addresses the correctness of the 

concept maps. Although the authors pointed out that the rubric was able to detect what 

students are lacking in a study domain, it is not able to determine the areas that the 

students are lacking in knowledge or understanding. Learning improvement cannot take 

place if the teachers do not know the areas in which student learning extra attention. 

As for the score of the proposed rubric, their scoring is divided into three groups. Each 

map is scored based on each attribute; a score of one if the attribute shown is poor, a 

score of three if it is excellent and a score of two for adequate performance. The low 

level of scale coarseness in this study enables a quick assessment period because there 
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are only three points the assessors can choose from to evaluate each attribute. 

However, it can also exhibit more bias, as well as having the possibility of missing 

potential data.  

Kinchin et al. (2000) proposed a different approach to how concept maps may be 

assessed qualitatively. This method helps teachers in their preparation on how to 

approach individual students for knowledge improvement. The way in which students 

arrange the concepts in their maps helps teachers understand the type of learners of 

the students, which will be explained in detail in the latter part. Their method was 

developed when they were reviewing a study domain on reproduction in flowering 

plants for a group of year eight (twelve and thirteen years old) students. There are three 

classifications (Figure 2.2), by which they observed concept maps structure as; spokes – 

concepts that are directly linked to the domain and not with each other, chain – a linear 

sequence of concepts, and net – highly hierarchical and integrated concepts. From the 

findings, it is understood that, for the students who developed spoke structure maps, 

additions of new knowledge would not cause any issues, while students who prepared 

net structure maps would be even more flexible in accepting new knowledge as their 

knowledge and understanding are richer. However, the development of new insights or 

teaching new knowledge would be ineffective for the students with the chain structure 

maps’ because they consider knowledge in a linear structure. For the chain structure 

map students, any new addition of knowledge should be done from the very beginning, 

because these students concentrate only on one sequence of ideas after another, 

without demonstrating other links between sequences.  

This qualitative way of analysing patterns or structures of concept maps may be used 

to determine existing understanding. However, the method did not disclose what the 

teacher should do if a student demonstrates all three characteristics of structures in the 

map without any one type of structure dominating. How would the teacher perceive the 

learning from these students? Returning to the same question that was raised before, it 

is believed that with this method, the educators won’t be able to identify the element 

or areas of the study domain that are poorly understood by the students in order to 

redefine the teaching structure and focus of the course. 
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Finally, the categorical scoring method proposed by Segalàs et al. (2008), is 

considered. Their work was aimed to identify the best way to teach sustainability 

development and assess the understanding of more than 700 engineering students at a 

European technological university by classifying concepts drawn into their relevant 

categories. The ten categories that were specifically developed for the study domain 

were also used to evaluate student improvement during the courses. They observed 

that the students thought that sustainability development domain is greatly related to 

environment and engineering categories, which were considered as technical. In 

addition, the research was able to determine that the students were lacking in the soft 

engineering categories such as categories of Social Impact, Cultural issues and Values, 

Future Generations, as well as Education Aspects, as shown by the least number of 

concepts clustered in related categories. This is particularly relevant to this study since 

part of this study is to evaluate whether students have learned and understood 

important elements in the Process Safety domain.  

If the categorical scoring approach is to be used to assess student concept maps, how 

do we ensure that the category classes are properly developed and robust? The study 

by Besterfield et al. (2004) showed that the three categories of holistic scoring resulting 

from two experts commenting on students’ concept maps. They reported that the 

developed rubric was reviewed at least three times as per the suggestion of Popham 

(1997). A study by Hao et al. (2010) involved four assessors, two of whom were tasked 

to transform the concept maps according to a standardised format while the other two 

were assigned to evaluate the summary report to the predefined rubric, in order to 

determine the problem-solving performance among students. Forty undergraduate 

students of an introductory management information system subject were given activity 

of recruiting a customer service assistant for an insurance broking firm and were asked 

to decide which applicant they would choose or whether the vacancy should be re-

advertised. Apart from writing a short report of their choice, students were asked to 

construct a concept map to explain issues in the recruiting activity, which reflect 

students’ knowledge structure for the given problem. In their study, although the level 

of agreement among the two assessors during transforming the concept maps into their 

proposed standardised system was adequate, the authors suggested that disagreement 
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between the assessors that came up during the encoding of the concept maps were 

resolved through discussions. Similar to the other two assessors who were assessing the 

short reports, any differences that arose between them regarding their judgments 

would be resolved through discussions. This conflict resolution procedure helped reduce 

the disagreement between assessors.  

Discussion between the assessors during the assessment proved to be significant. Not 

only does it help to clarify issues about the assessment itself, it also helps to resolve and 

find consensus for disagreements in the assessment. In the study by Kaya (2008), forty-

seven prospective science teachers were involved in exploring the feasibility and validity 

of concept maps on the conceptual understanding of chemistry laboratory subject as an 

assessment tool. Two assessors, who were the researcher and an external expert were 

involved in the data analysis. From the report, it is noted that in any disagreement 

between assessors, the issue would be managed by both assessors reviewing the 

interview transcript and coding the concept map together, discussing the coding 

disagreement and reaching consensus. Another study (Papajohn, 2002) showed that 

discussions among assessors were deemed important. The study identified key 

principles in scoring oral English tests in which four assessors were asked to review the 

rating guidelines before the assessment meeting. Then, they reviewed and discussed 

each concept map, reaching consensus based on discussions regarding the strengths and 

weaknesses of each concept maps, instead of independently arriving at a set of scores.  

On the other hand, for the categorical scoring system, Segalàs et al. (2008) did not 

mention specifically how the categories and their definitions were developed for the 

sustainability domain. The study also did not specify the number of assessors that were 

involved in categorising every concept in their relevant categories.  

2.10 CONCLUDING REMARKS 

While all the scoring approaches offer many advantages for assessment, they often did 

not emphasise the effectiveness of assessment of individual cognitive knowledge, nor 

did they consider the feasibility and practical implementation, especially when handling 

a large numbers of concept maps. Segalàs et al.’s (2008) categorical scoring method that 

successfully assessed a large number of concept maps to measure conceptual learning 
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seems to be the most appropriate to be adopted in this study. This approach provides 

an insight into the specific elements that the students have a good understanding of, as 

well as elements in which students are poor at. This is one of the strongest reasons why 

this scoring method will be adopted in this study to assess the learning of individual 

students and their cohort around the domain Process Safety.  

Nevertheless, up until now, no comprehensive study has been performed to 

consider how classes of domain categories may be robustly defined. Further, no 

previous study has used multiple assessors to define the categories. As previous studies 

(Kaya, 2008 and Papajohn, 2002) have shown, the most important step to minimise 

conflicts and disagreements is through a process of discussion among multiple 

assessors. Hence, this crucial finding could be applied during the process of defining and 

validating categorical classes including the use of multiple assessors for this study. 
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3.1 OVERVIEW 

This Chapter describes a novel approach for defining and validating concept categories 

for the Process Safety domain. Concept categories are proposed to be used in analysing 

concept maps by a categorical technique. The categorical technique requires every 

concept present in the map to be assigned to one of the proposed concept categories. 

In this study, a draft of the concept categories is developed and defined based on 

previous literature, past case study and preliminary observation of students maps. Three 

assessors then independently applied the concept categories to analyse the maps in 

order to validate and further refine the category definitions. The validation process was 

important to enable the proposed concept categories to be broadly developed, 

encompassing all concepts related to the topic of Process Safety. Furthermore, it is 

important that the concept categories are tightly defined so that the maps may be 

assessed by assessors from differing backgrounds.  

3.2 RATIONALE AND DEVELOPMENT OF CONCEPT CATEGORIES  

Although the categorical method has been employed in several studies, no previous 

research has investigated how best to define the categories classes. In this study, it was 

decided that the development of concept categories for Process Safety domain was 

based upon three sources. The first source was based upon the literature (Section 3.2.1) 

on the work of Shallcross (2013, 2015). The second source was on the consideration of 

a past disaster of (Section 3.2.2), the T2 laboratories runaway reaction, and thirdly, the 

draft was based on preliminary observation through students concept maps prepared 

for the study domain (Section 3.2.3). 

3.2.1 Previous Literature   

The implementation of concept maps to explore the domain of ‘safety’ was first 

proposed by Shallcross (2013) using incident case studies. He developed six categories 

into which each concept featured in students’ maps could be classified. The six 

categories he put forward were developed to encompass concepts relating to the Piper 

Alpha disaster which occurred in July 1988. The disaster occurred on board the Piper 

Alpha oil platform in the North Sea during the performance of a maintenance procedure. 

A massive leakage of gas condensate ignited, causing an explosion that led to large oil 
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fires. The heat produced from the initial event caused a gas pipeline riser to rupture, 

and eventually lead to a massive explosion and fireball, which destroyed the oil platform 

and killed 167 people.   

The six concept categories proposed by Shallcross (2013) are: 

Context – included concepts elucidating the description and purpose of the Piper Alpha 

platform. Concepts assigned to this category include ‘oil extraction’ and ‘pump’. 

Incident Description – included concepts describing the key steps of the disaster event. 

Concepts covered by this category include ‘missing valve’ and ‘condensate release’. 

Causes – included concepts depicting the causes of the disaster. Examples include ‘poor 

communication’ and ‘human error’.  

Consequences and Aftermath – included concepts showing the subsequent short-, 

medium- and long-term effects post-disaster, such as ‘loss of life’ and ‘significant 

cost’. 

Lesson Learned – included concepts answering the question of: ‘What could have been 

done better or differently to prevent similar incidents from happening again?’. 

Examples of concepts are ‘emergency shutdown procedure’ and ‘importance of 

communications’.  

Actors and Stakeholders – included concepts that listed any individuals or entities linked 

with the Piper Alpha disaster, encompassing ‘people’, ‘institutions’, ‘companies’, and 

‘government’.  

Later, Shallcross (2015) further extended the number of categories from six to eight 

so that the concept maps could be applied in the ‘Process and Personal Safety’ domain. 

The aforementioned eight categories for the domain covered concepts ranging from 

‘Preventative Measures’ to ‘Environment’ which Shallcross noted could be found in 

students’ maps.  

The eight amended categories proposed by Shallcross (2015) are:   
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Preventative Measures (Physical) – included concepts relating to equipment that can 

be used to protect a person or process from a hazard. Concepts include ‘barrier’ and 

‘manual handling equipment’.  

Preventative Measures (Non-Physical, Protocols) – included concepts relating to 

policies and procedures that reduce the chances of an incident from occurring. 

Concepts relating to this category include ‘rules’ and ‘routine inspections’.  

Consequences – included concepts depicting the effects of an incident. Examples 

include ‘fire’ and ‘lost productions’.  

Actors and Stakeholders – included concepts including people and institutions such as 

companies and government. Examples are ‘engineers’ and ‘consumers’.  

Education and Training – included concepts relating to education and training of people 

to prevent incidents. Concepts include ‘evacuation drills’ and ‘knowledge’  

Potential Hazards/Causes – included concepts describing potential hazards and causes 

that may lead to incidents. Examples of concepts are ‘high temperature’ and 

‘operator error’.  

Incident Response – included concepts related to the responses or actions taken after 

incidents occurred. Concepts include ‘first aid’ and ‘flaring system’.  

Environment – included concepts displaying environment-related subject. Examples are 

‘environment protection’ and ‘pollution’.  

3.2.2 Case Study – T2 laboratories Runaway Reaction 

The proposed concept categories for the domain of Process Safety can be illustrated by 

considering the powerful explosion and fire accident that occurred at the T2 

Laboratories in Jacksonville, Florida in December 2007 (U.S. Chemical Safety and Hazard 

Investigation Board, 2009). The incident was caused by a runaway reaction and resulted 

in the deaths of four employees, as well as injuries to 32 workers at the facility and in 

surrounding businesses.  
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T2 Laboratories was a small chemical company producing an additive for fuels, 

methylcyclopentadienyl manganese tricarbonyl (MCMT). This compound was generated 

in batches in a 10,000-litre reactor, in which the production required an operator to 

manually add raw materials. A process-operator was in charge of controlling the heating, 

cooling and pressure by using a computerised system in a nearby control room. The first 

step of the MCMT production process consisted of loading sodium metal and a liquid 

mixture of chemicals into the reactor (Figure 3.1). 

The liquid mixture consisting of methylcyclopentadiene (MCPD) dimer and 

diethylene glycol dimethyl ether (diglyme), was heated and mixed using a mechanical 

agitator. The hydrogen produced as a by-product was vented to the atmosphere. In 

normal operations, when the temperature reached 148OC, the process operator would 

turn off the heating system.  

The reaction was exothermic in nature, causing the temperature within the reactor 

to continue to rise. Once the temperature reached 182OC, the process operator would 

begin to periodically fill the reactor’s cooling jacket with water. As the water boiled, the 

heat was removed from the reaction vessel and resulted in the temperature being 

controlled to some extent.  

On the day of the incident, the process operator failed to cool the reactor as required 

due, most likely, to a malfunctioning cooling system. The failure might have occurred 

due to a blockage in the water supply piping or failure in a valve. This would have led to 

the temperature and pressure inside the reactor to rise uncontrollably in a runaway 

chemical reaction. What is certain is that the reactor pressure increased to at least 

2.76MPa before the rupture disc burst (Element Ⓒ in Figure 3.1). A massive explosion 

followed. The force of the blast was equivalent to about 635kg of TNT, destroying T2 

Laboratories and damaging four nearby businesses up to 450 meters away (U.S. 

Chemical Safety and Hazard Investigation Board, 2009).  

  



 

41 

 DEVELOPMENT OF FRAMEWORK TO DETERMINE CONCEPT CATEGORIES 

B

C

D

A

E

G

H

I J

F

K

 

 
Ⓐ - Solid sodium metal loaded to reactor Ⓖ - Cooling water control valve 
Ⓑ - Mechanical agitator Ⓗ - Cooling water manual valve 
Ⓒ - Rupture disc Ⓘ - Cooling water drain valve 
Ⓓ - Pressure control valve Ⓙ - Cooling water drain manual bypass 
Ⓔ - Hot oil heater Ⓚ - Product to distillation 
Ⓕ - Cooling jacket    

 

Figure 3.1: Cross-section of the T2 reactor. The reactor was a vertical cylindrical vessel 
with hemispherical end caps fitted with an agitator. Reactor’s wall thickness was 
7.62cm.  Image was redrawn and simplified from U.S. Chemical Safety and Hazard 
Investigation Board (2009).  
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3.2.3 Preliminary Observation 

This section shows the consideration of preliminary observation through students’ 

concept maps as one of the contributing factors on developing categories classes. After 

considering the previous literature and a case study, the way the students come up and 

organise their concept maps on the domain of Process Safety was observed. The author 

familiarised themself on what and how students featured concepts in their maps, in 

Process Safety domain. By doing this, the categories that were being developed are able 

to accommodate students’ concepts in the study domain. Hence, the concepts can be 

categorised as appropriately and conveniently as possible, into their relevant categories.  

As an example, based on the observation, the author found students had featured 

the concept of ‘equipment’ frequently in their maps. Although the concept is the same, 

it is presented in a different way and context, as shown in Figure 3.2a and 3.2b. In Figure 

3.2a, the concept ‘equipment’ is utilised as a means to ensure safety. The student 

explained that safety can be aided with the use of equipment including a computer and 

machines. In Figure 3.2b, the concept ‘equipment’ is used by the student that could be 

affected if Process Safety is not in place. Hence, it is understood that at least two 

different categories are required to categorise the concept ‘equipment’. This example 

shows that this preliminary observation helped in deciding to develop different 

categories to accommodate different uses of a similar concept.  

3.3 CONCEPT CATEGORIES – CLASSES 

The two papers by (Shallcross, 2013; 2015) served as the founding works in an attempt 

to analyse concept maps to assess student and cohort learning in engineering safety 

concepts. While the work of Shallcross (2015) considered and defined eight categories 

to analyse concept maps, this study provides further refinements to the categories by 

realigning and expanding them to ten as well as by considering the T2 laboratories 

runaway reaction, for the domain of ‘Process Safety’. The proposed categories consisted 

of eight major categories numbered from category one to category eight and two minor 

categories, designated as categories zero and nine.  
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(a) 

 

(b) 

Figure 3.2: Samples from students' concept maps showing an example of the 
'equipment' concept. The original student work was handwritten. These maps have 
been set, preserving the words, spelling and layout of the original maps. 
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Category ONE – Potential Hazards 

From the description of the T2 incident, several concepts could be identified, such as 

‘heated reactor’, ‘liquid chemicals’, ‘sodium metal’, ‘malfunctioned cooling system’, 

‘high temperature’, and ‘high pressure’. These concepts are indicative of a source or 

situation with the potential to cause harm and damage to people, property or 

environment. The concepts are appropriate examples of concepts that could be 

clustered together under the first category proposed in this study  ‘Potential Hazards’. 

Categories TWO and THREE – Preventative (Physical) and Preventative (Non-Physical, 

Procedural) 

The incident investigation report of the T2 laboratories disaster conducted by the U.S. 

Chemical Safety and Hazard Investigation Board (2009) revealed that the runaway 

reactions could have been prevented. This was possible if the management recognised 

the runaway reaction hazards associated with the material T2 was producing. They 

should have also employed a cooling system that was not susceptible to single-point 

failures, and a redundancy and reactor vessel relief system capable of relieving pressure 

during such situations. The importance of preventative redundancy measures, such as a 

backup, was to protect the people from workplace hazards, as well as help one to avoid 

incidents when the primary measures failed. Such preventative redundancy measures 

from the incident may be presented using ‘design redundancy’ as a conceptual example.  

The 5-year study by Shallcross (2015) showed that almost half of the concepts 

defined by students could be identified and categorised as ‘Preventative Measures’. This 

substantiated the relevance and necessity of separating the ‘Preventative Measures’ 

into ‘Physical’ and ‘Non-Physical measures’ as more refined and defined categories 

would provide further information in understanding the students’ learning. Examples of 

such measures included alarms and barriers (‘Physical’), and maintenance and standard 

operating procedures (‘Non-Physical’).  

Category FOUR – Consequences and Outcomes 

Generally, any uncontrolled potential hazards would most likely lead to an incident in 

the long term. The importance of ensuring student awareness regarding the 
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consequences or impacts of an incident and the result of prior actions or events 

underlined the fourth category of ‘Consequences and Outcomes’ in the domain. This 

category is proposed to recognise the post-incident effects. This fourth category has 

been revised from the category ‘Consequences’ which was used in Shallcross (2015) to 

depict concepts with negative effects. This study, on the other hand, proposes to also 

include positive post-incident impacts. The revision of the category was supported by 

several exercises on assessing concept maps performed during the preliminary 

observation (Section 3.2.3), in which it was revealed that students generally captured 

both negative and positive consequences (i.e., the concept of ‘save money’, ‘high 

productivity’) alike. This justified the modifications to the category to become 

‘Consequences and Outcomes’ collectively, as opposed to simply ‘Consequences’ in 

reflecting the observation obtained. If the observation stressed only on the negative 

results, the phrase ‘Negative Consequences’ would then be more appropriate. The 

aforementioned T2 incident also incorporated negative consequences concepts like 

‘explosion’, ‘fire’, ‘runaway reactions’, and ‘burst rupture disc’ that arising from the 

initial runaway reaction.  

Category FIVE – Incident Response 

The U.S. Chemical Safety and Hazard Investigation Board (2009) reported that the 

Jacksonville Fire and Rescue Department (JFRD) and Jacksonville Sheriff’s Office (JSO) 

responded and established a unified incident command right after Jacksonville 

emergency telephone operators received calls about the incident. The JFRD Hazardous 

Materials teams were dispatched within 10 minutes of the incident. After the 

completion of a hazard analysis by JFRD, the incident commander ordered an evacuation 

on the adjacent road and railway track spanning for approximately 1 km. The incident 

commander also ordered for full personal protective equipment and self-contained 

breathing apparatus (SCBA) to be worn by any personnel entering the incident area. 

About 90 firefighters from several bodies responded to the incident call and put out the 

fire at the T2 facility. Such information substantiated the importance of establishing a 

specific category for concepts responding to incident impact mitigation and 

minimisation. It was particularly paramount to assessing student comprehension and 

capture of such vital emergency responses concepts in class. Therefore, this study 
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maintained and adopted the category ‘Incident Response’ as per the Shallcross’ (2015) 

study. In the case of the T2 Laboratories incident, examples of correlating concepts 

under this category included ‘evacuation’, ‘incident response’, and ‘fire brigade’.  

Categories SIX, SEVEN and EIGHT – Education and Training, Actors and Objects, and 

Ideals and Values 

The remaining three major categories included in this study are ‘Education and Training’, 

‘Actors and Objects’ and ‘Ideals and Values’. This study adopted and maintained the 

category of ‘Education and Training’ as per the Shallcross (2015) study due to the 

importance of student awareness regarding this attribute. The category ‘Actors and 

Stakeholders’ from Shallcross (2015) was replaced and redefined as ‘Actors and Objects’. 

Example of concepts from Shallcross (2015) shown in his category of ‘Actors and 

Stakeholders’ include people and institutions that interact with the domain (i.e., 

community, consumers, politicians, government) as well as a single concept of 

‘responsible’. It is realised that the concept ‘responsible’ is better classified under 

‘Values’ which was not present in Shallcross (2015). Hence, the category ‘Ideals and 

Values’ is added in this study to identify student understanding of Process Safety values. 

This category is proposed to assess whether students realise the need for safety values 

or culture in a workplace, as well as understanding which behaviours, attitudes, or 

attributes were associated with a sound culture. Therefore, the concept ‘responsible’ 

would more appropriately fit in the category of ‘Ideals and Values’ than the Shallcross’s 

‘Actors and Stakeholder’ category. The other relevant aspect is on the decision of 

removing the term ‘Stakeholders’ and adding the term ‘Objects’ in the ‘Actors and 

Stakeholder’ category. Based on the preliminary observation, it is recognised that 

students included a significant proportion of the general description of objects and 

materials in their maps. The objects such as a concept of ‘equipment’, is not 

differentiated according to their aspect. Therefore, the justification of having ‘Actors 

and Objects’ as one of the categories is for general concepts relating to human beings 

and technical objects. If, however, students mentioned objects that clearly displayed 

causes of an incident, the category ‘Potential Hazards’ might be more appropriate for 

such a concept. Moreover, the category of ‘Environment’ from Shallcross’s work (2015) 

was replaced with the newly added ‘Ideals and Values’ category. This is because 
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Shallcross (2015) proposed the category of ‘Environment’ in his ‘Process and Personal 

Safety’ domain so as to recognise a significant proportion of environment-related 

concepts (i.e., ‘environment’, ‘pollution’, ‘environment protection’).  

In engineering courses, soft skills are often downplayed in favour of emphasising hard 

or technical skills as observed by Ziegler (2007). This implies that soft skills are less 

valued than technical skills in engineering studies. Various terms are used to define soft 

skills, such as professional skills, process skills or social skills, and they generally include 

values like problem-solving, teamwork, communication skills and assertiveness (Woods 

et al., 2000), all of which are important in engineering practice. The significance of 

technical knowledge in engineering courses is undeniable due to it being the basis and 

foundation of engineering work. However, technical knowledge alone without the 

necessary values and attitudes would not guarantee a graduates’ ability to successfully 

work in the industry. Values are important as the guiding principles to determine and 

decide between the right and wrong ways of working. Understanding what behaviours, 

decisions and attitudes that are expected in a workplace, such as thinking and acting 

safely, would help in preventing and eliminating risks and hazards. Due to values being 

complementary to the technical knowledge as well as equally important, including the 

‘Ideals and Values’ category in this study was sufficiently justified. 

Categories ZERO and NINE – Irrelevant/Unrelated and Others 

Careful interpretation notwithstanding, certain concepts may not be satisfactorily 

categorised into any one of the Category 1 to 8. Hence, this study proposes a category 

‘Others’  (Category 9) to incorporate sufficiently significant concepts related to ‘Process 

Safety’ concepts but did not fit well within any category (e.g. ‘location’). In contrast, the 

category ‘Irrelevant/Unrelated’ (Category 0) was designed to address the not-

insignificant number of concepts that were deemed completely irrelevant to ‘Process 

Safety’, based on preliminary observation. The distinction between 

‘Irrelevant/Unrelated’ and ‘Others’ and their separation into two different categories 

was for preventing confusion among assessors in case of unclassifiable significant 

concepts versus unclear and insignificant concepts.  
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3.4 DATA COLLECTION 

3.4.1 Concept maps 

Concept maps were constructed by second-year undergraduate chemical engineering 

students of the University of Melbourne. They were given a standard A4 piece of paper 

without any concepts or linking phrases and instructed to prepare a concept map based 

on the domain of Process Safety. The students were each expected to prepare a map of 

at least 25 concepts. All the concept map activities were conducted in class under the 

same conditions; low directed task with a 30 minute time constraint. Furthermore, they 

were allowed to use any concepts and linking phrases in the activity that they deemed 

their inclusion to be of importance. Note that the development of the categories was 

initialised after the activity; therefore, the students constructed their respective concept 

maps without knowing the categories that they would be assessed on.  

To ensure that the students were comfortable with the use and creation of concept 

maps prior to the activity, they were trained and instructed on how to construct the 

concept maps in the preceding year (Year 1). In this instance, they were assigned to 

prepare several concept maps on different topics ranging from mobile phones to a high-

speed rail accident.  

A total of 150 concept maps of the Process Safety domain were analysed 

independently by the three assessors. Concept maps were gathered from five 

conservative cohorts of second-year undergraduate chemical engineering students of 

the University of Melbourne. The maps were constructed over the same point of the 

teaching cycle, namely in week 5 of Semester 1. The subject of process safety is 

embedded and taught throughout the course. In the first year, students were provided 

with some introduction to process safety, and more in-depth of the subject as they are 

progressing throughout the four-year course. The map construction activity was 

conducted within a Chemical Engineering subject in the early stage of the chemical 

engineering program. The purpose of the activity was not to test the students, but to 

promote their awareness of process safety, as well as to get a baseline on level of 

knowledge that they possessed. There was no interaction between the assessors during 

the process of evaluation to prevent any interaction which could influence the responses 
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in the classification. One of the ways to guide assessors in categorising the concepts into 

one of the ten develop concept categories was by using the ‘Steps of categorising 

concepts’ shown in Figure 3.3. However, the assessors were not required to adhere to 

the steps and were allowed to categorise the concepts in any way they saw fit. Ethical 

approval for the work within this thesis was granted by the Engineering Human Ethics 

Advisory Group under the category of Minimal Risk (Ethics ID: 1955419). 

3.4.2 Assessors’ Responses 

Three assessors were involved in the concept maps’ assessment. They were tasked to 

assign the categorisation of concepts featured in students’ concept maps. The three 

assessors were: 

Assessor A – a chemical engineering professor who has industrial experience and 

expertise in ‘Process Safety’; 

Assessor B – a scientist with a non-engineering background but who has extensive 

experience in the use of concept maps; and  

Assessor C – the author, a PhD candidate with qualifications in both chemical 

engineering and ‘Process Safety’.  

Assessors’ responses on concept categorisation were collected from three concept 

maps’ assessments; the first round, the second round and the final round of assessment. 

Further elaboration on the concept maps’ assessments can be found in Section 3.5. All 

assessors’ responses were recorded in a newly proposed three-way table (Section 3.6).  

In every assessment, assessors were asked to assign every concept found in the maps 

into an appropriate category. The task was executed individually and independently by 

each of the assessors. The assessors were not bound to any time limitation as they could 

use as little or as much time they needed to analyse each concept map. Once all three 

assessors had completed their task, the analysed concept maps were returned to the 

author to be evaluated. Besides the assessment, assessors were also involved during 

discussion by sharing their opinions of specific categories or concepts that they thought 

were problematic.  
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Figure 3.3: Steps of categorising concepts.  
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3.5 VALIDATION STUDY  

The goal of this study is to develop and more clearly define the concept categories for 

the domain of ‘Process Safety’. It is important to develop robust definitions for the 

concept categories in order for concept maps to be used as an assessment tool. This is 

to ensure that a particular concept is categorised into the same concept categories by 

different assessors. Therefore, this section introduces an assessment and validation flow 

explaining the process for developing robust concept categories by going through 

several steps, as well as what actions are involved. 

As mentioned before, concept maps were given to three assessors three times to 

study their responses to categorising each concept.  

Figure 3.4 shows a flow chart of how the concept categories were refined, which 

involves three assessors independently analyse each of the students’ concept maps. 

Since this categorical assessment involved more than one assessor, there may be a 

possibility of subjectivity with regard to how each concept is allocated to the most 

relevant categories, hence, the evaluation the extent to which assessors agree or 

disagree with each other is also analysed.  

Briefly, the flow in Figure 3.4, started with the development of concept categories as 

a first classification draft by the author, as explained in Section 3.2 and 3.3. Then, three 

assessors were asked to analyse 50 concept maps using the first draft of concept 

categories (Appendix A1) as a guideline. Assessors’ responses were analysed using the 

three-way table by the author. After that, discussions were carried out between 

assessors to revise and refine the first draft of the concept categories.  

Next, a second round of assessment by all assessors was conducted using the revised 

concept categories (Appendix A2) on a different set of concept maps. Then again, 

assessors’ responses from the three-way table were studied, by the author. Discussions 

on further improvements on the concept categories were conducted, followed by 

modification on the concept categories as the final revision. In addition to that, the final 

round of assessment was conducted by using the final draft of concept categories (Table 

4.1) on the same set of concept maps used in the first round of assessment. Assessors’ 

responses were then analysed and discussed using the three-way table.   
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Figure 3.4: Assessment flow. 
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All three rounds of assessments involved the same assessors. They were given copies 

of 50 original students’ concept maps on A3 paper and concept categories’ guideline, on 

each assessment round. The maps were constructed by Chemical Engineering students 

from Semester 1 of the year 2013. The maps were chosen through a screening process 

to find maps that had clear handwriting and clear linking lines for readability. Corder and 

Foreman (2014) recognised that most researchers recommend a sample of at least 30. 

In this study, we expanded to 50 maps per assessment round per assessor to provide a 

broader representation of the cohort study. Moreover, the sample size was chosen so 

as not to overwhelm the assessors during the assessments, and the author during 

analysis of the responses. The sample size generated exceptionally rich data to support 

the research. 

The several steps involved here are to ensure that all participating assessors have 

similar responses about any given concept, as an indication of a robust concept 

categories. Furthermore, robust concept category definitions are important in the case 

where concept maps are used as a summative assessment and the concept maps are 

assessed using a categorical scoring system. This is particularly true when several tutors 

are employed to grade student work. Consequently, an analysis of agreement and 

disagreement between assessors about the newly developed concept categories was 

conducted. This study interprets agreement, disagreement and validity as follows:  

Agreement – when a particular concept is assigned to the same category by all assessors 

under similar assessment conditions (i.e. using similar concept category rubric for 

assessing similar concept maps).  

Disagreement – occurs if the assessors had different responses for the same concept 

under similar assessment conditions. 

Validity – to ensure that the newly developed concept categories rubric could 

legitimately measure the students’ understanding.  

3.6 THREE-WAY TABLE  

This section presents a novel data presentation that was developed concurrently with 

the process of assessment and validation. Here a new format for comparing assessors’ 
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responses is proposed – the Three-way Table. It is developed as a way to compare the 

results from three different assessors. Presenting the responses in this manner is 

advantageous, as it clearly shows the number of agreements, as well as the number of 

disagreements between assessors. Such information was paramount in validating the 

proposed concept categories and individual assessors’ responses alike.  

For the purpose of understanding, this new method of presenting the data is 

explained with the help of Figures 3.5 to 3.8: 

• the tables are illustrated in a simplified version, in which only three out of ten 

concept categories are shown, 

• the numbers stated in the tables are simulated and values may or may not 

represent the actual study. 

• let’s imagine a scenario in which three assessors (X, Y and Z) are asked to 

independently assign 83 concepts featured in 5 concept maps to one of three 

categories of 1, 2 and 3. 

The three-way table was designed with three surrounding interlinking tables. Figure 

3.5a shows concept categories’ classes in the vertical axis for Assessor X’s responses as 

well as how Assessor X categorised the 83 concepts. In this scenario, Assessor X classified 

a total of 28 concepts into Category 1, 18 concepts into Category 2 and 37 concepts into 

Category 3. 

Figure 3.5b shows concept categories’ classes in the right diagonal axis for Assessor 

Y’s responses as well as how Assessor Y categorised the 83 concepts. Overall, Assessor 

Y had assigned a total of 22 concepts into Category 1, 23 concepts into Category 2 and 

38 concepts into Category 3. While Figure 3.5c shows concept categories’ classes in the 

left diagonal axis for Assessor Z’s responses and how many concepts Assessor Z had 

assigned to each category. This scenario shows that Assessor Z had classified a total of 

29 concepts into Category 1, 18 concepts into Category 2 and 36 concepts into Category 

3.  

Let’s now consider how the three-way table allows the comparisons to be made 

between two assessors.  
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Figure 3.5: Three-way table showing concept categories axes and responses of each 
assessor.   
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Figure 3.6a shows how responses from Assessor X compare with those of Assessor Y, 

while the comparison of responses between Assessors X and Z can be found in the grey 

region shown in Figure 3.6b. The bottom region (Figure 3.6c) of the table shows the 

comparison of responses between Assessors Y and Z.  

Each side of the three-way table provides the number of agreements between the 

two assessors. The agreement areas for comparison responses between two assessors 

are shown in Figure 3.7, which represents an ideal scenario in which all assessors are in 

complete agreement on every analysed concept. Hence, we would notice that all 

assessors categorised the analysed concepts to the same concept categories. The three-

way table also provides the total number of agreements across all categories. 

In this ideal scenario, the total agreement between two assessors for all comparison 

responses’ regions is 100%. It must be pointed out that the goal of this study is to have 

close to complete agreement, as this is an indication of robust and well-defined concept 

categories.  

3.6.1 Interpreting the three-way table  

Now that we understand how to read the three-way table, let’s learn how to interpret 

the numbers regarding the assessors’ responses. Starting with the total numbers of 

concepts classified in each category, Assessors X and Z had a similar trend, in which the 

category that has the largest numbers of concepts is Category 3, followed by Category 

1, and lastly Category 2. While Assessor Y had also classified large numbers of concepts 

in Category 3, the least concepts were found to be classified in Category 1. 

The total numbers of concepts and their ranking work as an indicator of how many 

concepts were classified in each category. The ranking of categories does not represent 

how assessors’ responses interact with one another, because the total number of 

concepts does not reveal specifically how concepts are connected in the maps. Nor does 

it reveal anything about the connecting verbs and propositions. For example, assessors 

X and Y can both have a high number of concepts in any one category, but it does not 

automatically mean that they would also have a high agreement with each other.   
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Figure 3.6: Three-way table showing regions of comparing responses between two 
assessors.   
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Figure 3.7: Three-way table showing a complete agreement between all assessors of an 
ideal scenario.  
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Focusing on each individual region of compared responses could reveal the 

correlation of responses made by two assessors. For example, Assessors X and Z had the 

most agreement occasions, compared to how much agreement Assessors X and Y had 

between them. This can be seen from either by looking at; 1) the total numbers of 

concepts of both assessors that are in agreement with, or 2) summation of numbers in 

the unshaded boxes, which indicates the total numbers of concepts of both assessors 

that they had disagreements at. It is shown that Assessors X and Z agreed on 79 out of 

83 analysed concepts, while Assessors X and Y agreed on 64 concepts, and Assessors Y 

and Z agreed on 69 concepts. It can be speculated that, comparing responses that 

involve Assessor B results in higher numbers of disagreement.  

The main goal of the three-way table is to build a robust system for concept category 

definition, firstly by identifying the categories where there is disagreement, followed by 

a re-examination of how categories are defined. 

Presenting assessors’ responses in this newly developed tool is powerful, as the 

author is able to identify which concept category definition needs further additional 

work. For the purpose of explaining how to interpret and identify the problematic 

concept categories, a portion of simulated data is extracted from Figure 3.8 and 

represented in Table 3.1. The lowest disagreement on all regions of comparing 

responses between two assessors was found to be in between Categories 1 and 2, with 

only 3 disagreements out of the 83 analysed concepts. This observation suggests that 

during the assessment; 1) all assessors are able to discriminate concepts that classify 

into Category 1 and Category 2, 2) and clear distinction between what concepts would 

be categorised into Category 1 and Category 2. 

In contrast, disagreement found in combinations of Categories 1 and 3, for all three 

comparisons regions between assessors were high, at 17 concepts. In those total 

disagreements, responses between Assessors X and Y, and, Assessors Y and Z are noted 

to have high numbers of concepts. Assessors, especially between X and Y, had disagreed 

on the concepts that should be categorised into Category 1 or 3, hence resulting in 

disagreements at 10 concepts. 
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Table 3.1: Number of disagreements between two assessors on two concept categories. 
Scenario from Figure 3.8. 

  Disagreements found in combinations of 
categories 

  Categories 
1 and 2 

Categories 
1 and 3 

Categories 
2 and 3 

Total numbers of 
concepts in each 
comparison region 

Assessors 
X and Y 

0 10 9 

Assessors 
X and Z 

1 2 1 

Assessors 
Y and Z 

2 5 7 

Total numbers of concepts in all 
three regions 

3 17 17 

Figure 3.8: Three-way table showing responses for three assessors on a simulated 
scenario. 
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A similar trend was noted in disagreement between the combination of Categories 2 

and 3. Again, Assessors X and Y had large numbers of disagreements categorising 

concept into Category 2 or 3, resulting in 9 disagreements.   

The trends show that Category 3 is largely problematic as seen by the high 

disagreements between assessors. Assessors had difficulty in discriminating the 

definition of Category 3 between Categories 1 and 2. It could be deduced there might 

be a connection between those categories as well as an unclear definition of the 

category, which results in assessors having difficulties to differentiate appropriately 

which concept categories are more appropriate to the problematic concepts.  

3.7 CONCLUDING REMARKS 

This Chapter described the development of concept categories for ‘Process Safety’ 

domain. The process of developing the concept categories involved customising the 

categories from previous works to this study domain in which it involved defining and 

fine-tuning of each category’s definition. The process consisted of several steps that 

required three assessors to independently analyse students’ concept maps using the 

developed concept categories. The assessors’ responses were then analysed and 

studied, and their feedback was used to revise and improve the concept categories. The 

three-way table method that was developed concurrently during the process, was able 

to not only present the data eloquently but also served as a novel way to identify areas 

of disagreement between assessors. The results and findings of using the three-way 

table will be presented in the next Chapter.  
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4 ANALYSING ASSESSORS’ RESPONSES IN ENHANCING THE CONCEPT CATEGORIES 
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4.1 OVERVIEW 

This Chapter describes the findings of an analysis of concept maps performed using the 

three-way tables. The findings make use of the actual responses from three assessors of 

the concept maps’ assessment. The three-way table is an effective way of comparing 

assessors’ concept classifications. Using the three-way table, assessors’ responses for 

every assessment round are discussed. Moreover, issues, challenges and factors on why 

some concepts are categorised differently between assessors are studied. The 

categories, as well as examples of concepts that are deemed problematic (as seen by 

the high number of disagreements between the assessors) are identified and discussed. 

The reliability of the assessors in assessing concepts is also studied in this Chapter.  

4.2 RESULTS AND DISCUSSIONS OF THE FIRST ROUND OF CONCEPT MAPS 

ASSESSMENT  

This section presents a discussion on the analysis results using of the three-way table 

(Figure 4.1) produced from the first round of concept map assessment using the first 

draft of concept categories (Appendix A1). The total number of concepts analysed from 

the 50 maps was 1191.  

4.2.1 Agreement responses between assessors 

Figure 4.1 shows the areas of agreement for every category, as denoted by the 

highlighted light grey boxes from the three-way table. For example, as shown by Ⓐ, the 

responses of agreement in Category 1 occurs on 90 occasions where both Assessors A 

and B agreed to put the concepts into Category 1, on 100 occasions between Assessors 

B and C, and 121 occasions between Assessors A and C. 

The responses where there is agreement between assessors for each category are 

represented in Figure 4.2, in order to recognise the pattern of distribution with more 

distinction. The trend shown in Figure 4.2 demonstrates that the distribution of the 

number of concepts that the assessors agreed with each other is comparable.  

It can be seen that the highest agreement was in Category 3 from regions comparing 

responses of Assessors A and B, B and C and A and C, consisting of 207,207, and 237 

concepts, respectively, followed by Category 4 consisting of 145, 146, and 140 concepts,  
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Ⓐ Agreement responses between assessors in Category 1 
Ⓑ Assessors A and B disagreed on categorisation between Categories 1 and 4, on 33 concepts 
Ⓒ Assessors A and B disagreed on categorisation between Categories 1 and 9, on 34 concepts 
Ⓓ Assessors A and B disagreed on categorisation between Categories 2 and 3, on 26 concepts 
Ⓔ Assessors A and B disagreed on categorisation between Categories 3 and 9, on 25 concepts 
Ⓕ Assessors B and C disagreed on categorisation between Categories 7 and 9, on 31 concepts 
Ⓖ Total number of concepts categorised in Category 9 by Assessors A and B 
Ⓗ Total number of concepts categorised in Category 9 by Assessors B and C 

 
 Dotted circle indicates high disagreement 

between assessors in the disagreement 
boxes. The number of concepts are more 
than 2% of the total number of concepts 
(1191) in this set or 23.82 ~ 24.  

 Dotted square indicates the high 
difference between the assessors 
over the total number of concepts 
in a category. 

 
Figure 4.1: Three-way table for the first round of assessment consisted of assessors’ 
responses for 50 concept maps. The data is produced by three assessors using the first 
draft of concept categories. The total number of concepts are 1191.  
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Figure 4.2: Distributions of number of agreements in each category shown by every 
region of comparing assessors responses for the first round of assessment.  
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respectively. It is also clear that Category 9 had the least amount of agreement in all the 

assessors’ responses region. Whereas, looking from a perspective of among eight major 

categories, the lowest agreement between assessors in all three regions is at Category 

6. 

4.2.2 Disagreement responses between assessors 

The dotted circles in Figure 4.1 indicate the areas of high disagreement between 

assessors. Overall, the number of disagreements in assigning concepts to particular 

categories was between 0 and 34. In order to have a manageable number of categories 

with high levels of disagreements in the initial round, we chose a threshold that could 

be applied to subsequent round to see the number of disagreements decreased. We 

chose a threshold where disagreement concepts to particular categories was 2% or 

more. 

There are five dotted circles in Figure 4.1 where there is a disagreement of more than 

2% about which category a given concept should be assigned to. Or put another way, 

there are 24 or more disagreements over the range of the total of 1191 concepts. Four 

of these disagreements (Ⓑ,Ⓒ,Ⓓ,Ⓔ) involve responses in the regions between 

Assessors A and B, one (Ⓕ) from the regions between Assessors B and C. Beginning with 

the regions of compared responses between Assessors A and B, many of disagreements 

involve concepts that were categorised in Categories 1,2,3,4 and 9. There are 33 

concepts (Ⓑ) that Assessor A classified under Category 1, and Assessor B classified 

under Category 4. Additionally, 34 concepts (Ⓒ) were deemed by Assessor A to belong 

to Category 1 but were contrarily classified as Category 9 by Assessor B. Although the 

agreement responses for Category 3 is the highest compared to the categories, the 

disagreement responses for Category 3 were also relatively high.  

The next highest number of disagreements is where Assessor A classified 26 concepts 

(Ⓓ) as Category 3, while Assessor B categorised the same concepts as Category 2. 

Furthermore, at the intersection between Category 3 and Category 9, 25 concepts (Ⓔ) 

were classified by Assessor A as Category 3 but as Category 9 by Assessor B. To answer 

the question why this region of responses between A and B has four high disagreement 
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areas which cannot be found in the other two regions in the three-way table, a more in-

depth study is performed.  

Categories 1 and 4 

In this in-depth study, the concepts which are involved in the disagreements between 

the assessors are identified to find out the cause of the disagreements. For example, 

Figure 4.3 shows all 33 concepts (Ⓑ) found from students maps that were assigned to 

Category 1 by Assessor A and to Category 4 by Assessor B. 

Some of the concepts listed in the box of Figure 4.3 may be categorised in either 

Category 1 or Category 4 depending on the assessors’ interpretation of the concepts 

category definition. Due to how both categories are closely linked in terms of their 

definitions, it follows that the interpretation of the concepts, and therefore which 

categories they can be assigned to, would differ among assessors. For example, the 

concept of ‘products/reagents leak’ might be interpreted as Category 1 if the assessor is 

convinced that the concept is depicting a harmful situation. The same concept could also 

be interpreted as Category 4 if the assessor is convinced that the concept is depicting 

the outcome of an event. This difference in assessors’ interpretation can be minimised 

via well-defined concept categories and the use of links with appropriate linking labels. 

Categories 2 and 3 

The 26 concepts (Ⓓ) listed in the box of Figure 4.4 are the ones the Assessors A and B 

disagreed upon, and the concepts are from Categories 2 and 3. Both categories are 

about the ways and methods to increase the safety in process and to protect personnel 

from incidents or hazards, which can happen in all phases of operation. Categories 2 and 

3 are designed to identify whether the students have the knowledge and understanding 

of the importance of preventative measures. Category 2 is specifically about 

preventative methods using physical equipment, and Category 3 is about preventative 

methods through policies, procedures as well as actions and strategies. 
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Figure 4.3: Thirty-three concepts which Assessor A assigned to Category 1, while 
Assessor B contrarily responded in favour of their categorisation into Category 4.   
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Figure 4.4: Twenty-six concepts which Assessor A assigned to Category 3, while Assessor 
B contrarily responded in favour of their categorisation into Category 2.  
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The concepts listed in Figure 4.4 are indeed related to the preventative methods but 

some of them can be ambiguous and could be categorised in either Category 2 or 

Category 3. This is the clear reason why there are a lot of disagreements between the 

assessors in categorising these concepts. A concept such as ‘colour coding’ should be 

categorised into Category 2 per definition but after a closer look at the map, the concept 

was put in the context of strategies in the engineering design on equipment and 

workplace facilities to help personnel to identify hazards and level of severity with the 

intent of reducing possibilities of any incidents. As a result, it is now more appropriate 

to categorise 'colour-coding’ into Category 3. This shows that the disagreement of 

categories to concepts could be reduced by interpreting and referring concepts to the 

whole context of what students were trying to say.  

However, some concepts in the box also showed distinct characteristics of non-

physical and procedural preventative measures, such as the concepts ‘operate 

equipment within capacity and LOPA, layers of protective analysis’. It is also believed 

that the lack of technical background on Assessor B can explain the disagreements, 

especially for concepts that are more technical. This has caused an indecisiveness from 

Assessor B to categorise concepts into Category 3.  

Categories 1 and 9 

Another high disagreement shown in Figure 4.5, is seen in the responses between 

Assessors A and B towards Category of 1 and Category 9. There are 34 concepts (Ⓒ) 

which Assessor A classified as one of the major categories in Category 1 but was deemed 

to be in Category 9 by Assessor B. It seems that Assessor C tended to opt for Category 9 

instead of the major categories, giving rise to a large number of disagreements. Looking 

back, the definition and purposes of Category 1 and 9 are very much different. Category 

1 was developed to evaluate the ability of students to identify any forms of hazards with 

the potential for causing harm and adverse effects to people, property, equipment or 

environment. Category 9 is to be used only when the concepts are not applicable in the 

eight major categories. Its purpose is to ensure that the assessors have a degree of 

certainty in assigning concepts to the eight major categories. 
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Figure 4.5: Thirty-four concepts which Assessor A assigned to Category 1, while Assessor 
B contrarily responded in favour of their categorisation into Category 9.  
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If Category 9 were not to exist, then there is a possibility that the concepts in the major 

categories could be diluted by concepts that the assessors were not sure about their 

characteristics. This could result in an inaccurate evaluation of the students’ 

understanding. Category 9 was also developed for concepts that are still in the domain 

of Process Safety but where their context was not suitable to be placed in the eight 

major categories. However, Category 9 can also cause disagreements among assessors. 

Through 34 concepts that are in disagreement with, shown in the grey box of Figure 4.5, 

the examples of concept ‘extreme conditions’ and ‘extreme environments’ are more 

suited for Category 1.While concepts such as ‘environment’, ‘operating environment’ 

and ‘materials’ are less suited to either Category 1 or 9, but more to Category 7 

according to the definition of the concept categories. So, for these kinds of concepts, 

the responses from both Assessors A and B may be considered inappropriate.  

Categories 3 and 9 

There is also a disagreement involving Categories 3 and 9 between Assessors A and B. In 

Figure 4.6, 25 concepts (Ⓔ) are listed in the grey box. There are some unclear concepts 

such as ‘when to do’ and ‘how to do’ which, based on these proposed categories’ 

definition, are more accurately placed in Category 0. Some concepts may clearly be 

categorised to their categories, however, are found to be in disagreement between 

assessors. For example, concepts ‘OH&S (Occupational Health and Safety)’ laws, 

‘redundancies’, ‘simulations’ are by far better suited to Category 3 because they carry 

the context of prevention through procedures, but the concepts were found to be the 

reason of Assessors A and B’s disagreement. It is speculated that most of the 

disagreements between Assessors A and B might be due to the difference in the 

education background which has influenced the interpretation in the classification of 

the concepts.  

Categories 7 and 9 

The bottom region of the three-way table seen in Figure 4.1 compares the responses 

between   Assessors   B   and   C,   a   substantial   number   of   concepts   were   categorised 
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Figure 4.6: Twenty-five concepts which Assessor A assigned to Category 3, while 
Assessor B contrarily responded in favour of their categorisation into Category 9.  
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differently between the assessors, especially the concepts related to Categories 7 and 

9. The concepts listed in the box in Figure 4.7 are the 31 concepts (Ⓕ) that were 

categorised as Category 9 by Assessor B but as Category 7 by Assessor C. It is noted that 

a large portion of the concepts that the students attempted to convey in their maps are 

for the general contexts. Thus, when the general concepts relating to ‘Objects’ are used, 

it is more suitable for the concepts to be categorised in Category 7 of ‘Actors and 

Objects’. However, especially in the earlier phases of assessment, the unfamiliarity of 

assessors of the concepts and the categories has resulted in assessors putting some of 

the concepts listed in Figure 4.7 into Category 9, instead of Category 7. This is one of the 

issues that was addressed during the discussion stage among assessors and has 

contributed to the decision to reassert the definitions of Category 7 to all assessors.  

Category 9 

Nevertheless, while Assessor A and C had small numbers of concepts under Category 9, 

Assessor B had 118 concepts in Category 9. This is an unexpected outcome because it 

appears that if 10% of the students' concepts are ambiguous. From this standpoint, if 

the featured concepts are ambiguous, it is not possible that only Assessor B has 

identified and put the concepts in Category 9, while the other two assessors are not 

aware of the concepts. From this observation, it can be speculated that Assessor B 

seems to have difficulties identifying the appropriate categories for many concepts. 

Although Assessors A and C were found to have comparable responses on the number 

of concepts under category 9 at 37 and 34 respectively, only four concepts were found 

to be in agreement. It can be seen from the response’s regions of Assessors A and B (Ⓖ

), that Assessor B has placed 118 concepts in Category 9, but Assessor A only has 37 total 

number of concepts in the category. There are only 14 concepts that both Assessors A 

and B agreed in the categorisation, while the rest of the concepts show responses in 

different categories. The same pattern can be seen in the regions of Assessors B and C (

Ⓗ). Assessor C has 118 concepts in Category 9, while Assessor C has only 34. Repeating 

the same pattern as shown in regions of Assessors A and B, only a small number of 

concepts (15) that both Assessors B and C agreed with each other.   
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Figure 4.7: Thirty-one concepts which Assessor B assigned to Category 9, while Assessor 
C contrarily responded in favour of their classification into Category 7.  
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For the overall performance between three regions of responses in Figure 4.1, it may 

be seen that regions comparing responses between Assessors A and C do not have a 

disagreement value more than 2%.  These regions also have a high total agreement with 

914 concepts from the total of 1191 evaluated concepts. The regions of Assessors A and 

B are the lowest in total agreement across all ten categories. Overall, from the 

information obtained in the first round of assessment, the big disagreements between 

the assessors involve Categories 1,2,3,4,7 and 9. 

Now that areas of disagreements and categories that are involved are identified, 

discussions were carried out to revise the concept categories by refining the definitions 

and adding more examples of concepts on each category class and more importantly to 

reasserting every category and their definitions to every assessor.  

4.3 RESULTS AND DISCUSSIONS OF THE SECOND ROUND OF CONCEPT 

MAPS ASSESSMENT  

This section discusses the analysis of the three-way table (Figure 4.8) produced from the 

second round of assessment using the revised concept categories (Appendix A2). The 

total number of concepts analysed from the 50 maps was 1011 concepts. The aim of this 

round of assessment was on identifying and improving the problematic definitions of 

categories, found from the first round of assessment. Furthermore, the discussion in this 

section will focus more on the concept maps themselves and their links. Thus, instead 

of analysing the concept listed in the boxes as was discussed in the first round of 

assessment (Section 4.2), this section extracts samples of the concept maps that will be 

analysed with greater detail. This is the result of learning from the previous round of 

assessment, that the categorisation of concepts would be more easily achievable by 

knowing the context of the concepts in the maps. The context here means 

understanding the concepts by investigating the links as well as the linking labels.  

4.3.1 Agreement responses between assessors 

To clearly see a pattern shown by the areas of agreement for every category, the 

agreement responses that were denoted by the highlighted light grey areas in the three-

way table are presented in the distribution graph as shown in Figure 4.9.  
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Ⓘ Assessors A and B disagreed on categorisation between Categories 1 and 4, on 20 concepts 
Ⓙ Assessors A and B disagreed on categorisation between Categories 1 and 9, on 27 concepts 
Ⓚ Assessors B and C disagreed on categorisation between Categories 7 and 9, on 32 concepts 
Ⓛ Assessors A and B disagreed on categorisation between Categories 3 and 9, on 31 concepts 
Ⓜ Assessors B and C disagreed on categorisation between Categories 3 and 9, on 26 concepts 
Ⓝ Assessors A and B disagreed on categorisation between Categories 8 and 9, on 22 concepts 
Ⓞ Assessors B and C disagreed on categorisation between Categories 8 and 9, on 29 concepts 
Ⓟ Total number of concepts categorised in Category 9 by Assessors A and B 
Ⓠ Total number of concepts categorised in Category 9 by Assessors B and C 

 
 Dotted circle indicates high disagreement 

between assessors in the disagreement 
boxes. The number of concepts are more than 
2% of the total number of concepts (1011) in 
this set or 20.22 ~ 20.  

 Dotted square indicates the high 
difference between the assessors 
over the total number of concepts in 
a category. 

 
Figure 4.8: Three-way table for the second round of assessment consisting of assessors’ 
responses for 50 concept maps. The concept maps were different from the first round 
of assessment. Data is produced by three assessors using the revised concept categories. 
The total number of concepts are 1011.  
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Figure 4.9: Distributions of the number of agreements in each category shown by every 
region of comparing assessors responses for the second round of assessment.  
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The distribution of numbers of agreements in each category from the second round of 

assessment (Figure 4.9) demonstrated similar trends as in the first round of assessment 

(Figure 4.2). The trend shows a significant number of agreements between assessors in 

Category 3. 

Generally, agreement responses for all individual categories between Assessors A 

and C were higher than the responses between Assessors A and B and Assessors B and 

C. Also, for the total number of agreements between assessors from Figure 4.8, note 

that Assessors A and C (857 concepts) seemed to agree with each other more compared 

to Assessors A and B (689 concepts), and, B and C (730 concepts). 

Now let’s look into the pattern of agreements between assessors from the first 

assessment round (Figure 4.1) and the second assessment round (Figure 4.8). The total 

agreement between the two assessors are denoted by the big boxes with a thick black 

outline at every corner of the regions. In the region of comparing responses between 

Assessors A and B, the total agreement across ten categories in both assessments was 

constant at 68% which represented 812 concepts from the total of 1191 for the first 

sample of maps and 687 concepts from the total of 1011 concepts from the second 

selection of maps, respectively. While in the region of comparing responses between 

Assessors B and C, the total agreement across ten categories has dropped from the first 

assessment round with 879 concepts (74%) to 730 concepts (72%) in the second 

assessment round. However, there was a slight improvement observed in the region of 

comparing responses of Assessors A and C, from 914 concepts (77%) in the first 

assessment round to 857 concepts (85%) in the second assessment round. With a small 

increment of agreement from the first assessment round to the second assessment 

round, shown by all three assessors’ comparison responses, the revision of the concept 

categories was deemed insufficient.  

4.3.2 Disagreement responses between assessors 

Comparing the patterns shown in the three-way table from the first round of assessment 

(Figure 4.1) and the second round of assessment (Figure 4.8), an analysis of the 

assessors’ responses revealed that assessors were still in disagreement with each other 

in many areas despite changes having been made to the previous version of the 
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categories classes. Surprisingly more disagreements were detected in the second round 

of assessment. Category 2 no longer causes disagreements between assessors as it did 

in the first round, while Category 8 is found to cause an issue in the second assessment 

round. The areas associated with constant disagreement in both assessment rounds 

were found to be between Categories 1 and 4, Categories 1 and 9, Categories 3 and 9, 

and Categories 7 and 9, as denoted by the dotted black circles. An additional area of 

disagreement in the second assessment round is identified in the area between 

Categories 8 and 9.  

Categories 1 and 4 

Starting with the investigation of the areas of disagreements towards Categories 1 and 

4 (Ⓘ in Figure 4.8), the examples of concepts of the disagreements are presented in 

Figure 4.10a, 4.10b and 4.10c. These examples of concepts were extracted from the 

analysed students’ maps assessed from the second round of assessment, which 

highlights the conflicts between assessors on the appropriate categorisations of the 

concepts. These figures help to explain why different assessors classified some concepts 

differently.  

In Figure 4.10a, four concepts are categorised as Category 1 by Assessors A and C, 

while Assessor B opted for Category 4. These four concepts are, ‘fatigue’, ‘corrosion’, 

‘over-temperature’, ‘unattended equipment & sources’. As explained before, 

disagreements in the categorisation of each concept should be reduced by 

understanding the context of the concepts, which can be achieved by investigating the 

connection before and after the concept, as well as the linking labels. In Figure 4.10a, 

the missing labels in the linking arrows coming from the previous concepts of ‘spill’, 

‘leaks’, ’explosion’, ‘corrosion’, have made the concept ‘unattended equipment and 

sources’ hard to interpret properly. This might be a factor that contributed to the 

disagreements in categorisation among assessors because of a different interpretation 

of the concept based on their understanding. However, the concept ‘unattended 

equipment and sources’ should be categorised in Category 1 because it is about the 

human-related error that can pose a risk, for example, overheating, possibly leading to 

an undesired incident.  
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(a) 

 

(b) 

Figure 4.10: Sample from students’ concept maps showing areas of disagreement in 
assessors’ responses of specific concepts. (a) Concept of ‘over-temperature’, ‘fatigue’, 
‘corrosion’ and ‘unattended equipment and sources’, (b) Concept of ‘fire’ and 
‘malfunction’ and (c) Concept of ‘doubt, confusion, panic’.  

  



 

82 

 ANALYSING ASSESSORS’ RESPONSES IN ENHANCING THE CONCEPT CATEGORIES 

 

 

 

 

 

(c) 

Figure 4.10 (continued): Sample from students’ concept maps showing areas of 
disagreement in assessors’ responses of specific concepts. (a) Concept of ‘over-
temperature’, ‘fatigue’, ‘corrosion’ and ‘unattended equipment and sources’, (b) 
Concept of ‘fire’ and ‘malfunction’ and (c) Concept of ‘doubt, confusion, panic’  
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The interpretation of the three other concepts, ‘corrosion’, ‘fatigue’ and ‘over-

temperature’, (Figure 4.10a) also led to disagreements between the assessors involving 

the same categories (1 and 4), despite the presence of linking labels on the concepts. 

The student uses the linking label ‘by’ as every linking label. Although the labels are 

there, they are insufficient to show what the contexts are. The poor quality of the 

concept map, particularly regarding the linking labels, shows that the student is possibly 

confused about personnel safety and was unclear in demonstrating the relationship of 

the connected concepts. 

Even the concept of ‘fatigue’ is open to several interpretations of whether it was 

about personnel experiencing work-related tiredness, or it could be that the student 

wanted to display a fracture of equipment after repetitive shear stresses. Therefore, it 

is reasonable that concepts such like this are problematic for the assessors because 

these concepts could be interpreted either as a potential hazard and the cause of an 

accident (Category 1) or can be perceived as consequences or results of reactions and 

process (Category 4). This example highlighted one of the biggest difficulties and 

disagreement among assessors in choosing their relevant categories, as these concepts 

are interpreted based on only what was written on the map.  

Another example which demonstrates the disagreements between the assessors 

involving Categories 1 and 4 may be seen in Figure 4.10b. Of five concepts found in the 

map sample, two of them (‘fire’ and ‘malfunction’) were found to be differently 

categorised by all three assessors. The concept ‘malfunction’ was categorised in 

Category 1 by Assessors A and C, and in Category 4 by Assessor B. The concept ‘fire’ was 

categorised in Category 4 by Assessors B and C, but was placed in Category 1 by Assessor 

A. What caused the assessors to have different responses to the concepts albeit clear 

characteristics of the concepts as well as easily understandable linking labels? Let’s now 

look closely at the concept of ‘fire’ with the linking label of ‘in case of’ from the previous 

concept. In the event of a fire, the action to be taken by the personnel should be in 

accordance with the ‘emergency procedures’.   

This suggests that the student wanted to apply the context of consequence on the 

concept ‘fire’. Interestingly the concept ‘fire’ could not be put in Category 1 because in 
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Process Safety, ‘fire’ is always associated with high consequence outcomes in chemical 

process hazard in which represented by Category 4 in accordance to the study’s 

proposed classes. It means that if the student wanted to demonstrate a causative 

relationship for hazard, for example, the concept ‘spark’ could be used, rendering it to 

be easily classified as Category 1. There is also an additional concept that demonstrates 

a similar state of burning but with a different intention, the concept ‘flare’, which cannot 

be categorised in Category 4. A ‘flare’ represents one of the important safety features 

in the petrochemical industry, allowing excess hydrocarbon gases to be burned safely. 

A ‘flare’ is usually part of the facility design. It is used in normal operating mode and also 

for process upset conditions. That is why the concept ‘flare’ is suited for Category 2 as 

physical equipment/measure of increasing safety and protecting personnel and 

facilities. ‘Flare’ which involves burning, on the other hand, is a safety concern. Heat 

radiation, noise and smoke pollutions are among the potential hazards of ‘flare’ and thus 

in this context, could be categorised in Category 1. Therefore,  the concept must be 

written in a concise manner and with clear linking labels to ensure that the assessors 

would understand and grasp the concept’s context and explanation without having to 

do unnecessary open interpretation, that usually leads to disagreement in the 

assignment of categories.   

As for the concept of ‘malfunction’ from Figure 4.10b, Assessor A placed concepts 

‘fire’ and ‘malfunction’ in Category 1, and Assessor B in Category 4. For Assessor C, the 

concept ‘fire’ was allocated to Category 4, while the concept ‘malfunction’ in Category 

1. The concept ‘malfunction’ is usually associated with safety concern and is the cause 

of many incidents in chemical facilities. In this study, ‘malfunction of equipment’ is listed 

as one example of a potential hazard (Category 1) that should be assessed, reviewed 

and then actioned to ensure they are functioning properly and does not contribute to 

safety concern. However, the concept ‘malfunction’ could also be categorised in other 

categories, but only if coupled with the required contexts of the intended category. For 

example, the lack of maintenance can lead to equipment to malfunction in the long run. 

In this context, the concept ‘malfunction’ represents more of the lack of engagement by 

the management and company in planning preventative measure, which fits Category 

4.  Thus, the concept ‘malfunction’ in the sample map is leaning more towards Category 



 

85 

 ANALYSING ASSESSORS’ RESPONSES IN ENHANCING THE CONCEPT CATEGORIES 

4 based on its linking label. Furthermore, the decision to categorise ‘malfunction’ in 

Category 4 seems to be sensible by assuming the concept to be in the same cluster as 

the concept ‘fire’. This ultimately means that the student was trying to explain situations 

or events where emergency procedures are needed.  

Another example of disagreement in the same area, between Categories 1 and 4, is 

‘doubt, confusion, panic’ from Figure 4.10c. Both Assessors A and C had similar 

responses to this concept by classifying it to Category 1. However, Assessor B classified 

it as Category 4, in a similar pattern which can be found in the previous sample map 

concerning the concept of ‘fatigue’. Despite the concept of ‘doubt, confusion, panic’ was 

categorisable into Category 4 (consequences and outcomes) on its own, the linking label 

rendered the concept to be more accurately categorised under Category 1 (potential 

hazards) by providing context to the concept. The link ‘reduces the chance of’ provided 

the explanations that the concept ‘doubt, confusion, panic’ was indeed related to work-

related hazards or human error per the proposed categories.  

Categories 1, 7 and 9 

In the three-way table of Figure 4.8, the result highlights many occasions in which 

assessors constantly responded differently between each other to the same concept. 

The disagreement here is the one which Assessor A placed in Category 1, while Assessor 

B to Category 9 and Assessor C to Category 7. These disagreements can be seen via the 

dotted circles in 27 occasions (Ⓙ) in the regions comparing the responses between 

Assessors A and B on Category 1 and 9, and also in 32 occasions (Ⓚ) in the regions 

comparing the responses between Assessors B and C on Category 9 and 7. Concepts that 

are consistently being categorised as Category 1, 7 and 9 by Assessors A, B and C, include 

‘materials’ (Figure 4.11a and 4.11b), ‘equipment’ (Figure 4.12a and 4.12b) and 

‘machinery’ (Figure 4.13a and 4.13b).  

In Figure 4.11a, the student used the concept of ‘materials’ with only two 

connections, one coming from the domain ‘Process Safety’ and the other, a crosslink to 

the concept ‘extreme conditions’. Looking closely at the linking labels withstand going  
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(a) 

 

 

(b) 

Figure 4.11: Sample from student’s concept map showing areas of disagreement in 
assessors’ responses of the concept of ‘materials’ involving Categories 1, 7 and 9. 
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from the concept ‘materials’ to ‘extreme conditions’, it can be concluded that the 

student was trying to present the concept ‘materials’ as a kind of preventative measure 

to extreme conditions. Since there are no other connections to provide more contexts 

to the concept ‘materials’, it can be argued that the concept is most appropriately 

classified as potential hazards.    

The next sample concept map shows a second example of the concept ‘materials’ 

applied differently in Figure 4.11b. In this example, the student described the concept 

‘material’ by linking them to the concept ‘handling’ with the linking label of ‘require’ and 

to concept ‘safe’ linked with ‘need to be’. In this context, it can be understood that the 

student attempted to describe the material that requires handling and needs to be safe 

and thus implied a dangerous material that could be a potential hazard. Hence, the most 

accurate categorisation here is Category 1 and not either Categories 7 or 9.  

Continuing the discussion of the problematic concepts that are often be categorised 

differently by the assessors, Figure 4.12a and 4.12b are samples maps which 

demonstrate how the concept ‘equipment’ is differently categorised by each of the 

assessors. The concept ‘equipment’ in Figure 4.12a is at the first-generation level with 

three inbound and four outbound connections from and to the concept. According to 

Ausubel’s hierarchical organisation (Ausubel, 1968), general concepts were arranged at 

the top or were mentioned in the earlier level, while the more specific concept 

disseminates beneath. Thus, it is most reasonable to label the concept ‘equipment’ as 

Category 7 as it fulfils the general concept of equipment. This can further be supported 

by looking at the context where the student described the ideal way of how the 

equipment should be managed. Also, because there are multiple applications of the 

concept ‘equipment’ which include safety devices and process equipment, it provides 

more evidence of the concept to be placed in Category 7.  

In Figure 4.12b the concept ‘equipment’ is located at a 7th generation level and has 

one inbound and one outbound link. If according to Ausubel’s, the higher generation 

concepts should be more directed and specific. But in this sample, the student’s 

description of the concept ‘equipment’ is vague since all types of equipment in a  
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(a) 

 

(b) 

Figure 4.12: Sample from student’s concept map showing areas of disagreement in 
assessors’ responses of the concept of ‘equipment’ involving Categories 1, 7 and 9.  
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chemical facility are usually assessed for risk, regardless of their purposes. Therefore, 

the concept ‘equipment’ in this example would be more accurate to be in Category 7. It 

indicates that the assumption using concept organisation to categorise concepts cannot 

be applied here, as this student did not arrange the concepts in a strict hierarchy as 

suggested by Ausubel.  

Another occasion which demonstrates the disagreement between the assessors in 

Categories 1, 7 and 9 for a concept is shown in Figure 4.13a and 4.13b. The concept in 

focus here is ‘machinery’. In the sample map depicted in Figure 4.13a, the student 

demonstrates an adequate understanding of the importance of education in Process 

Safety. But on the right side of the maps, the student seems to be confused as the 

concepts connected to ‘machinery’ are insignificant and are not directly involved with 

Process Safety. The student describes how the ‘machinery’ helps ‘moving’, does 

‘packing’, assists ‘storing’, which are all unrelated to Process Safety. So, the concept 

‘machinery’ in this context is not relevant to Process Safety and hence suitable to be 

categorised under Category 0, however, none of the assessors assigned the concept 

‘machinery’ to Category 0. This could be because every time there is a general concept, 

assessors unconsciously classify it into Category 7. 

In Figure 4.13b, the student seems to have a deeper understanding. The concepts are 

integrated well and possess good linking labels to explain the connections. While it 

should be easier to get the concept interpreted and classified accurately, the concept 

‘machinery’ is still problematic. The concept of ‘machinery’ in the proposition of 

‘machinery’ incorporated into ‘electrical system’ could be appropriately classified as 

Category 2, as the concept ‘machinery’ was described as a protection layer device. The 

proposition ‘machinery’ uses ‘safety guards’ indicates that there is an element of hazard 

that can be associated with the concept and thus makes the concept appropriate to be 

classified to Category 1. Because of the multiple valid reasonings that can be applied to 

this concept, and as there is no overwhelming evidence to suggest that one application 

is better than the others, the concept ‘machinery’ in this case is appropriately 

categorised in Category 7.  
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(a) 

 

(b) 

Figure 4.13: Sample from student’s concept map showing areas of disagreement in 
assessors’ responses of the concept of ‘machinery’ involving Categories 1, 7 and 9. 
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From the six sample maps that focused on the disagreements between the assessors 

around the Categories 1, 7 and 9 for three different concepts, it is clear that the 

categorisation would be more accurate with the knowledge of the contexts that can be 

expressed through the surrounding concepts, the linking labels and their structure. It is 

also believed that the major reason that leads to the disagreements among assessors is 

due to the nature of the description of a concept used by students. It is shown here that 

the disagreements between assessors towards categorisation not entirely due to poor 

categories definition, but also due to the way concepts are presented in concept maps 

that makes assessment is difficult.  

Categories 3 and 9 

The focus of the next analysis is the area of disagreement between Categories 3 and 9 

in the three-way table of Figure 4.8. There are 31 occasions (Ⓛ) of disagreements in this 

region comparing responses between Assessors A and B, and 26 occasions (Ⓜ) 

between B and C involving the same categories. While in region comparing responses 

between Assessors A and C, the number of concepts in areas of disagreement between 

Categories 3 and 9 was insignificant. The pattern showed that while Assessors A and C 

thought that the concepts are more suited for Category 3,  Assessor B, on the other 

hand, had difficulties in categorising the concepts specifically to any major category and 

resorted to placing them in Category 9. 

Figure 4.14a and 4.14b are examples of concepts that are categorised between 

Categories 3 and 9, by the assessors. In Figure 4.14a the concepts ‘used correctly’ and 

‘built properly’ are connected to the concept ‘equipment’ via links need to be and should 

be, respectively. In both cases, the concepts describe procedural measures to prevent 

the equipment to be used incorrectly or built improperly. As a result, for this example, 

the most suitable category for both concepts would be Category 3. Figure 4.14b 

analysed the concept of ‘job tracking’ that has multiple inbound and outbound links. The 

student explained that the tracking system ensures that a job is completed correctly and 

according to schedule, as well as minimising confusion that is known to be harmful. This 

shows that, as a whole, the student was attempting to describe strategy management    
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(a) 

 

(b) 

Figure 4.14: Sample from student’s concept map showing areas of disagreement in 
assessors’ responses of specific concept involving Categories 3 and 9 of (a) concept of 
‘used correctly’ and ‘built properly’ and (b) concept of ‘job tracking’. 
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to prevent accident and thus renders the concept of ‘job tracking’ to be most suitable 

for classification to Category 3. 

Categories 8 and 9 

Here, disagreement on concept categorisation between Categories 8 and 9 is noted. 

There are 22 occasions (Ⓝ) of disagreements in this region comparing responses 

between Assessors A and B, and 29 occasions (Ⓞ) between B and C involving the same 

categories. Figure 4.15a and 4.15b are examples of concepts that are categorised 

between Categories 8 and 9, by the assessors. The concept in focus (Figure 4.15a) is 

‘leadership’ has three outbound concepts connected; ‘good safety cultures’ via 

encourage, ‘communication’ via good at, and ‘effective teaching’ via required for. From 

these connections, it is clear that the student is trying to explain the value and the 

characteristic of leadership that is required for effective teaching, is good at 

communication and encourage good safety culture. ‘Leadership’ is one of the key 

concepts in Process Safety as leadership provides a cultural and work environment that 

engages employees and gets them involved in the safety effort, as well as making 

employees aware their role in achieving safety. That is why leadership should be 

categorised in Category 8. Figure 4.15b also deals with the concept that is relevant to 

‘Ideals and Values’. The concept ‘responsibility’ which has an inbound and outbound link 

from the main domain ‘Process Safety’ via takes and the concept ‘accidents’ via for, also 

revolves around the value of how committed personnel are in understanding their job 

task and their accountability. This is in part, the definition of Category 8.   

Category 9 

Another important observation in the three-way table from this round of assessment 

related to the total number of concepts assessors classified under Category 9. Assessor 

B had issues in the understanding the context of concepts prepared by students, 

illustrated by assigning 144 concepts to Category 9, indicated by the dotted square. 

Assessor A allocated only 44 concepts to category 9, denoted by the dotted square, 

leading to the large discrepancies between the two assessors (Ⓟ). A similar pattern was   
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(a) 

 

(b) 

Figure 4.15: Sample from student’s concept map showing areas of disagreement in 
assessors’ responses of specific concept involving Categories 8 and 9 of (a) concept of 
‘leadership’ and (b) concept of ‘responsibility’. 
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also identified in between regions comparing responses between Assessors B and C (Ⓠ

), where Assessor C has only 37 concepts and Assessor B has 144 concepts put under 

Category 9. The total numbers of concepts assigned by Assessors A and C to Category 9 

are comparable being 44 and 37 respectively. They also have more agreements (21 

concepts) than the previous round of assessment.  

Consequently, a final revision was designed to address the inadequate agreement 

among assessors achieved in this second round of assessment to further enhance the 

proposed concept categories. The final revision took into consideration the prior 

analysis of disagreement responses among assessors, discussions on interpreting the 

attempts of categorising ambiguous propositions, and the discoveries of several factors 

leading to different assessors’ responses.  

4.4 RESULTS AND DISCUSSIONS OF THE FINAL ROUND OF CONCEPT 

MAPS ASSESSMENT  

To assess whether the revisions based on the second round of assessment have 

achieved their purposes, final concept maps assessments were conducted. To ensure 

that a direct comparison of the assessors’ responses could be made, the assessors were 

asked to re-analyse the first set of 50 concept maps used in the first round of 

assessment. However, this particular round of assessment made use of the final concept 

categories (Table 4.1) and was performed with the same method that was used 

previously to classify concepts to their relevant categories.  

4.4.1 Disagreement responses between assessors 

In the three-way table of the first assessment round using the first draft of concept 

categories (Figure 4.1), the author marked five boxes with dotted black circles indicating 

higher disagreements in regions comparing responses between two assessors. Four of 

the disagreements were found in assessors A and B’s responses comparison region, and 

one in the region of comparing responses in between assessors B and C. The five high 

disagreement areas involved Category 1, Category 2, Category 3, Category 4, Category 

7, Category 9. The large numbers of concepts that were previously listed in high 

disagreement areas in Figure 4.1 have reduced significantly to 3, and up to 12 concepts   
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Table 4.1: Categories and their definitions for concepts related to Process Safety 

  



 

97 

 ANALYSING ASSESSORS’ RESPONSES IN ENHANCING THE CONCEPT CATEGORIES 

Table 4.1: Categories and their definitions for concepts related to Process Safety 
(continued). 
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only in Figure 4.16. This suggests that the discussion and revision in improving the 

concept categories regarding the concerned categories have been successful. 

Categories 3 and 9 

Overall, although the revision seemed to have worked in reducing the disagreements in 

some of the categories, the two marked areas in Figure 4.16 show that there might still 

be some underlying issues. It is interesting to note that the high disagreement areas 

occurred when Assessors B and C agreed to have concepts classified into Category 3 but 

were categorised in Category 9 by Assessor A, as denoted by the two black dotted circles 

(Ⓡ).  

A closer look at the conflict areas found out that, while Assessors B and C consistently 

categorised concepts into Category 3 in the first round of assessment as well as in the 

final round of assessment, Assessor A had different views. Assessor A classified several 

concepts in box Figure 4.17 into Category 9 in the final assessment when the same 

concepts were classified as Category 3 in the first round of assessment. This has caused 

a large increase in the number of concepts in Category 9 by Assessor A observed in the 

final assessment which also leads to a high difference in comparison between Assessors 

A and C at the total number of responses under Category 9 denoted by the dotted 

square (Ⓢ) in the three-way table in Figure 4.16. 

4.4.2 Reliability Study 

Concepts in the area of disagreement in the regions comparing responses between 

Assessors A and B, as well as Assessors A and C for Categories 3 and 9 are shown in 

Figure 4.17. The concepts listed in the box are the concepts that Assessors B and C have 

assigned to Category 3, but to Category 9 by Assessor A. The concepts in the box show 

the characteristics that can be found in risk reduction strategies/procedures to reduce 

frequency or consequences of possible hazardous events. Examples of these concepts 

are key in Process Safety and are used, especially in the initial stages of operation of a 

facility. That is why these concept examples can be categorised into Category 3. While 

it is expected that Assessor B to have some issues in identifying this because of their 

non-expertise in Process Safety, this kind of disagreement should not occur in the final 
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Ⓡ Concepts classified in Category 9 by Assessor A, but in Category 3 by Assessors B and C 
Ⓢ Total number of concepts categorised in Category 9 by Assessors A and C 

 

 Dotted circle indicates high disagreement 
between assessors in the disagreement 
boxes. The number of concepts are more than 
2% of the total number of concepts (1191) in 
this set or 23.82 ~ 24.  

 Dotted square indicates the high 
difference between the assessors 
over the total number of concepts in 
a category. 

 

Figure 4.16: Three-way table for final assessment consisting of assessors’ responses for 
50 concept maps. The concept maps were from the first round of assessment. Data is 
produced by three assessors using the final concept categories. The total number of 
concepts are 1191.  
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Figure 4.17: Example of concepts which Assessors B and C agreed to be assigned to 
Category 3 in both assessments done in the first round of assessment and the final 
assessment. While, Assessor A had the concepts categorised into Category 3 in the first 
round of assessment and contrarily into Category 9 in the final assessment.  
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assessment as Assessor A categorised them appropriately to their relevant category 

during the first round of assessment. This discovery leads to an additional study to 

investigate the reliability of individual assessor in categorising concepts to the 

appropriate categories by looking at the comparison between the number of concepts 

in every category. Comparison between the number of concepts on each category from 

the first round of assessment using the first draft and the final round of assessment using 

the final draft of concept categories is illustrated in Figure 4.18.  

Assessor A was found to have changed their responses on a significant number of 

concepts in Category 3, Category 5 and Category 9. There were also small changes in 

responses found in Categories 1, 4, and 7, while Categories 0, 2, 6 and 8 had shown 

insignificant changes of responses. In the assessment using the first draft on concept 

categories, Assessor A had 292 concepts classified in Category 3 but it dropped to about 

201 concepts in the final assessment using the final concept categories. The significant 

drop in numbers of concepts in Category 3 in the final assessment, might be explained 

with the increment found in Categories 5, 7 and 9, in which Assessor A classified those 

concepts that were previously in Category 3, into one of the three categories.  

Assessor B was found to have reasonably consistent responses in both assessments 

compared to Assessor A except the significant changes of responses were found in 

Category 3 and Category 9. While Assessor A had dropped numbers of concepts in 

Category 3 and increased numbers of concepts in Category 9, Assessor B had otherwise. 

The significant drop of concepts Category 9 and the considerable increase in Category 3 

can be explained by Assessor B changing the responses to the concepts that were 

previously categorised in Category 9 to Category 3. A high number of concepts in 

Category 9 implied that Assessor B had struggled to decide the most appropriate 

category for each concept while using the first draft of concept categories. This might 

be due to the poor concept categories definition or because Process Safety is not their 

field of expertise. 

Thus, it would take more time to understand and familiarise themselves with the 

contexts in the domain. This also applies to some extent even to Assessor A. Although   
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Figure 4.18: Comparing changes in the number of concepts at each concept category by 
assessors. 

Assessor A responses on the first round of assessment 
 Assessor A responses on the final round of assessment  
 Assessor B responses on the first round of assessment 
 Assessor B responses on the final round of assessment 
 Assessor C responses on the first round of assessment 
 Assessor C responses on the final round of assessment  
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Assessor A is an expert in the domain and also the fact that the revisions were already 

performed twice at this stage, it is still possible that the definitions are still not clear. 

The insignificant changes of the number of concepts for Categories 6, 7 and 8 suggest 

that Assessor B could discriminate the definition of each of these concept categories 

better than for the other categories.  

With minimal changes of responses at Categories 0, 1, 3 and 5, and almost constant 

number of concepts in both assessments shown in Categories 2, 4, 6, 7, 8 and 9, Assessor 

C had the most consistent responses throughout the whole ten concept categories 

compared to the other two assessors. Although using the revised concept categories in 

the final assessment, Assessor C seemed to have not been affected and maintained the 

responses for the concepts. 

It is noted that, across all three assessors’ responses, Categories 6 and 8 were 

showing a similar pattern for all of them in terms of their reliability. It is evident that in 

Category 6, the number of concepts was about the same among assessors. For Category 

8, Assessors A and C have more concepts in the category than Assessor B. Although the 

numbers of concepts classified in those two categories were not the same for each 

assessor, however, they were consistent in both assessments in which there were 

almost no changes in the numbers of concepts regardless of the use of different version 

concept categories. This implies that all assessors had no problems with the concept 

categories definition and could easily discriminate concept under those categories from 

other categories.  

It is also interesting to note that the assessors have made different changes in 

categorising the concepts in each category after the concepts’ revisions.  The patterns 

seem to be random except for Category 0, to which all assessors have assigned fewer 

concepts and also for Category 7, where there is an increased in the number of 

responses by all assessors. The refined definitions and the additional examples of 

concepts for the categories as well as discussion on the understanding of concept’s 

context, especially for Categories 0 and 7 have helped the assessors in gaining more 

understanding and clarity of the definitions of the categories.  
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4.4.3 Agreement responses between assessors 

Looking back to Figure 4.16, in terms of the agreement analysis between two assessors, 

the final definitions for the concept categories have helped improve the agreement 

responses between assessors. This can be noted from the increment of total numbers 

of concepts that are in agreement from the first round of assessment to the final round 

of assessment. For instance, from 914 concepts in the region of comparing responses 

between Assessors A and C in Figure 4.1 to 1038 in Figure 4.16. The total agreement 

responses between Assessors A and B, and B and C have also increased, from 812 

concepts to 827 concepts and from 879 concepts to 890 concepts, respectively.  

However, from a paired-samples t-test that was conducted to compare the number 

of agreement across all categories between assessors in the first round of assessment 

and the final assessment (Table 4.2), shown otherwise. There was no significant 

difference between the scores for the first round of assessment (M=81.2, VAR=3510.4) 

and the final round of assessment (M=82.7, VAR=2992.5) between Assessors A and B, 

conditions; t(9)=-0.324, p=0.377. The result suggests that the improvement of the 

definition of concept categories does not increase agreement between those two 

assessors. A similar result was shown by Assessors B and C, as well as Assessors A and C. 

There was no significant difference in the scores for the final round of assessment 

(M=87.9, VAR=3288.1) and the final round of assessment (M=89.0, VAR=3866.0) 

between Assessors B and C,  conditions; t(9)=-0.342, p=0.370. Likewise, for the Assessors 

A and C, there was no significant difference in the scores for the first round of 

assessment (M=91.4, VAR=4335.6) and the final round of assessment (M=103.8, 

VAR=3306.2),  conditions; t(9)=-1.566, p=0.076. 

4.5 CONCLUDING REMARKS  

This Chapter describes the development of a novel and robust method to define concept 

categories. This was achieved by assigning three different assessors with analysing 

students’ concept maps, whereby their responses were then evaluated to identify the 

extent of agreement or disagreement between different assessors. In majority of cases, 

with robust concept categories, most of the concepts featured in concept maps can be   
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Table 4.2: Paired Samples T-test. 

 
Assessors A and B 

agreement on 
assessments 

Assessors B and C 
agreement on 
assessments 

Assessors A and C 
agreement on 
assessments 

 

FIRST 
ROUND 

FINAL 
ROUND 

FIRST 
ROUND 

FINAL 
ROUND 

FIRST 
ROUND 

FINAL 
ROUND 

Mean 81.2 82.7 87.9 89.0 91.4 103.8 

Variance 3510.4 2992.5 3288.1 3866.0 4335.6 3306.2 

Pearson 
Correlation 0.970 0.989 0.926 

df 9 9 9 

t stat -0.324 -0.342 -1.566 

P (T<t) 
one-tail 0.377 0.370 0.076 

t critical 
one-tail 1.833 1.833 1.833 

alpha level 0.05 0.05 0.05 
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easily assigned to their relevant categories and agreement between assessors can be 

obtained. Using the novel three-way table developed in this study, the concepts and 

categories prone to disagreements were identified. It is determined that there are three 

main reasons for the disagreements in classifying the same concept. Firstly, due to the 

category classes in which categories proposed were closely linked and overlapping in 

terms of their definitions. Secondly, disagreements due to human subjectivity. Lastly, 

the disagreement can also occur because of the concept maps themselves, whereby the 

concepts featured may be abstract and as well as the way the concepts are presented. 

Hence, leading to several different meanings. Similar findings were found by Kinchin et 

al. (2000) when they realised that even equally expert persons would perceive 

significant different meanings regarding the same concept. The finding of the nature of 

concepts is consistent with a viewpoint of Novak et al. (1983) in that the meaning of a 

concept is derived in part from the linking relationships. It is believed that even if 

concepts have fixed meaning and are put in with complete propositions which have links 

and linking labels, it is still possible for the experts to interpret them differently. These 

factors contribute to different interpretations and judgements towards some concepts 

by all three assessors. Throughout the discussion with the assessors in refining the 

concept categories to be more robust, a number of questions surfaced such as, what are 

the students’ capabilities to filter or produce only important concepts in Process Safety 

concept maps? Perhaps, because the concept maps were asked to be constructed as 

part of assessment activity in classes, some students falsely assumed that a higher 

number of concepts might lead to higher marks. They were possibly influenced by the 

perceived grade outcome for the task. 

As for the solution in reducing different interpretation towards the concept through 

understanding the whole context, it is believed that the solution is applicable in maps 

which have clear linking labels and not fragmented. Unclear conceptual contexts caused 

by the linking labels that were seemingly joined randomly because of the proximity of 

the concepts’ location, has also contributed to the different interpretations of the 

concepts. This is an important finding suggesting that the course lecturer/instructor 

should focus on links and their linking labels between concepts as much as on the 
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concepts themselves. This suggestion would help students to put their understanding 

into a whole context.  

In conclusion, developing concept categories involving three assessors has been 

made easier with the help of the three-way table. However, it is believed that the latest 

total agreement responses for all three assessors can be further improved by iterating 

the refining process of the definitions of the categories as well as by involving assessors 

which the background of Process Safety. 
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CHAPTER 5 
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UNDERSTANDING OF PROCESS SAFETY 
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5.1 OVERVIEW  

In the previous Chapters, the process of developing and defining the concept categories 

for the ‘Process Safety’ domain has been explained. The results of assessing students’ 

concept maps by applying the ten concept categories will now be reported in this 

Chapter. It will present a closer look at how the concepts are distributed among all the 

categories. The distribution will be analysed based on the observed trends and explained 

with the help of several representative figures to provide an insight into how well the 

key concepts associated with the Process Safety were captured and understood by the 

students. This information is important in revealing the understanding of individual 

students as well as the learning of the student cohort as a whole. The correlation 

between categories will also be analysed in this Chapter to gain more understanding of 

the connections between any two categories.  

This Chapter will also examine whether the concepts are connected randomly or 

intentionally by students. This will be explained later with a probability-based 

calculation that is proposed to quantify the connection between the categories.  

5.2 STUDY RESULTS – CONCEPTS DISTRIBUTIONS 

Second year undergraduate chemical engineering students from the University of 

Melbourne were given up to 30 minutes during a tutorial class to prepare and complete 

a concept map. In this activity, they were asked to prepare a concept map based around 

the domain of ‘Process Safety’. They were expected to prepare maps containing at least 

25 concepts. The activity was a low-directed task (Ruiz-Primo, 2004) in which they were 

not given any concepts or linking labels, just a standard A4-sized sheet of paper with the 

domain ‘Process Safety’ already written in the middle of the page. They had the freedom 

to develop their own concepts and linking labels. In addition, the students were not 

aware of how their concept maps would be assessed. In this thesis, the development of 

the assessment methods and concept categories were performed by the author and 

assessors after the activity. Prior to the activity, the students had received extensive 

training and instruction in the use and creation of concept maps. The previous semester, 

all students were given a one-hour lecture on the use and construction of concept maps. 

They were then required to complete concept maps on three different topics, including 
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one as part of their written examination in a previous subject. Topics for these three 

concept maps ranged from ‘mobile phones’ and ‘bicycles’ to ‘Thames flood barrier’ and 

‘Eschede high speed train disaster’.  

In this study, a total of 178 concept maps were analysed by classifying every concept 

in each of the maps into one of the categories defined in Chapter 3. The same 50 maps 

from the first round of Section 3.5 as well as another 128 maps, were used in this 

Chapter. The assessment was based on the final categories’ classes developed in 

Chapter 3. Assessment in Chapter 5 was performed by the author. Figure 5.1 is an 

example of a typical concept map on ‘Process Safety’ domain, produced by a second-

year chemical engineering student. Table 5.1 shows how each of the concept was 

categorised into one of the ten classifications.  

An analysis of Figure 5.1 reveals that this particular student included 22 concepts that 

could be put into seven out of the eight critical categories. The concepts in the map 

emphasise practices or actions that should be taken by personnel to protect people and 

processes from workplace hazards rather than, for example, the use of barriers or 

personal protective equipment. This explains the missing category of ‘Physical 

preventative measure’ (Category 2). The map also includes concepts from the 

‘Consequences and Outcomes’ category, as the student’s map presents different types 

of incidents that might occur in chemical industries. As well as suggesting that the 

student had a good grasp of technical knowledge, the student also selected concepts 

around principles or attributes that are important to Process Safety, which is found 

under Category 8 of ‘Ideals and Values’. Moreover, the map is also free from any 

unrelated and ambiguous concepts.  

The same analysis was repeated for all 178 students’ concept maps for which the 

distributions of the number of concepts present in the maps shown in Figure 5.2. The 

bar graph demonstrates a bell curve distribution with maps of either 20 or 21 concepts 

being the most common. The minimum number of concepts found in any map was nine, 

while the maximum number of concepts in a single map was 54. Fifty percent of the 

cohort had maps featuring between 16 and 24 concepts with the average number of 

concepts per map being 23.7.  
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Figure 5.1: Concept map of 22 concepts and 26 links. Map was re-drawn from the 
original handwritten student works with words, spelling and layout preserved. 
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Table 5.1: Classified concepts under their relevant categories from the concept map 
prepared by one particular student and shown in Figure 5.1. 

Concept Categories Concepts from Figure 5.1 

C0.    Irrelevant/Unrelated - 

C1.    Potential Hazards worse case of disaster 

faulty equipment 

C2.    Preventative – Physical - 

C3.    Preventative – Non-physical, Procedural good safety design 

maintenance  

report issues at all cost 

job tracking 

regular checks 

C4.    Consequences and Outcomes consequences 

loss of life 

loss of property 

loss of trust 

C5.    Incident Responses emergency exits 

emergency equipment 

evacuation plan 

C6.    Education and Training proper training 

C7.    Actors and Objects every worker 

C8.    Ideals and Values safe working environment 

ethics 

safety first 

honest 

clear and precise 

fast 

C9.   Others - 
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Figure 5.2: Distribution of total number of concepts for 178 concept maps. 
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Only about one-quarter of the concept maps followed the instructions of having at least 

25 concepts. Unlike the graph of total number concepts, there is no clear pattern in the 

graph of the number of links per map (Figure 5.3). Figure 5.3 does, however, show the 

variation in the number of links, which indicates that 60% of the cohort had between 20 

and 36 links in their map. Three students had 12 or fewer links in their maps and two 

students had constructed their maps with 57 and 60 links.  The number of concepts and 

links varied considerable between maps. It was noted that many of the maps with fewer 

concepts and links often were constructed to not more than two hierarchical levels. The 

concepts featured in these maps were defined by short phrases, rather than by single 

words. Usually these maps did not broadly cover the domain, with fewer examples 

included in a typical map. On the other hand, maps featuring larger numbers of concepts 

and links were typically structured with many more hierarchical levels. The concepts 

were written as single words, with each map covering the domain more 

comprehensively. The average number of links per map was 30.5. The link aspect of 

concept maps will be looked upon closer in the latter part of this thesis. 

Let’s now look at how the concepts may be categorised across each of the ten 

categories. Figure 5.4 shows the distribution of the number of concepts across the ten 

proposed categories, with the total numbers of concepts for all 178 concept maps being 

4223. The numbers stated at each point of the category classes in Figure 5.4 indicate the 

total number of concepts classified under each category. This illustration allows the 

visualisation of the categories that have the least and the most number of concepts. 

Figure 5.4 indicates that the cohort grasped well, the elements of ‘Non-physical 

preventative’ measure (Category 3) with 852 concepts; about 20% out of all concepts 

written were classified under this category. Concepts relating to the ‘Actors and Objects’ 

(Category 7) were also common among students at 628 concepts (15%). Concepts 

relating to the effects of an unplanned event (Category 4), and ‘Potential hazards’ 

(Category 1) were prevalent, with about 13% of students’ concepts classified under each 

of these categories. About 12% of all students’ concepts were related to ‘Physical 

preventative’ measure (Category 2) as well as to the procedures to mitigate an 

unplanned event (Category 5) with 514 and 527 concepts, respectively.  
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Figure 5.3: Distribution of total number of links for 178 concept maps.  
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Figure 5.4: Distribution of number of concepts in each of ten categories for the 178 
concept maps. Numbers stated at every point indicate total number of concepts 
allocated to each category class. 
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Of the eight critical categories (C1 to C8), the categories that relate to the process of 

equipping personnel with knowledge (Category 6) and standards or attributes that are 

important to Process Safety (Category 8) ranked lowest at only 5% of concepts in each 

category, with 223 and 204 concepts respectively. It is also noteworthy that the cohort 

had about 2% of all concepts classified in each category ‘Irrelevant/unrelated’ (Category 

0) and ‘Others’ (Category 9).  

Many concepts constructed by students addressed knowledge about Process Safety 

ranging from the source of potential harm to the impact of the harm on people, 

property, and the environment. The students then included the methods of preventing 

hazards and reducing the consequences of an event, which involved the actors and 

stakeholders of the domain of Process Safety. While the trends show here that students 

had a sound understanding and sufficient appreciation on technical elements, as 

reflected by the significant number of concepts listed under categories explained earlier, 

there is less emphasis on values and education. The trends also indicate that the soft 

elements such as values and training need to be more strongly interwoven with other 

technical elements in the classroom. Engineering students need to be equipped with a 

broader set of skills and attributes encompassing more than purely technical safety 

expertise.   

Figure 5.4 shows, for example, the relatively high number of concepts in Category 2 

with a total of 514 concepts out of 4423. Upon closer inspection, however, it can be seen 

that the high number of concepts was accounted for in part by the tendency of students 

to expand their ideas by giving multiple examples for one particular concept. The most 

common example is the concept of ‘personal protective equipment’. Often this concept 

was expanded by the students in the maps by listing out the types of ‘personal protective 

equipment’ such as ‘gloves’, ‘goggles’, ‘safety coat’, all of which are grouped in a big 

cluster under Category 2. On the other hand, for Concept 6, students rarely included 

examples as they did in the previous case, and this leads to a relatively low total number 

of concepts by comparison. This may be the reason why a larger number of concepts is 

found in certain categories, and less so in others. We then observe only the numbers of 

concept maps that had at least one concept to each category, in which illustrates in 

Figure 5.5. This analysis is not influenced by redundant examples.  
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Consider Figure 5.5 which shows the number of maps having at least one concept in 

any given category. Only six students out of 178 did not have Category 3 in their maps, 

suggesting that the cohort did not have a problem at all in recognising the importance 

of having policy or procedures in the workplace as a method of incident prevention. 

Comparing the students’ performance between Categories 2 and 6, there is not much of 

difference between both these categories. Category 2 was represented in 124 maps, 

while Category 6 in 119 maps. Category 6 is absent in only 59 maps out of the total 178 

(33%). From the result, the difference in the number of concepts between Category 2 

and Category 6 did not suggest that the cohort does not appreciate concepts from 

Category 6, but rather is the result of the lack of expansion of concept and limited 

examples as explained previously which is evident clearly in Category 2. It simply means 

that the concepts from Category 6 are not elaborated with details, in comparison to 

what the cohort did for the concepts of Category 2. Furthermore, from Figure 5.5, it is 

interesting to note that Category 8 was only represented in 90 out the 178 maps. This 

result is consistent with what has been found in Figure 5.4, suggesting that the students 

had very poor awareness and knowledge of the ‘Ideals and Values’ as an important 

element in Process Safety. 

Figure 5.6 on the other hand, focuses on the number of categories that were included 

in each of the maps. From 178 maps, three students were found to only utilise three 

categories in their maps, which did not involve Category 0 nor 9. Five of the students 

used concepts assigned to nine of the ten defined categories. However, two of those 

included Category 0 and the other three included Category 9 in their maps. Seventy-

eight percent of the students (140 maps) utilised five to seven categories in their maps, 

with most of them constructing concepts that are categorised in Categories 1 to 8. It is 

also noteworthy that only one student had a map which included all representative 

concepts from the eight important elements in Process Safety without including 

irrelevant and ambiguous concepts.  
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Figure 5.5: Distributions of numbers of concept maps that had at least one concept in a 
category out of a total of 178 concept maps.  
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Figure 5.6: Frequency of maps with their number of categories used.  
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5.3 STUDY RESULTS – CORRELATION BETWEEN CATEGORIES  

This section explores how the categories are correlated with each other and shows the 

extent to which the student cohort made links and connections between the categories. 

This part of the study provides the basis of whether students had joined the concepts 

randomly, or whether there was a careful thought to any important relationship that 

might exist between them.  

Figure 5.7 is the network diagram displaying connections within the same category 

and connections between different categories made in all 178 concept maps by the 

study cohort. The connections within the same category are indicated by the diameter 

of the shaded circle at the vertices of the octagon diagram. The diameter of the circles 

represents the number of connections found within the same category.  

The connections between different categories can be observed by the black lines 

connecting the category circles. The thickness of each line indicates how many 

connections between any two different categories were made by the cohort. Any 

connections involving either Category 0 or Category 9 or both are not shown in this 

diagram because the concepts included in those categories are largely irrelevant and 

less crucial to a student’s understanding of the domain. 

5.3.1 Connection between Concepts of the Same Category 

By looking for patterns in the connections within the same category shown by the 

shaded circles in the octagon network diagram (Figure 5.7), it is clear that most students 

are able to make many connections within the same category of ‘Preventative-Non-

Physical, Procedural’ as indicated by the largest circle. The categories of ‘Education and 

Training’ and ‘Ideals and Values’ were found to have the smallest circles in the diagram. 

This pattern was expected, given that, students had a large number of concepts in 

‘Preventative-Non-Physical, Procedural’ as seen in Figure 5.4, and students had the 

lowest number of concepts in both categories ‘Education and Training’ and ‘Ideals and 

Values’. Considered from this preliminary observation, it is assumed that the number of 

connections within the same category made by the cohort would be parallel to the total 

number of concepts in each category. 
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Figure 5.7: Octagon network diagram displaying the connections within same 
category and between different categories for the eight major categories of 178 
concept maps. The diameter of the shaded circles and the thickness of the black 
lines indicate the number of connections found in the students’ concept maps. 
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So, to find out the precise number of expected connections within the same category 

for testing the assumption, this study proposes the following mathematical formula. The 

calculation for the probability number of connections is based on the frequency or the 

total number of concepts of every category in the students’ maps.  

Let’s consider a proposition formed by two concepts (Figure 5.8) that are linked to 

one another with a linking arrow. Both concepts are assigned to Category 1. The fraction 

for Category 1, 𝑥𝑥𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1 is simply the number of concepts assigned to Category 1 

divided by the total number of concepts on the maps. The probability that two 

connected concepts will both be from Category 1 is given by; 

P(1 − 1)  =  xcategory 1
2        (5.1) 

From Figure 5.4, the total number of concepts assigned to Category 1 is 544 and the 

total number of concepts is 4223. Hence the probability that two connected concepts 

will both be Category 1 is; 

P(1 − 1)  = ( 544
4223

)2 = 0.0166        (5.2) 

The analysis in this study does not consider connections made between a concept and 

the central domain; 

�
Number of

links between
categories

� = �
Total

number
of links

�  −  �
Total number of links

in either direction between
a concept and the domain

�               (5.3) 

 

 

 

Figure 5.8: Connection between Concept A to Concept B in which both are classified in 
Category 1.  
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For this study of 178 maps, the total number of links is 5435, and the number of links 

from the central domain is 907, while the number of links to the central domain is 27.  

�
Total number of

links between
categories

�  =  5435 −  (907 + 27) = 4501                                        (5.4)                   

So, the expected connections within the same category are given by multiplying the 

probability of each category to the total number of links between categories. Hence; 

�
Expected

connections within
Category 1

�  =  0.0166 × 4501 =  74.72 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑜𝑜𝑎𝑎𝑎𝑎 75 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙       (5.5)                            

It is assumed that there is a positive correlation between the number of connections 

between concepts from the same category, and the number of concepts within each 

category. If the assumptions are true, the second biggest circle in the octagon diagram 

would be the category of ‘Actors and Objects’, followed by ‘Consequences and 

Outcomes’. The categories ‘Potential Hazards’, ‘Incident Responses’ and ‘Preventative-

physical’ would come next, while the smallest circles would be the category of 

‘Education and Training’ and ‘Ideals and Values’.  

However, from the actual connections made by the cohort, as shown in Figure 5.7, 

the pattern of the shaded circles is slightly different. The second biggest circle in the 

octagon diagram clearly shows that the category ‘Consequences and Outcomes’ has 

many connections within the same category. This is followed by ‘Incident Response’, 

‘Potential Hazards’, ‘Preventative-physical’, ‘Actors and Objects’ and the smallest circles 

are ‘Education and Training’ and ‘Ideals and Values’.  

The difference between the expected and the actual connections, which was 

calculated based on the frequency of concepts and the actual connections made by 

students, is shown in Figure 5.9. Clearly, the cohort was found to have a significantly 

higher number of actual connections for all categories. The earlier assumption on 

whether the connections are randomly joined cannot be accepted. This is because, if the 

assumption is true, then the number of actual connections would be the same value as 

the expected, or if the connections were random.   
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Figure 5.9: Bar graph comparing connections between concepts of the same categories 
between expected results and actual responses.  
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One of the possible explanations of why the actual numbers of connections within 

the same category are far greater than the expected numbers is that it is easier to form 

connections within the same category as it does not involve expanding or connecting 

concepts to a different category, with which most new knowledge will be acquired. The 

other reason is that, based on the observations of the actual students’ concept maps, it 

can be seen that most connections were found to be examples drawn from the same 

category classes. An example of an such occurrence, which here involves connections 

within the same category of ‘Consequences and Outcomes’ can be seen in Figure 5.10.   

5.3.2 Connection between Concepts of the Different Categories 

Using the same octagon diagram in Figure 5.7, the pattern shown by the black lines, 

which reflects how frequent students establish connections between concepts of two 

different categories will be investigated. The largest number of links indicated by the 

thickest black line on the octagon diagram connects the categories of ‘Preventative-non-

physical, Procedural’ and ‘Actors and Objects’. 

 

Figure 5.10: Sample of a student’s map showing an explanation of cause and effect that 
involved only connections within the same category. All concepts except the shaded 
domain of ‘Process Safety’ are classified in category ‘Consequences and Outcomes’ in 
accordance with this study’s definition of the concept categories.  
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It is also noted that there was a relatively large number of interlinks involving the 

category of ‘Preventative-non-physical, Procedural’. This suggests that the students 

managed to successfully integrate the knowledge which involved ‘Preventative-non-

physical’ and were also able to think of ways or actions that might be implemented to 

improve safety. For example, the concept ‘design’ which is regularly mentioned in 

students maps, refers to preventing accidents. The concept ‘design’ is an example of one 

of the most important concepts in the domain as it acts as the first line of measures of 

eliminating and minimising exposure to potential hazards as according to the hierarchy 

of control system in Process Safety domain (Klein and Vaughen, 2017).  

There are also a lot of connections between concepts that involved the category of 

‘Actors and Objects’. This shows that the students are mindful of the roles and the 

importance of ‘Actors and Objects’ in the adhering to the systems, procedures and 

practices to achieve safe operations. Regardless of how well-designed Process Safety 

programs are, it is the commitment of every person to make their workplace safe.  

Contrarily, there were found to be few connections that involved the ‘Education and 

Training’ category and the ‘Ideals and Values’ category with other categories. This is 

reflected by the narrowness of the lines in Figure 5.7. Few connections exist between 

the categories ‘Preventative-physical’ and ‘Education and Training’, as well as between 

‘Preventative-physical’ and ‘Ideals and Values’ categories. This indicates that students 

did not tend to think and relate education and values, to other elements within the 

Process Safety domain. One concern about this result was that the combination of 

education and/or values with other categories determines the manner in which Process 

Safety is managed. For example, consistent communication or honesty in reporting to 

supervisors and fellow colleagues is very beneficial, so that each individual will clearly 

understand what has been done on prior shifts as well as what is expected. ‘Education 

and Training’ and ‘Ideals and Values’ categories are also core elements to the Process 

Safety, which can be reflected by the company’s policies, goals, decision making that 

support and maintain strong safety in the workplace. However, this is what the students 

did not manage to see and demonstrate in their concept maps.     
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The remaining connections in Figure 5.7 indicate that students managed to construct 

relationships between the categories ‘Potential Hazards’, ‘Preventative-physical’, 

‘Consequences and Outcomes’ and ‘Incident Response’, to all other categories 

demonstrated by the moderate thickness of the lines to all other categories. One 

concern about the findings in Figure 5.7 is that each of these categories is important and 

related to one another. This suggests that a lack of understanding and awareness in one 

of them, as shown by the previous example involving two categories (‘Education and 

Training’ and ‘Ideals and Values’), can cause incomplete understanding of the subject 

Process Safety. For example, a safe practice executed by personnel or safety culture 

depends on effective Process Safety management, but Process Safety management, in 

turn, is influenced by the practice and safety culture.  

The next matter that may be investigated is whether the connections between 

concepts of different categories in Figure 5.7 are simply random and happen by chance. 

The probability of connections between two different categories is calculated in the case 

that they had been randomly connected based on the relative frequency of each 

concept category. The questions that will be addressed here include, what is the 

probability that the two different categories are connected to each other? How strong 

are the connections? As was done previously in the calculations of connections within 

the same category, the connections expected between two different categories were 

calculated based on this simple mathematical model. 

Consider the two concepts of a proposition (Figure 5.11), with the concepts being 

assigned to two different categories, namely, Category 1 and Category 2. Repeating the 

same method in finding the fraction or proportion of each, the fraction of Category 1 

and Category 2, shown from Table 5.2 is given by; 

xcategory1 = 0.1288, and,  xcategory2 = 0.1217                                                    (5.6) 

So, the probability of connections between Concept A of Category 1 to Concept B of 

Category 2, is given by; 

P(i − j)  = xi × xj , where i ≠ j        (5.7) 

P(1 − 2)  = xcategory1 × xcategory2                     (5.8) 
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Figure 5.11: Connection between Concepts A and B from two different categories. 

 

 

As it is possible for the arrows to point in either direction (Concept B of Category 2 to 

Concept A of Category 1) and because the order of the connections in this study is 

unimportant in this analysis, the probability of connections between two different 

categories of 1 and 2 is given by: 

P�
1 − 2
𝑂𝑂𝑂𝑂

2 − 1
� = 2 × xcategory1 × xcategory2 = 2 × 0.1288 × 0.1217 = 0.0314    (5.9) 

Again, the expected connections between two different categories is given by 

multiplying the probability calculated by the total number of links between categories 

found in all 178 concept maps. Hence, 

�
Expected connections
between Category 1

and Category 2
� = 2 × 0.0314 × 4501 = 141.14 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑜𝑜𝑎𝑎𝑎𝑎 141 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  (5.10) 

The comparison between expected and actual connections between two different 

categories is shown in Figure 5.12. Here, the frequency of the actual connections 

featured in students’ maps is indicated by the solid bars with the frequency that would 

have been found if the connections were randomly made (indicated by the striped bars), 

is compared.   

The graph displays two trends. First, it is noted that the actual frequencies of 

connections between concepts of different categories are generally lower than the 

frequencies if the connections were made randomly.  
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Table 5.2: Probability of connections between concepts of the same category. 
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Figure 5.12: Bar graph comparing actual connections between concepts featured in 
students’ maps and if the connections between concepts were random.  
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Examples of this are shown in the comparison of the concepts assigned to Categories 

1 and 3, Categories 2 and 3 as well as Categories 3 and 5. 

In Figure 5.12, there are seven cases in which the frequencies of connections 

between concepts within different categories are observed to be higher than might be 

expected if the connections were simply random. This trend is clear in the connections 

between concepts assigned to Categories 1 and 4, Categories 3 and 7, as well as 

Categories 3 and 8. It is worth noting that the cohort made connections between 

concepts assigned to the Category 6 of ‘Education and Training’ and Category 8 of ‘Ideals 

and Values’ at a frequency 70% greater than if the connections were random. 

The same can be seen between concepts assigned to Category 6 of ‘Education and 

Training’ and Category 7 of ‘Actors and Objects’ (43%). Another big difference in 

comparing the random connections and the actual connections is shown by concepts 

assigned to Category 7 of ‘Actors and Objects’ and Category 8 of ‘Ideals and Values’ 

(60%). Given that the actual connections shown by the cohort were much higher than if 

the connections were random, it appears that students are aware that the motivation 

to learn and acquire professional skills/values is often connected to the human element. 

The trend suggests that the students perceive a relationship between concepts of values 

and human element more than a relationship between the concept of values to other 

technical elements.  

The second trend displayed in Figure 5.12, shows that the number of actual 

connections between concepts of the same category is significantly higher than if the 

connections were random made, which has been discussed earlier (Section 5.3.1). For 

example, actual connections made by the cohort for concepts assigned within Category 

7 to another concept that is also within Category 7 is double the frequency. Another 

example is seen in the connections between concepts within Category of 8, in which the 

actual connections were five times more frequent than if the connections were random. 

Overall, it may be seen from the graph that for connections between concepts within 

the same category, the actual frequency are always greater. However, for connections 

between concepts assigned to different categories, mostly the actual connections are 

less than if the connections were randomly made.  



 

133 

 STUDENTS MAPS AS EVIDENCE OF UNDERSTANDING OF PROCESS SAFETY 

It appears that the students tended to organise their knowledge or information about 

the Process Safety domain by grouping and connecting them under concepts of the 

same category, rather than establishing a relationship between two concepts classified 

within different categories. It is easier to develop relationships between concepts from 

the same category; i.e., by listing out several examples of a concept. Derbenstseva et al. 

(2008) pointed out that connections between concepts assigned within the same 

category are found in most concept maps. This indicates that the cohort did not make 

the connections randomly and suggests that they made deliberate connections that they 

thought were necessary and appropriate. 

In addition, analyses of the ratio of actual connections between concepts featured in 

students’ maps, to the connections between concepts that might be random, was 

carried out in order to determine the relationship between the earlier assumptions and 

students’ actual performance. Although the difference between the actual connections 

between concepts, and the connections between concepts if they were random can 

clearly be seen from the individual probability calculation, the overall statistical trend is 

yet to be determined.  

It was decided to test for randomness of connection by applying a Chi-squared test.  

Chi squared, χ2 =  ∑ (𝑂𝑂 − 𝐸𝐸)2

𝐸𝐸
 ,              (5.11) 

where, 

O  each actual connection between concepts featured in students’ maps, and 

E connections between concepts if they were random.  

 

Degree of freedom, DF =  �number 
of cells �  −  � number of 

category classes�                      (5.12) 

where, 

number of cells   indicates possible connections between concepts of 

category classes (i.e., Category 0 to Category 0, Category 
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0 to Category 1,...,Category 8 to Category 9 and Category 

9 to Category 9). The total number of cells is 55. 

number of category classes  for this study, the number of category classes is 10 minus 

the number of non-redundant classes. Since the responses 

are proportions, they must sum to 1, and the proportions 

for the last category is redundant. The number of category 

classes is 9.  

The calculation for this analysis is presented in Appendix B1. The result demonstrated 

that the Chi-Squared test for goodness of fit for the actual connections between 

concepts, to the possibilities that connections were random, shows strong evidence that 

the actual connections do not follow a uniform random distribution (χ2(46) = 3489, p < 

0.0001). This result demonstrated that the connections between concepts featured in 

students’ maps are not randomly made.  

5.4 STUDY RESULTS – FIRST-GENERATION CONCEPTS 

To date, the connection analysis performed has not considered connections involving 

the domain of ‘Process Safety’. The concept categories that the students chose to link 

directly to the domain reveal valuable information as they are able to tell us what comes 

first in the students thinking when they were asked about ‘Process Safety’.  

Figure 5.13 is prepared based on the frequency of first-generation concepts 

outbound from the central domain. This directly shows what concepts seem to be 

important to students and also suggests how they prioritise the concepts. It is observed 

that students had varying responses.  

The most popular concept categories linked directly to the domain were 

‘Preventative-non-physical’ and ‘Actors and Objects’ with about 27% and 20%, 

respectively. The categories of ‘Potential Hazards’ (14%) and ‘Consequences and 

Outcomes’ (12%) were also widely selected in the cohort’s maps as first generation 

concepts.  
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Figure 5.13: First generation concepts outbound from the central domain ‘Process 
Safety’.  
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The categories of ‘Ideals and Values’, ‘Preventative-physical’ and ‘Incident Response’ 

were also included in first-generation concepts in cohort maps at a frequency around 7 

to 8%. The least considered category for first-generation concepts by the cohort was 

‘Education and Training’.  

While the concepts under categories of ‘Irrelevant/Unrelated’ and ‘Others’ are less 

crucial in this study, they were also were mentioned in students’ maps within first 

generation concepts at a frequency of about 1%. For example, in the propositions 

‘Process Safety’ involved in ‘construction’, ‘Process Safety’ covers ‘healthcare’ and 

‘Process Safety’ identify a good ‘location’, the concepts of ‘construction’, ‘healthcare’ 

and ‘location’ were first-generation concepts assigned to the ‘Others’ category. This is 

an indication of concepts that are unimportant to the domain and also, the poor 

understanding of the domain by the students. 

The relationships between the first-generation concepts and the overall concepts 

distribution were also analysed. Figure 5.14 compares the distribution of the first-

generation concepts across then ten categories to the distribution of all concepts. 

Concepts assigned in the Categories 0, 1, 4, 6 and 9 are shown to have consistent 

distributions as both first-generation concepts and the later generations. The concepts 

assigned in Categories 3, 7 and 8 show that the cohort included more concepts from 

these categories first (26%, 20%, 8%) as opposed to the overall distribution (20%, 15%, 

5%) respectively. This suggests that the cohort considered human involvement and 

interactions to be important and priority elements in the domain, hence more concepts 

of this category being mentioned as first-generation concepts. On the other hand, for 

the concepts assigned to Categories 2 and 5, the percentage of concepts presented as 

first-generation concepts were 5% less when compared to the overall distribution. This 

shows that the cohort tended to explain and elaborate more of the concepts related to 

the prevention and mitigation of potential accidents in second or higher generation 

concepts.  

This study also examines the number of links that come out from the central domain 

to the first-generation concepts. A link between a concept and the domain is only 

counted if it comes from the domain. 
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Figure 5.14: Bar graph comparing percentage between first-generation concepts and 
overall concept distributions. 

  

1.2% 2.3%

13.5% 12.9%

6.6%

12.2%

26.1%

20.2%

11.9%
13.5%

6.6%

12.5%
5.0%

5.3%

20.0%

14.9%

8.2%
4.8%

1.0% 1.6%

0

10

20

30

40

50

60

70

80

90

100

First-generation concepts Overall distribution of concepts

Pe
rc

en
ta

ge
 o

f C
on

ce
pt

s (
%

)

(C0) (C1) (C2) (C3) (C4)
(C5) (C6) (C7) (C8) (C9)
(C0) (C1)                       (C2)                        (C3)                       (C4) 

(C5) (C6)                       (C7)                        (C8)                       (C9) 



 

138 

 STUDENTS MAPS AS EVIDENCE OF UNDERSTANDING OF PROCESS SAFETY 

Links to the domain from a map concept are not counted because they are not 

defined as the first-generation concept. As can be seen in Figure 5.15, the distribution 

follows a bell curve, where most students’ maps featured four first-generation links from 

the central domain. Very few students’ maps featured more than nine first-generation 

links. One interesting observation that can be noted from Figure 5.15 is where it shows 

that there were no links coming out from the central domain in one map. Instead, in 

that particular map, the concepts around the central domain were all linked by 

propositions with arrows pointing back to the domain.  

There is a lot of variation in the use of categories in the first-generation concepts as 

can be seen in Figure 5.15. The most obvious conclusion is that the greater the number 

of links coming out from the central domain, the greater the likelihood for the students 

to use concepts assigned to more categories. However, the opposite is demonstrated by 

the students. For example, for the group of nine students who had prepared maps with 

seven links coming out from the central domain, four of them utilised concepts from 

only four categories. In another example, for students with four links, the maximum 

number of categories used is four, and half of the students (25 maps out of 49) only have 

three categories in their first-generation links. It can be deduced here that it is probable 

that the students are more comfortable with starting the first concept with elements 

that are familiar to them. It is also possible that the students expand the notions and 

connect the concepts with elements from other categories in higher hierarchy level 

concepts, further away from the domain. 

5.5 CONCLUDING REMARKS 

This Chapter presents important observations of the study since it helped in pointing 

out what the cohort had learned. The results from 178 student concept maps indicate 

that students generally have a great appreciation for the non-physical preventative 

measures in the process industries. The overall outcome suggests that many students 

did not appreciate that importance of having education and training elements in 

maintaining safety, as well as the critical element of ideals and values.  
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Figure 5.15: Number of links to the first-generation concepts with the frequency of 
categories classes involved.  
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In terms of the connections between concepts, the cohort was found to have made 

many connections within the same concept categories rather than making connections 

of concepts between two different categories. Students are more comfortable in 

describing concepts in more details by giving related examples. In comparing the actual 

connections between concepts to those connections between concepts made if they 

were random, the result suggests that they are significantly different and not uniformly 

distributed. This proves that the cohort did not make connections between concepts 

randomly.  
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6.1 OVERVIEW  

This Chapter further explores how students’ performance in constructing concept maps 

can be assessed. In Chapter 5, the assessment of student concept maps was based on 

categorising the concepts and analysing the distribution of the concepts with the 

categorical scoring system. In this Chapter, the links students use to connect any two 

given concept with their concept maps will be studied as an indicator of the students’ 

performance.  

This Chapter first explains the background theory of student learning, which is the 

basis for the assessment framework developed in this Chapter. The difference in the 

concept mapping performance between an expert and a novice is reflected in the way 

in which the concept maps are structured: more importantly how the concepts are 

connected by links. Then, a closer look is taken at the structure of the concept maps and 

analyse them at a deeper level, examining how the links are connected. One of the 

methods considered to determine the overall complexity of the map was the spokes, 

chains and nets type structure proposed by Kinchin et al. (2000). The other method 

involved the use of the Complexity Index that was developed by Segalàs et al. (2008) for 

assessing the performance of a student cohort. This was applied and then adapted 

specifically to achieve the study’s objective.  

A new measure, the Link Quality Index (LQI), is developed and proposed as a way to 

assess the performance of individual concept maps. This new index will be explained 

and justified, including the adaptations that were made to the Complexity Index, and 

also the choice of components that are included in the formula. It is believed that the 

LQI is a much stronger and more accurate index to reflect the actual level of 

understanding students demonstrate in the construction of their concept maps.    
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6.2 THEORETICAL FOUNDATION OF STUDENT LEARNING 

In their book How People Learn: Brain, Mind, Experience and School book, Bransford et 

al. (2000) explain the differences between the performances of an expert and a novice 

on learning and understanding of conceptual constructs. They noted that the motivation 

for learning is driven by many factors like rewards or punishments. In a university, for 

example, the topic of Hazards and Operability Study (HAZOP) is taught where student 

learn about risk analysis procedures that are commonly used in the industry. So, one of 

the motivating drivers for students to learn and perform a HAZOP Study is to pass the 

subject. In industry, HAZOP studies are utilised by the engineers to assess the safety of 

a piece of equipment or a process, as a means of determining the current condition of 

the equipment and identifying causes and consequences of process deviations thereby 

minimising and eliminating potential hazards. Here, the motivation to perform the 

HAZOP Study is important, and in fact, the engineer’s role is more challenging, because 

the outcome of the HAZOP Study determines what control steps should be taken in 

order to mitigate the causes of problem occurrence and its effects. A HAZOP Study 

requires not only background information on the particular piece of equipment, 

including piping and instrumentation diagrams (P&IDs), but also the current standard 

operating procedure, data on flammability, combustibility, reactivity and compatibility 

of chemicals (Trujillo et al., 2015). To analyse possible risk scenarios the engineers 

working in a team are required to use their expertise in identifying potential process 

hazards. To meet the HAZOP objective, the engineers must possess a deep conceptual 

understanding built on their experience so they can critically analyse potential problems 

in operational equipment and procedures and to develop mitigation plans to ensure the 

safety and reliability of the equipment and procedures (Trujillo et al., 2015).   

Conceptual understanding is a level of mastery beyond just knowing the concepts 

(Watson et al., 2016). While it includes general knowledge about facts, conceptual 

understanding also emphasises the relationships between concepts and how they are 

organised. According to Bransford et al. (2000), conceptual understanding of an expert, 

or engineers, would mean that they are able to make well-informed decisions, to plan a 

task, to notice patterns, to generate reasonable arguments, and to explain and draw 

analogies to other problems which are all closely connected to their knowledge.  
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Deep understanding by an expert is exhibited by how they transform factual 

information to allow them to see patterns or relationships. They do not necessarily have 

exceptionally better memories than a novice, but their conceptual understanding allows 

them to extract meaning from factual information and select important information that 

is not apparent to a novice. It is how information is organised that makes an expert learn 

more meaningfully.  

Novices, on the other hand, often emphasise concepts or facts that may be 

memorised. While there is no denying that facts are important, conceptual 

understanding is not simply a list of relevant facts. In a HAZOP Study scenario, for 

example, a novice would perceive problems by memory, and recall the answer, while 

barely referring to the major principles on how the equipment should run, Bransford et 

al. (2000). Novices, who engage in memorising without concept integration will not have 

meaningful conceptual knowledge.  

The essential difference between a novice and an expert is that while a novice 

adheres strictly to rules, an expert on the other hand relies on their implicit 

understandings (Kinchin and Cabot, 2010). The concept of expertise is described as 

possessing superior understanding within a specific domain. Expertise consists of 

knowledge, practices and skills that allow professionals to develop proficiency. Expert 

knowledge is complex (Bradley et al., 2006). Experts no longer rely on guidelines but 

possess an intuitive grasp of situation based on a deep understanding. They apply 

analytic approaches only in novel situations and have vision of what could happen. 

Conversely, the attributes possessed by a novice are characterised by rigid adherence to 

rules, having little situational perception and restricted judgement (Kinchin and Cabot, 

2010). 

Human cognitive learning theory (Chapter 2) as discussed by Ausubel (1968) lays the 

foundation of concept mapping, highlighting that meaningful learning depends on a 

learner’s existing conceptual knowledge. Learners will try to incorporate newly acquired 

knowledge into what the knowledge they already have. 
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 If there is a conflict, learners will adjust by redefining the existing concepts or 

organising their conceptual framework so that what is newly learned becomes 

meaningful. Meaningful learning occurs only when the learners link the newly learned 

concepts with their existing concepts. 

The learning theory proposed by Ausubel (1968) and the differences that exist 

between expert and novice learners proposed by Bransford et al. (2000) are 

fundamental for this study to understand students learning and how it relates to the 

construction of concept maps. The parallel definition of deep understanding of concepts 

and well-organised information of an expert are the primary differences between an 

expert and a novice. Figure 6.1 shows a model of learning theory perceived by an expert 

and a novice.  

The model integrates the notions and theories of Bransford et al. (2000), Kinchin et 

al. (2000) and Ausubel (1968) on how they relate to the construction of a concept map. 

Within this model, a difference in the quality of the components featured in concept 

maps by both an expert and a novice is elaborated. An expert or a novice may be 

distinguished by how they construct their conceptual understanding within a study 

domain through the use of concept map.  

An expert, or an engineer working in the domain of Process Safety, for example, will 

have developed his or her expertise over years of working in the industry, and will be 

able to integrate real-life experiences within the engineering domain. Experts begin as 

novices, with formal knowledge acquired from an institution. Participation in learning 

within the industry can be viewed as progressing a novice in the direction of greater 

expertise or understanding, which requires a deepening of conceptual understanding 

and the development of an overall conceptual framework. For instance, a HAZOP Study 

performed by an expert would include contributions from many more perspectives 

compared to a novice and would pay attention to evaluating potential equipment 

hazards and how equipment might fail if operate incorrectly.  
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Figure 6.1: Student learning model.  
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Knowledge of equipment, along with a deep understanding of why the equipment 

has to be operated with particular process properties or requires specifics conditions is 

needed to perform a HAZOP Study. Let us, look for example, at the case of a boiler 

(Figure 6.2) within a chemical plant. An expert knows that the blowdown process helps 

eliminate the build-up of mineral concentration in the boiler. The expert knows that the 

boiler needs to be operated with only demineralised water (treated water in which 

dissolved minerals are removed), otherwise, when the water in the boiler (element Ⓒ 

in Figure 6.2), is vaporised into steam, the remaining minerals will form a deposit in the 

boiler, producing insulating layers that prevent water from removing surface heat. If the 

mineral build-up is severe, the result will be localised corrosion which could lead to 

eventual failure. An understanding of the reason for the blowdown process through the 

drain (element Ⓖ in Figure 6.2), and the relationship between mineral build-ups and 

the function of boilers will allow an expert to understand how boilers might fail. 

According to the previously proposed method on categorising concept to predefined 

categories, an expert might feature concepts from the boiler scenario from the 

principles or relevant categories that they perceived important, creating an overview of 

how a boiler might fail. 

 A novice on the other hand, with limited comprehension, might focus only on specific 

concepts only on the boiler, for example, the method of treating the water to ensure 

they are free from minerals. Without an understanding of the relationship between 

concepts, the novice would not be able to come up with alternatives other than the ones 

they are already aware of. For example, if the water treatment plant fails to produce 

water within acceptable mineral limits, novices might not be able to come up with a 

mitigation plan using the HAZOP Study to perform intermittent blowdown to reduce 

minerals build-ups. With limited mastery of the study concepts, the novice’s map would 

be relatively narrow and limited.  

Comprehension across the domain might be indicated by the breadth of concepts 

included in their maps. However, according to the learning theory, comprehension alone 

is not adequate to show the performance of experts and novices on their learning, as 

the structure or the organisation of the concepts is also critical towards conceptual 

understanding.   



 

148 

 MAP QUALITY 

 

 

 

Ⓐ - Air Ⓙ - Economiser 
Ⓑ - Fan Ⓚ - Flue Gas 
Ⓒ - Steam Drum Ⓛ - High-Pressure Steam 
Ⓓ - Fuel Oil Ⓜ - De-superheating Water 
Ⓔ - Burners Ⓝ - Temperature Controller 
Ⓕ - Mud Drum Ⓞ - Feedwater 
Ⓖ - Drain Ⓟ - Feed Pump 
Ⓗ - Screen Tubes Ⓠ - Stack 
Ⓘ - Superheater    

 

Figure 6.2: Flowsheet of a water tube boiler. Reproduced from Ali (2015). 
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6.3 STRUCTURE AND ORGANISATIONS 

This section considers what may be learnt from the structure or organisation of 

students’ concept maps. According to Glaser and Bassok (1989), the ability to structure 

knowledge is itself an indicator of competence. Along with studying the concept maps’ 

content and comprehensiveness, investigating how concept maps are structured offers 

valuable insights into what students have learned.  

The structure of concept maps was examined in a study by Kinchin et al. (2000), in 

which they elaborated on how concept map structure may be assessed. The 

classification of concept maps structures may indicate whether students have 

demonstrated either rote learning or meaningful learning in their study domain. 

According to Kinchin’s study, concept maps can be structured as a spoke, or a net or 

chain (Figure 6.3). Spokes-characterised maps (Figure 6.3a) show little complexity. Such 

maps consist of only one hierarchy level, with concepts directly linked to the domain. 

Further, first-generation concepts are not connected to each other. Chains-

characterised maps (Figure 6.3b) consist of many hierarchy levels but may be simply 

reproducing the lesson order, in which the concepts are linked to the same hierarchy 

path. Nets-characterised maps (Figure 6.3c) are constructed on several hierarchy levels, 

in which concepts are highly integrated, demonstrating high complexity and meaningful 

learning.  

These observations about the structure of concept maps are important for the 

understanding of the learning demonstrated in the concept maps constructed by either 

an expert or a novice. A meaningful organisation shown from a net-structured map 

provides many concept crosslinks all which indicate some expertise. A novice, on the 

other hand, might have concepts structured in a simple organisation, no concept 

integration and typically mimicking a lesson order in which require simple recall of 

learned concepts, characterised by the spoke and/or chain- structured maps.  

Gerstner and Bogner (2009) suggested that a simple count of net structures per map 

as well as the assumption that ‘the more net structures, the better the learning success’ 

is insufficient to assess understanding and thus cannot be applied.  
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Figure 6.3: Examples of concept maps with identified structures. (a) Spokes-
characterised map, (b) Chains-characterised map and (c) Nets-characterised map. 
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Kinchin (2000) recommended combining the structure extractions method (Kinchin 

et al. 2000) with an analysis of link quality (e.g. Ghaye and Robinson, 1989) to gain a 

better insight into students’ understanding.  

Another way to study the complexity of students’ conceptual understanding was 

proposed by Segalàs et al. (2008) in which the study took into account the structure of 

concept maps. An indicator defined as the Complexity Index (CO) was proposed to 

evaluate students’ concept maps constructed in the study domain of sustainability. The 

authors were particularly interested in examining the development of concepts and the 

interconnection between concepts. The CO indicator was used by Segalàs et al. (2008) 

to evaluate concept maps of the students before and after they received instruction 

about the topic, and was used to consider maps from an entire student cohort, rather 

than to investigating individual maps.  

In this study, the formula developed by Segalàs et al. (2008) was applied to 

investigate the structure of individual concept maps, rather than to investigate the 

changes in knowledge.  

The Complexity Indicator (CO) adapted from Segalàs et al. (2008) may be defined as: 

COind = NC × NLint−ca
Nca

                                                                                                                   (6.1) 

where, 

COind is the complexity index value for an individual map, 

NC  is the number of concepts,  

NLint-ca is the number of inter-category links (i.e., links between concepts assigned to 

different categories), and 

Nca  is the number of categories. In this study  Nca = 10.  

Figure 6.4 and 6.5 show the concept maps constructed by two students. The map in 

Figure 6.4 contains 47 concepts with the highest hierarchy level being four. The structure 

is simple, with a very limited number of crosslinks. A significant number of linking labels 

are missing.  
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Figure 6.4: Concept map of 47 concepts and 51 links. The thick unbroken lines coming 
out from the central domain indicate connections to the first-generation concepts (n=5). 
The regular unbroken lines indicate connections between intra-category concepts 
(n=17), while the dotted lines indicate connections between inter-category concepts 
(n=29). The enclosed highlighted numbers indicate the concept categories assigned to 
the adjacent concepts. The map was re-drawn from the original handwritten student 
works with words, spelling and layout preserved. 
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Figure 6.5: Concept map of 16 concepts and 36 links. The thick unbroken lines coming 
out from the central domain indicate connections to the first-generation concepts (n=6). 
The regular unbroken lines indicate connections between intra-category concepts 
(n=12), while the dotted lines indicate connections between inter-category concepts 
(n=18). The enclosed highlighted numbers indicate the concept categories assigned to 
the adjacent concepts. The map was re-drawn from the original handwritten student 
works with words, spelling and layout preserved. 
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The map would be characterised as having a ‘spokes’ structure based on the 

definition by Kinchin et al. (2000) indicating a novice map. The second map presented in 

Figure 6.4 has far fewer concepts (16) with the highest hierarchy level being two. This 

map has appropriate linking labels as well as a relatively high number of crosslinks. 

According to the study by Kinchin et al. (2000), this map would fall into the ‘nets’ 

structure classification, indicating expert learning. When the adapted CO is applied, the 

Complexity Index for the map in Figure 6.3 is expected to be low because of the relatively 

simple organisation of the map. Conversely for Figure 6.5, the complexity value is 

expected to be high due to the maturity of thought shown in the highly integrated 

concepts in the map. 

Interestingly, the Complexity Index for concept map shown in Figure 6.4 which may 

be characterised as having a ‘spokes’ structure has a significantly higher value (CO = 136) 

than that obtained for the concept map shown in Figure 6.5’s ‘net’-characterised map, 

which has a CO value of only 29. By looking at the structure alone, without considering 

the Complexity Index, it is clearly seen that the concept map shown in Figure 6.5 is more 

complex than the one shown in Figure 6.4. However, the Complexity Index result 

suggests otherwise. The reliance on the Complexity Index’s definition, which counts the 

absolute numbers of concepts and inter-category links explains why the complexity 

value is so low for the ‘net’ structure map of Figure 6.5, despite the structure having 

many crosslinks. 

The result from Table 6.1 shows that the simple method of counting the number of 

inter-category links is an inappropriate indicator of a map’s complexity, and even more 

so in reflecting student’s understanding of whether they learned meaningfully or not. 

For this reason, the indicator proposed by Segalàs et al. (2008) is not suitable to 

represent the complexity of an individual concept map. 

Although the identification of the ‘net’ structure proposed by Kinchin et al. (2000) 

can be useful in terms of demonstrating the achieved meaningful learning, it does not 

take into consideration the role of links in the structure, which is another important 

component in identifying student learning. 
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Table 6.1: Complexity Index. 

Variable Figure 6.4 Figure 6.5 

Number of concepts 47 16 

Number of inter-category links (indicated by 

the dotted lines in maps) 

29 18 

Number of categories 10 10 

Complexity Index of individual map 136 29 

 

 

6.4 WHAT CAN BE LEARNT FROM THE STRUCTURE OF STUDENTS’ 

CONCEPT MAPS? 

Previous research regarding the assessment of concept maps by the categorisation 

method, (Segalàs et al., 2008) explains how students relate concepts to their study 

domain and how the concept maps were assessed with the help of the complexity index 

by the assessors. Building on Kinchin’s work on concept map organisation, Segalàs’s 

Complexity Index may be considered as the next step towards a more profound 

understanding of the learning evident in any given concept map. The Complexity Index 

has an advantage in assessing the average conception of a cohort, instead of individuals. 

However, the index is constrained on the inter-category links and is only able to address 

the importance of a concept maps’ component; crosslinks. 

This study proposes a different approach that is designed to identify and characterise 

every link featured in a concept map. This method may also distinguish between 

students who are rote learners and meaningful learners. In the approach proposed here, 

the total number of concepts in a concept map was not considered because a complex 

or sophisticated concept map should have an optimal number of concepts that are 

connected meaningfully rather than merely a large number of unnecessary concepts.  

This study proposes that the links between the concepts in a map be classified into 

one of four types: 
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Hierarchy link intra-category (LS): 

Same path -  Same category 

Links connecting two concepts from the 

same hierarchy path of a map that are from 

the same concept categories. 

Hierarchy link inter-category (LD): 

Same path – Different category 

Links connecting two concepts from the 

same hierarchy path of a map that are from 

different concept categories. 

Physical crosslink intra-category 

(CLS): 

Different path – Same category 

Links connecting two concepts from 

different hierarchy paths of a map that are 

from the same concept categories. 

Physical crosslink inter-category 

(CLD): 

Different path – Different category 

links connecting two concepts from 

different hierarchy paths of a map that are 

are from different concept categories.   

 

To classify every link in a map according to the definitions above, the hierarchy paths 

must first be identified. According to Besterfield-Sacre et al. (2004), a hierarchy path is 

linearly arranged, determined by the direction of the arrow of the links. Besterfield-

Sacre’s definition of a linear hierarchy path may be interpreted as concepts from 

superordinate level (i.e., general concepts) move to the subordinate level (i.e., specific 

concepts). A Level 1 hierarchy path would have one linking line that directly connects 

the domain and one concept. A level 2 hierarchy path would have two linking lines that 

connect the central domain and the end-concept (two concepts). A level 3 hierarchy 

path would have three linking lines that connect the central domain to the end-concept 

(three concepts). A clear example of the different hierarchy levels is shown in Figure 6.6. 

Any linking lines with the arrows pointing to the concepts of the same hierarchy level, 

or that point from concepts at a subordinate level to the superordinate level are 

considered as crosslinks. In addition, a concept could have more than one hierarchy 

path, as long as it follows the hierarchy path’s definition. 
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A simple concept map is presented in Figure 6.6 to illustrate how hierarchy paths can 

be identified according to Besterfield-Sacre’s definitions of linear hierarchy. Figure 6.6 

consists of three levels of hierarchies. Level one has three concepts; ‘Potential Hazards’, 

‘Methods for Hazard Reduction’ and ‘Strong Safety Culture’. Level two has two concepts; 

‘Chemical Spills’ and ‘Organisational Performance’ and level three has one concept 

‘Individual Injury’.  

According to the above definition, three paths are identified in this map denoted by 

the thick arrow lines: 

Level three path - ‘Process Safety’ concerned with ‘Potential Hazard’ include ‘Chemical 

Spill’ can lead to ‘Individual Injury’ 

Level three path - ‘Process Safety’ has ‘Methods for Hazard Reduction’ prevent 

‘Chemical Spills’ can lead to ‘Individual Injury’ 

Level two path - ‘Process Safety’ can be ensured by ‘Strong Safety Culture’ improves 

‘Organisational Performance’ 

The crosslinks denoted by the dotted lines between the defined hierarchies are: 

• ‘Methods for Hazard Reduction’ prevent ‘Potential Hazards’ 

• ‘Strong Safety Culture’ has well-defined ‘Methods for Hazard Reduction’ 

• ‘Individual Injury’ resulted due to inadequate ‘Strong Safety Culture’ 

• ‘Individual Injury’ could decrease ‘Organisational Performance’ 

 

With the hierarchy paths identified, the links may then be assessed. There are six 

concepts and eleven propositions in Figure 6.6. All six concepts have been assigned to 

their relevant concept categories indicated by the enclosed highlighted numbers 

adjacent to the concept boxes. The four types of link characterisation that are proposed 

consider connections between concepts only; the connections between the study 

domain to the level one hierarchy concepts or the first-generation concepts are omitted. 

 

  



 

158 

 MAP QUALITY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: Concept map paths and crosslinks. The thick unbroken lines coming out from 
the central domain indicate connections to the first-generation concepts. The regular 
unbroken lines indicate the hierarchy links, while the dotted lines indicate the crosslinks. 
The enclosed highlighted numbers indicate the concept categories assigned to the 
adjacent concepts. 
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This is due to the fact that the study domain is not considered as one of the concept 

categories. Hence, out of the eleven propositions, only eight will be characterised. These 

are characterised as follows: 

Hierarchy link intra-category (LS) – Example is,  

 

Hierarchy link inter-category (LD) – Examples are, 

 

Physical crosslink intra-category (CLS) – Example is,  

 

Physical crosslink inter-category (CLD) – Examples are, 
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By applying Besterfield-Sacre’s definitions of linear hierarchy, hierarchy paths in the 

student concept maps shown in Figure 6.3 and 6.4 have been determined. With the 

paths identified, each link in the two maps has been classified into one of the four 

categories. These classifications are shown in Figures 6.7 and 6.8. The features of both 

maps are summarised in Table 6.2. 

Conceptual understanding is not only about integrating concepts together, but also 

about having an in-depth grasp of knowledge that can be deduced from the linking label. 

In-depth understanding requires both detailed knowledge of the connected concepts, 

as well as meaningful linking labels. Hence, an emphasis on the type of link and the 

degree of relationship between connected concepts is crucial in identifying rote or 

meaningful learning demonstrated in concept maps.   

The relationship between connected concepts can be informed by the linking labels 

used. The linking labels allow mappers to show, explain and make propositions about 

the relationships between different concepts. The connection between two concepts 

and their relationship, which is described by the linking labels, is called a proposition. 

Safayeni et al. (2005) differentiate between two types of propositions: static and 

dynamic. They are determined based upon the linking labels. 

 

Table 6.2: Links characterisation for the two maps presented in Figures 6.7 and 6.8. 

Variable Figure 6.7 Figure 6.8 

Number of concepts 47 16 

Number of links 51 36 

Hierarchy link intra-category (LS) 17 9 

Hierarchy link inter-category (LD) 26 7 

Physical crosslink intra-category (CLS) 0 3 

Physical crosslink inter-category (CLD) 3 11 

First-generation link (FGL) 5 6 
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Figure 6.7: Concept map of 47 concepts and 51 links. The thick unbroken lines indicate 
dynamic-quality linking labels. The unbroken lines indicate static-quality linking labels. 
The dotted lines indicate poor-quality linking labels. 
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Figure 6.8: Concept map of 16 concepts and 36 links. The thick unbroken lines indicate 
dynamic-quality linking labels. The unbroken lines indicate static-quality linking labels. 
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According to Safayeni’s work, static linking labels involve descriptions, definitions and 

organisation of knowledge in a given domain. Examples are, ‘potential hazard’ include 

‘chemical spills’ and ‘Process Safety’ has ‘methods for hazard reduction’. From the 

definitions developed by Safayeni, static propositions arise when novices recall factual 

information. Recalling can be associated with basic thinking as indicated in the first level 

of Bloom’s taxonomy (Bloom et al., 1984). Bloom’s taxonomy traces thinking processes, 

which range over two broad categories and demonstrate the cognitive competence of 

students: lower order thinking and higher order thinking. The lower order thinking 

involves basic observations of facts and memorisation, that do not require the novices 

to apply their knowledge.  

Dynamic linking labels in concept maps emphasise the propagation of change 

between two concepts (Safayeni et al., 2005), such as ‘chemical spills’ could lead to 

‘individual injury’ and ‘individual injury’ resulted due to inadequate ‘strong safety 

culture’. According to Safayeni’s work, dynamic propositions also show how a change in 

one concept, causes changes in the other concept. Dynamic propositions may be 

identified when mappers exercise their thinking skills, rather than merely recalling facts 

and memorisations. An example is a way a typical expert would apply information to 

create an observation. This is where the linking labels in dynamic propositions show that 

experts go beyond facts to make use of the facts to form an actual understanding, 

judgement or evaluation of the involved concepts. 

Nevertheless, based on the observation, other than the static and dynamic linking 

labels, student concept maps also feature incomplete propositions, in which the 

relationship between the connected concepts are not conveyed properly. Hence, it is 

appropriate to include a third classification, ‘poor’ linking labels, which are propositions 

without linking labels, for example, ‘personal protective equipment’ linking labels  

‘gloves’. Although the connections might be valid, the proposition does not necessarily 

show an understanding between two concepts. It is also possible that the mappers have 

failed to explain the obvious concepts, which could be perceived by an expert mapper.  

Based on the notions of Bransford et al. (2000), Kinchin et al. (2000) and Ausubel 

(1968), this study has identified key components which add depth to Segalàs’ 
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Complexity Index by proposing the use of the Link Quality Index (LQI). Given that a 

student with a deeper conceptual understanding, rather than only memorising 

concepts, the LQI is determined without taking into account, the number of concepts or 

category, but rather on the quality of the connections of the concepts and how they are 

explained in the map.  

The Link Quality Index (LQI) proposed here is developed for individual maps. The 

index is defined as: 

LQI = (LS + 2LD + 3CLS + 4CLD + FGL − PL) × (SL + 2DL)
TL

                                 (6.2) 

where, 

LS is the number of hierarchy link intra-category, 

LD is the number of hierarchy link inter-category, 

CLS is the number of physical crosslink intra-category, 

CLD is the number of physical crosslink inter-category, 

FGL is the number of the first-generation link out from the central domain, 

PL is the number of poor-quality of linking label, 

SL is the number of static-quality of linking label,  

DL is the number of dynamic-quality of linking label, and 

TL is the total number of link.  

 

The weighting factor proposed in the index is justified based upon Ausubel’s learning 

theory of subsumption. Human cognition follows logical rules for organising information 

into respective categories that are linked in some order. Through lower order thinking 

or recalling, mappers provide a basic structure of how concepts are organised. The 

concepts are usually arranged in a hierarchical order, from a general concept to a more 

specific one. Concepts featured of these characteristics, are in an isolated section and 

are not integrated into the whole map structure. 

Following on, higher order thinking occurs when mappers grasp the interrelationship 

between concepts from two different and separate sections that they had been set up 
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previously, in what is called a creative leap by Novak and Cañas (2008). Such thinking 

takes place when mappers are able to move beyond just recalling, to developing 

connections or crosslinks between concepts. A deep understanding of concepts provides 

the mapper with the ability to connect beyond the hierarchy section. Heinze-Fry and 

Novak (1990) evaluated the cognitive structure of concept maps by assigning values to 

every component in a concept map: the number of crosslinks was multiplied by a factor 

of ten, hierarchy levels were multiplied by a factor of five and no extra point awarded to 

the number of hierarchy links. Their scoring method awarded more points to crosslinks 

than other components, which proved that that crosslinks reflected the integration of 

concepts and powerful connections (Heinze-Fry and Novak, 1990) and indicate complex 

interactions (Kinchin et al., 2000). This justifies the decision to give more weight to the 

physical crosslinks, than to the hierarchy links.   

Process Safety is about applying the complex interaction of chemical process 

technology, mechanical and process design, process control and process management 

system onto the everyday engineering processes (Mannan et al., 2015). Because Process 

Safety is about complex integration of multiple systems, mastery of only certain parts of 

the system is not adequate to completely prevent harm. This includes the understanding 

of all the possibilities and probabilities of how a piece of equipment or a process might 

fail and the subsequent consequences. In other words, Process Safety can be viewed as 

a domain that is tied together by several crucial systems. By considering all the possible 

factors, we proposed the weighting factor for the links featured in the map to indicate 

the connection between inter-category concepts to be more weighted than the 

connection between intra-category concepts. As for the quality of the linking labels, as 

the learning theory emphasises the importance of understanding, rather than recalling 

the facts, the weighting factor for the dynamic linking labels is proposed to be greater 

than for the static-linking labels.  

The proposed LQI provides the progression of assessing learning demonstrated by 

mappers through the analysis of the number of links and the quality of linking labels 

featured in their concept maps. LQI is progressive because the index number has no 

upper limit. The index value represents how well the students demonstrate their 

learning and also determines the depth of student learning. Is the concept map 
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constructed by a student indicating rote learning or a deeper understanding and more 

meaningful learning? 

Hence, by applying the LQI to assess concept maps shown in Figures 6.7 and 6.8, it is 

found that Figure 6.7 has a significantly lower index value in comparison to the index 

that was calculated from concept map of Figure 6.8. The analysis is presented in Table 

6.3. Although Figure 6.7 has a lot of concepts and a higher total number of links, the 

concepts are connected in less meaningful ways. In fact, the concepts are not integrated 

and the relationships between connected concepts are mostly not defined. Conversely 

for Figure 6.8, although the concept map has a much lower number of concepts, the 

concepts featured in the map are heavily integrated and their relationship between 

connected concepts are clearly explained.  

 

Table 6.3: Link Quality Index (LQI). 

Component  Figure 6.7 Figure 6.8 

Number of hierarchy link intra-category, LS 17 9 

Number of hierarchy link inter-category, LD  26 7 

Number of physical crosslink intra-category, CLS 0 3 

Number of physical crosslink inter-category, CLD 3 11 

Number of first-generation link, FGL 5 6 

Poor-quality linking label, PL 41 0 

Static-quality linking label, SL 5 14 

Dynamic-quality linking label, DL 5 22 

Total number of link, TL 51 36 

Link Quality Index, LQI 13 132 
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The proposed LQI was applied to eighteen other concept maps shown in Appendix 

B2. The results are summarised in Table 6.4. Table 6.4 presents the LQI value of the 

maps, from the highest LQI value to the lowest, from top to bottom, as well as the 

parameters (LS, LD, CLS, CLD, FGL, TL, SL, DL PL) that were taken into the calculation of 

LQI. In addition to the LQI, Table 6.4 includes the Complexity Index (CO), as well as the 

parameters (NC, Nint-ca, Nca) to calculate the CO.  

Although both indices (CO and LQI) were designed to assess the understanding of the 

students via the concept maps, the trends of both indices are not in-line with each other. 

The obvious reason is that CO did not take into considerations as many parameters as 

the LQI did and has caused some maps to be underappreciated, and others to be 

overappreciated. For example, Figure B2.7 from Table 6.4 is showing the highest CO 

value amongst the 18 concept maps due to the high amount of number of concepts (NC) 

and inter-category links (Nint-ca). However, the LQI index for Figure B2.7 is only 93.1, 

which put it around the middle of the 18 concept maps, in terms of the LQI value. The 

LQI calculation recognised in Figure B2.7 that although the number of inter-category 

links (Nint-ca) of the map is high (30), most of them are static-quality link (SL), rather than 

the dynamic quality link (DL), which is valued more.  

At the other end of the spectrum, Figure B2.14 with the CO of 4.0 and Figure B.2.17 

with the CO of 0.0 both have low values of CO because of their low number of inter-

category links (Nint-ca). In this case, however, the LQI is still able to recognise the links 

other than inter-category links (Nint-ca) in the maps and score the maps according to the 

quality of those links with the LQI score of 46.3 and 41.0 respectively.  

The comparison of LQI and CO values of the maps in Table 6.4 shows the advantage 

of applying LQI over CO in assessing the understanding of students via their concept 

maps. The trends show that LQI is more able to capture the information embedded in 

concept maps in the links and how they are organised in the maps than CO can. The CO 

overreliance on the inter-category links (Nint-ca) was also made clear in Table 6.4, with 

some maps having low CO scores, despite having several dynamic links, which reflects a 

good understanding. Others have a high number of Inter-category links (Nint-ca), but not 

that many dynamic links, which put them high on CO but lower on LQI.   
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Table 6.4: Comparison of Link Quality Index and Complexity Index on eighteen concept 
maps. 
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B2.1 8 23 2 10 6 49 22 26 1 158.6 29 33 10 95.7 

B2.2 6 8 0 15 6 35 13 21 1 136.7 19 23 10 43.7 

B2.3 4 13 0 10 7 34 16 18 0 117.8 20 23 10 46.0 

B2.4 9 15 1 6 4 35 6 26 3 111.0 23 21 10 48.3 

B2.5 9 13 2 7 4 35 19 16 0 106.4 26 20 10 52.0 

B2.6 8 8 0 5 7 28 1 26 1 94.6 20 14 10 28.0 

B2.7 8 23 0 7 5 43 40 3 0 93.1 34 30 10 102.0 

B2.8 12 7 1 8 5 33 23 9 1 80.8 23 15 10 34.5 

B2.9 8 0 1 6 6 21 1 20 0 80.0 14 6 10 8.4 

B2.10 8 12 1 0 6 27 8 16 3 56.3 25 12 10 30.0 
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B2.11 8 7 0 3 3 21 9 12 0 58.1 15 10 10 15.0 

B2.12 2 10 0 0 1 13 0 14 0 49.5 13 10 10 13.0 

B2.13 4 8 0 3 5 20 12 7 1 46.8 16 11 10 17.6 

B2.14 14 2 2 0 5 23 6 16 1 46.3 20 2 10 4.0 

B2.15 3 5 0 2 8 18 7 10 1 42.0 16 7 10 11.2 

B2.16 0 6 3 0 5 14 3 10 1 41.1 11 6 10 6.6 

B2.17 9 0 0 0 16 25 9 16 0 41.0 25 0 10 0.0 

B2.18 12 5 0 2 4 23 17 4 2 34.8 19 7 10 13.3 

 

 

 

 

 

Table 6.4: Comparison of Link Quality Index and Complexity Index on eighteen concept 
maps (continued). 
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This study believes that LQI is the superior index than CO because of it’s ability to do 

a more thorough assessment of the links in the maps, and how they are organised, to 

reflect the understanding of the students.  

6.5 CONCLUDING REMARKS 

As every student is different in the aspects of learning, the LQI is proposed in this chapter 

to identify individual approaches to learning and understanding. The proposed LQI gives 

valuable information about the complexity of concept maps, as well as the learning that 

the students have demonstrated in their concept maps. More importantly, the index 

value is consistent with the theories of Bransford et al. (2000), Kinchin et al. (2000) and 

Ausubel (1968), in which provides evidence that suggested that the complex and 

sophisticated maps in which the concepts are highly integrated and clearly delivered are 

a result of a high level of knowledge and understanding.  
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7.1 OVERVIEW 

This Chapter explores further possible ways of assessing students’ concept maps. While 

the categorical method proposed in Chapter 3 is specifically designed for the Process 

Safety domain, the method proposed in this Chapter may be applied across all domains. 

The three attributes of PVT, which stand for Professional Practice, Values and Technical 

Knowledge, are applied to each proposition constructed in the concept maps prepared 

by students. The rationale of assessing these three particular attributes and their 

complete definitions are explained in the following sections. The method is then applied 

to a sample of 178 concept maps.  

The Chapter will then explain how different type of propositions can be useful in the 

assessment of concept maps. The incorporation of the PVT attributes as well as the 

different types of propositions allow the concept maps to be assessed with more depth 

and this will be explained in more details in this chapter. The Chapter goes on to explain 

the application of the PVT method on other domains. The results reveal interesting 

patterns that prove the potential and effectiveness of this analysis method, allowing it 

to be applied to other domains.   

7.2 ATTRIBUTES  

While engineering graduates are expected to be employed and ready for the workplace 

when they complete their studies, it is also expected that they are equipped with a 

balance of technical knowledge in addition to the relevant professional skills required in 

the workplace (Ziegler, 2007). Engineering graduates from various disciplines such as, 

information technology, chemical engineering and automobile engineering, who aspire 

to become professionals not only need academic and technical skills, but also 

professional skills to meet the goals of their organisations (Choudary, 2014). Choudary 

believes that what organisation are looking for is a good balance between practice, 

knowledge and behaviour. What is meant by professional skills? For Ziegler, professional 

skills include, among others, communication skills, creative thinking skills, teamwork, 

and the ability to cope with changing situations. Similarly, Choudary defines professional 

skills as a sociological term which includes communication skill, thinking skills, emotional 

intelligence, time management, and problem-solving abilities. 
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Shuman et al. (2005) noted that employers were emphasising that engineers are 

required to possess more than simply strong technical capabilities but also, skills in 

communication and persuasion. The ability to lead and work effectively as a team 

member and an understanding of the non-technical forces that influenced engineering 

decisions were also important. Moreover, Crawley et al. (2014) attempted to address 

one of the main questions in their book regarding the full set of knowledge, skills and 

attitudes that engineering students should possess as they leave the university.   

This shows that to ensure the success of engineering graduates in successfully gaining 

employment in industry and their competence in the field, students must be competitive 

in equipping themselves with the aspects of professional skills. Now that we have 

established that professional skills are in many ways so important, in this Chapter, we 

delineate professional skills into two attributes which are, Professional Practice and 

Values.  

Professional Practice – The word practice can be related to human activities, including 

what people are doing, where they are doing it, with whom and for what reason 

(Boud and Hager, 2012). It makes the connection between a person with the activity 

and its context. Becher (1999) in his book ‘Professional Practices: Commitment and 

Capability in a Changing Environment’ defines the Professional Practice as 

professional common activities or established practices, organisation practices, and 

process of establishing and reinforcing professional skills. In the context of Process 

Safety, Professional Practices may be described as applied principles and knowledge 

that are learned to evaluate potential solutions to manage risks, to think critically in 

the process and also to communicate effectively while solving problems. According 

to the Competency Standards suggested by Engineers Australia (2017), engineers 

must be able to demonstrate several attributes including professional and personal. 

One example of a professional attribute is to be creative, innovative and proactive, 

which is reflected by being able to identify new developments in the engineering field 

and specialisations and to apply fundamental knowledge in evaluation, as well as, 

engineers to readily engage with professionals beyond engineering fields to exchange 

ideas. In addition, the International Engineering Alliance (2013) have also suggested 

several minimum standards for professional engineers, which recognise professional 
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competency to be one of the standards. That is why Professional Practice is 

considered one of the main attributes in developing this new method of concept map 

assessment.  

Values – According to Verplanken and Holland (2002), values are cognitions that may 

define a situation, elicit goals and guide actions. Values also serve as the guiding 

principle in the life of a person or social individual (Schwartz, 1994). Schwatz also 

described values as criteria that are used by people to select and justify actions and 

to also evaluate people and events. Rokeach (1973) noted that values and attitudes 

influence attentions, perceptions and interpretations of people. For example, in a 

familiar situation, the behaviour is generally guided by attitudes, which in turn, rely 

on values. In simple words, values guide people about things that are good and just, 

as well as things that are bad and should be avoided. In the context of safety, safety 

values are closely associated with organisational culture in which define 

organisational culture as shared values and beliefs that connect with companies’ 

individual, control system and organisational structures in producing behavioural 

norms (Edwards et al., 2013). Fu and Chan (2014) explained values as the safety 

practices that are used even under the pressure of competing tasks. Examples of the 

importance of values in Process Safety are the attitude of employees in complying 

with standards and regulations, or engineers’ and management’s responsibility to 

come up with process plant that has the best safety which can also be limited by the 

financial situation. That is why the Values are included as one of the attributes that 

will be assessed in the students’ propositions.  

Apart from where organisations seek graduates with professional skills as mentioned 

above, technical knowledge will always remain important criteria. Hence technical 

knowledge will be included as the third attribute in the new method and will be known 

as ‘Technical Knowledge’. 

  



 

175 

 PROFESSIONAL PRACTICE, VALUES AND TECHNICAL KNOWLEDGE (PVT) UNDERSTANDING 

Technical Knowledge – Technical Knowledge includes factual knowledge and technical 

skills and is a fundamental element, not only in regard to engineering courses or 

Process Safety but also across all the domain. Knowledge is essential for any 

profession to allowing tasks to be performed competently in any domain or industry. 

In most chemical engineering programs, students start their course with the 

foundational subjects (engineering mathematics, transport processes), then move on 

to the more technical subjects such as reactor engineering, particle mechanics and 

processing, and then in the final year, students will be exposed to the advanced 

technical subject, for example, process dynamics and control, advanced heat and 

mass transport. They have plenty of opportunities to apply their technical knowledge 

in the classes and also the opportunities to undertake a design project. In their career, 

graduates will also apply broad and complex knowledge which are acquired from the 

formal academic study. That is why this aspect remains important and relevant in the 

study and will be one of the attributes proposed to use in this chapter.   

The simple definitions of each of the three attributes are presented in Table 7.1. Also 

presented is an additional classification that is labelled as ‘Irrelevant’. ‘Irrelevant’ is 

proposed for propositions that show incorrect conceptions or content. It means that the 

propositions show an incorrect understanding of the relation between two concepts. 

The justification of also including incorrect propositions in this study is because it 

provides an insight into what could be improved to deepen understanding of students. 

The incorrect propositions might have a value to students and could reveal the student’s 

thought process on what leads to the conceptual misunderstanding. Hence these 

findings could be beneficial to class instructors as it can be a basis to correct the 

understanding and further learning. As noted by Kinchin et al. (2000), the scoring of only 

correct propositions misses the point that incorrect propositions may also contribute to 

the overall knowledge structure. Omitting incorrect propositions in the assessment 

contradicts the fundamental theory of the use of concept maps by failing to identify 

what is significant to students’ perspective. Bransford et al. (2000) emphasised that 

misunderstanding or misconceptions should be identified, so that instructor can help 

address the misconception. This ensures that the misconceptions do not interfere with 

students learning, and prevents students from using the misconceptions as a basis for 



 

176 

 PROFESSIONAL PRACTICE, VALUES AND TECHNICAL KNOWLEDGE (PVT) UNDERSTANDING 

further learning. In addition to showing the interconnection between all three proposed 

attributes, a concept map of PVT is constructed (refer Figure 7.1). The figure 

demonstrates the critical attributes should an undergraduate possesses to become a 

skilled chemical engineer. 

7.3 PROPOSITIONS DIMENSION 

In this Chapter, the established types of linking labels proposed in Chapter 6 is applied 

to categorise each of linking label featured in students’ concept maps. As described 

previously, three linking label categories namely static, dynamic and poor will be applied 

in this Chapter. The simple definitions of each linking label category are listed in Table 

7.2.   

Table 7.1: Definition of attributes of PVT method. 

Attributes Definitions 

Professional 

Practice (P) 

How personnel engage with knowledge. The focus is not on the 

knowledge itself, but rather on how the knowledge is used. 

Values (V) Attitudes and behaviours considered important in the work 

environment. 

Technical 

Knowledge (T) 

The knowledge or understanding of the study domain that 

graduates should have.  

Irrelevant (I) Links that result in incorrect or ill-defined propositions. 

 

Table 7.2: Definition of proposition dimension of PVT method. 

Dimension Definitions 

Dynamic(D) Shown by students that practice higher order thinking in their proposed 

proposition, their skills to show a causative relationship, analyse, 

compare, interpret or evaluate concepts. 

Static (S) Shown by students that practice lower order thinking in their proposed 

proposition, their way to recall information and provide examples. 

Poor (P) Attempted to make valid connections, however, the propositions are 

missing linking labels.  
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Figure 7.1: A concept map specifying the interconnection between three attributes, 
‘professional practice (P)’, ‘values (V)’ and ‘technical knowledge (T)’. 
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7.4 PVT PROPOSITIONS METHOD 

The method proposed in this Chapter is derived from the attributes that were identified 

earlier. The PVT method helps to understand how students use their Process Safety 

knowledge in work settings, how they relate knowledge to hazards in work 

environments (Professional Practice), or how they incorporate knowledge into their 

thinking and actions or their way of actions in the care of safety (Values). In addition, 

PVT method also offers an insight into student perceived knowledge (Technical 

Knowledge) from the linking labels. Examples of each attribute with the types of linking 

labels are shown in Table 7.3. 

Using the same set of concept maps from Chapter 5, 178 concept maps were 

analysed by assessing every proposition in the maps and categorising them into 

appropriately as either Professional Practice, Values or Technical Knowledge. The linking 

labels of the propositions were assigned to one of three learning categories; dynamic, 

static or poor. The assessment of the proposition and linking label was based on the 

rubric developed in Tables 7.1 and 7.2 

Figure 7.2 is an example of a Process Safety domain map with all the 26 propositions 

assessed using the PVT method. The analysis reveals that the student had their focus on 

Professional Practices and Technical Knowledge with a comparable number of links, 

eleven links and ten links, respectively. However, only a small number of propositions 

(five) are classified under the attribute of Values, represented by the cluster in the lower 

area of the concept map. This might be due to this student’s thought that the other two 

attributes are critical in Process Safety domain, hence emphasising Professional 

Practices and Technical Knowledge propositions. In terms of the linking label of the 

propositions, only two propositions (‘Process Safety’ have ‘consequences’, and ‘good 

safety design’ has various ‘emergency exits’) are in the static category. Both these 

propositions are used to describe the Technical Knowledge attribute, while the rest of 

the linking labels are classified as being dynamic.  

Overall, this student has a good understanding of the practices and technical of 

Process Safety, which were shown from the usage of many dynamic linking labels for 

both attributes.  
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Table 7.3: Example of propositions according to their attribute and linking label for 
Process Safety domain. 
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Figure 7.2: Concept maps of 26 links. The unbroken lines indicate static propositions, 

while the dashed lines indicate dynamic propositions.  indicates Professional 

Practices, indicates Values, and, indicates Technical Knowledge attributes.  
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The concept map explained what should be done in the work setting as shown by several 

propositions; each directly coming out from the concept of ‘maintenance’ and ‘proper 

training’. Example of the propositions are ‘maintenance’ should have ‘regular checks’, 

‘maintenance’ always replace ‘faulty equipment, ‘proper training’ provided to ‘every 

worker’ and ‘proper training’ familiarise with ‘emergency equipment’.  

Although there are relatively few propositions that have the Values attribute, there 

are still enough to demonstrate that the student had a good understanding of what 

attitudes personnel should have to prevent unwanted outcomes. For example, the use 

of the proposition ‘ethics’ to avoid ‘consequences’ and ‘honesty’ to avoid ‘loss of trust’. 

For a student to make this proposition, suggests that the student must have learned 

meaningfully, or they had it themselves (not only describing or recalling facts from the 

class), as reflected by the high number of dynamic linking labels.  

Recalling from the observation discussed in Chapter 5, it could be recognised that 

one of the important elements that students were generally not aware of, was the 

category ‘Ideals and Values’. Since in this PVT method, Values is one of the attributes 

that will be assessed again, will the findings show the same pattern? Or is it possible that 

the results in Chapter 5 might differ, because of the focus on categorising concepts only? 

Is it also possible that the students indeed demonstrate an understanding of the 

importance of values such as being assertive, responsible, or maybe effective in 

communication in the workplace, but that this understanding is evident in the linking 

labels instead of the concept? This suggests the finding in the earlier Chapter to be less 

accurate.  

The same can be applied to the attribute of Professional Practice. Can students 

identify how team members should behave, or solve real work challenge such as how 

hazards should be addressed and managed? What about Technical Knowledge about 

safety? How can we know whether students have developed an awareness and 

understanding of Professional Practice? 

The PVT method was performed for all 178 students concept maps. From the total 

number of 5435 links (Figure 7.3a), a significant portion was found to be concerned with 

Technical Knowledge.   
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(a) 

 
(b) 

Figure 7.3: The general (a) and a more specific (b) distribution of PVT propositions from 
5435 total links of 178 engineering students’ concept maps of Process Safety domain.  
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A quarter of the links were shown to be concerned with Professional Practice attributes. 

The links assigned to the attribute of Values were only 1.5% of the total, which 

surprisingly is the same proportion as the links labelled as ‘Irrelevant’. Comparing to the 

results from Chapter 5, a similar pattern is obtained here, in which the cohort 

demonstrates a critical level of awareness of the importance of values. This result 

suggests the possibility that the students constructed their concept maps by listing every 

fact related to the Process Safety because they were part of the class assessment, where 

marks are recorded.  

By examining the linking labels in each PVT attribute (Figure 7.3b), the Technical 

Knowledge attribute has a comparable amount of propositions for all three 

classifications, at around 30 to 35%. However, the attribute Professional Practice shows 

that the student produced more dynamic linking labels, which are leaned more towards 

higher order thinking, with 53%. This suggests that students may exhibit more active 

thinking when it comes to the application of knowledge, which is a valid reason why 

Professional Practice has more dynamic propositions compared to Technical. A similar 

trend can also be detected in the ratio of dynamic propositions in the attribute Values, 

which is also high in comparison to the static proposition or poor, at 75%.  

7.5 APPLICATION OF THE PVT ANALYTICAL METHOD 

Although the PVT method has been developed for the Process Safety domain, this 

section will explore the possibility of applying the method to other knowledge and 

disciplinary domains. The domain of Nursing is chosen because firstly, concept maps 

have been used in nursing education since 1992 with a large amount of evidence 

indicating that using concept maps are effective in promoting critical thinking, clinical 

reasoning, integrating theory with clinical practice and promoting self-reflection (Daley 

et al., 2016). Secondly, Nursing and Process Safety are two large, but completely 

different domains. While Nursing involves learning related to humans (i.e. anatomy, 

physiology), providing hands-on care to patients, monitoring conditions and managing 

interventions, Process Safety, on the other hand, involves learning relating to process, 

human, and environmental interactions. However different they are, the three 

attributes (Professional Practice, Values and Technical Knowledge) are strongly relevant 

to both domains.  
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A study by Daley (1996) illustrated the link between nursing theory and clinical 

nursing practice through an example using seven concept maps on the topic of 

Oxygenation. Oxygenation is the process of oxygen diffusing passively from the alveolus 

to the pulmonary capillary, where it binds to haemoglobin in red blood cells or dissolves 

into the plasma. Insufficient oxygenation is termed hypoxemia, in which abnormal low 

level of oxygen occurs in the blood (Theodore, 2020). There are four important phases 

relating to Oxygenation that nursing students should understand according to the 

syllabus; assessment, planning, intervention and evaluation (Daley, 1996). In nursing 

practice, supplemental oxygen is given to improve oxygenation, but it does not treat the 

underlying causes of hypoxemia, which must be diagnosed and treated as a matter of 

urgency by a medical officer (Theodore, 2020).  

According to Daley (1996), students were interviewed on how they prepared for 

clinical practice and how they used nursing processes in their clinical experience after 

they completed 6 days of clinical practice. The interviews lasted between 20 to 35 

minutes. They were recorded and transcribed. Concept maps were drawn by the 

researcher based on the interview responses. Although the concept maps were not 

constructed by participants, they were given an opportunity to review and change any 

concepts, relationship or categories depicted on their map. Only one student indicated 

one concept that needed changing while the rest of them considered that the maps 

represented what they had said during their interviews.  

Using the similar PVT method (Tables 7.1 and 7.2), five out of seven concept maps 

from Daley‘s study were analysed by categorising every proposition into their 

appropriate PVT attribute. The two remaining concept maps were not included because 

one of them was completed by an instructor and the other concept map was on syllabus 

material of the Oxygenation topic. It is worth noting that the assessment of the nursing 

students’ maps using the proposed PVT method was assisted by a medical specialist in 

infectious disease who has extensive experience working with nurses, but with no 

experience in using concept maps.   
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Figure 7.4 is an example of a student map on Oxygenation with all the 49 propositions 

that were analysed. The analysis reveals that the student had their focus on Technical 

Knowledge with 28 propositions, followed by Professional Practice with 12 propositions 

and Values with 9 propositions.  

In terms of the linking labels, this student had 40 static linking labels and the 

remaining 9 are in dynamic linking labels. It is interesting to note that, both Technical 

Knowledge and Professional Practice have many propositions classified as being static, 

with 28 out of 28 and 10 out of 12 propositions, respectively. Values, on the other hand, 

have more propositions in the dynamic classification, with 7 out of 9 propositions. Daley 

(1996) also briefly mentioned that this student made an attempt to create beginning 

links in between preparation and study to actual clinical practice, based on a proposition 

of ‘clinical preparation’ includes ‘develop a tentative plan of care’ for the assigned 

patient.   

The results of the PVT method performed on the five student concept maps are 

presented in Figure 7.5. While examples of propositions according to their attribute and 

linking label classes are presented in Table 7.4. This result may reveal a difference in 

what students think is important compared to what teachers want the students to learn. 

The students have also completely different contextual links between the concepts than 

what the teachers expect. In the study by Daley, the teachers require that first year of 

associate degree nursing students applied theoretical material in clinical practice. This 

suggests that it is expected to see from the result from the PVT method is a significant 

number of propositions in the Professional Practice attribute.  

From the assessed 224 propositions, 50% of them are linked to Technical Knowledge, 

followed by Professional Practice with 33%, and then Values with 13%. Irrelevant 

propositions represented 4% of the propositions (Figure 7.5a). The students clearly show 

more mastery on the topic of Technical Knowledge, contrary to the teachers’ 

expectation in Daley’s study. Daley explained that generally, students did not link 

elements of nursing practice together. Clinical preparation was not linked to theory, and 

students had few propositions in the assessment and implementation phases of the 

nursing process.   
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Figure 7.4: Concept map of 49 propositions. The unbroken lines indicate static 
propositions, while the dashed lines indicate dynamic propositions.  indicates 

Professional Practices,  indicates Values, and,  indicates Technical Knowledge.   
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(a) 

 
(b) 

Figure 7.5: The general (a) and a more specific (b) distribution of PVT attribute from 224 
total links of 5 nursing students’ concept maps of Oxygenation domain. 
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Table 7.4: Example of propositions according to their attribute and linking label for the 
Nursing domain. 
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Students seem to think that learning and practice were two separate elements within 

the Nursing domain, however, students had a great deal of understanding in the areas 

of planning and evaluation phases.  

Both Technical Knowledge and Professional Practice have far more static linking 

labels compared to dynamic linking labels. Closer inspection of the maps reveals that 

the students are not required to do any deep thinking or judgement regarding the 

patients’ assessment list, because it is already detailed in their syllabus. This explained 

why Technical Knowledge is dominated by static linking labels. Although it is important, 

as it involves the first phase of patient diagnosis, lower order thinking is sufficient for 

the patients’ assessment procedure, as the nurses have to only recall facts from the 

syllabus. In regard to the Professional Practice, Daley revealed that the students 

struggled to link together nursing process that experienced nurses find almost second 

nature. So, if students are already struggling to see the connections between theory and 

clinical practice, it is even harder for them to exercise higher order thinking in the 

process. This explains why for Professional Practice, the students are only able to use 

linking labels that involve lower order thinking reflected by the static links. However, the 

trend in Values attribute does not show the same pattern, as maps featured the number 

of static linking labels that was comparable to the dynamic.  

Comparing the analysis between the domains of Process Safety and Nursing, it may 

be seen that Technical Knowledge is the main focus of learning as evident in the concept 

maps. In both domains, the understanding of Professional Practice comes after learning 

Technical Knowledge. This is followed by Values, which the students are least aware of. 

A similar finding was reached by Ferris (2011) that engineering students must develop a 

sense of the importance of technical knowledge first, hence justified why here, in 

general, students had good appreciation towards Technical Knowledge attribute. With 

a strong awareness of technical knowledge, then only students are able to make sound 

judgements in their workplace. As noted in their paper, Ferris (2011) concluded that 

successful practice of systems engineering demands a combination of knowledge and 

being able to apply that knowledge in appropriate ways providing solutions to needs 

and professional skills. The achievement of professional skills, or known as Values 
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attribute in this study, depends on a combination of knowledge about interaction, 

behaviour and also personal ability to behave appropriately.  

However, further investigation of the distribution of the categories in Figure 7.3b and 

7.5b, which combine the PVT attribute and type of linking labels, shows a slightly 

different pattern for both domains. In the domain of Process Safety, although it seems 

like there are a lot of propositions that demonstrate higher order thinking as shown in 

the proportion of being dynamic, for example in the Professional Practice with 53% and 

35% in the Technical Knowledge, there are also a significant number of propositions 

which are considered poor. These have no linking labels, for example, 30% of the 

Professional Practice and 35% of the Technical Knowledge.   

For the nursing students, although it seems that they do not demonstrate higher 

order thinking, with 19% of propositions in Professional Practice and 7% in Technical 

Knowledge, the students do not have any ‘poor’ propositions. It is interesting to see the 

propositions made by the nursing students compared to the engineering students. Is it 

because engineering students have greater difficulties in communication which leads to 

their inability to explain concepts? When comparing the results from the PVT method of 

concept maps for engineering students and the nursing students, it is important to 

highlight the fact that both cohorts prepared their concept maps differently. This is 

particularly important when investigating why the nursing students had no ‘poor’ linking 

labels featured in their maps, while engineering student had about one-third of poor 

linking labels. It is speculated that this might be because the nursing students’ maps 

being fully prepared by the study researcher who was an expert in concept mapping. At 

this stage of understanding, it is believed that the researcher would have been very 

careful to construct complete semantic propositions; all map’s components (concept, 

linking line and linking label) were present and may have introduced their own biases 

into nursing students’ maps. However, this is not the case for the engineering students, 

who constructed their own maps themselves.  

While this study may not be able to assess the competency of the nursing students 

in terms of their use of linking labels, nonetheless, it is worthy to raise concerns about 

why the engineering students’ maps had significant numbers of ‘poor’ linking labels. This 
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is because the concept maps by the engineering students show that they can clearly see 

the relationships between the concepts, but somehow, they are not able to explain 

them. It is possible that the finding reflects the recent study about the importance of 

professional skills (which include communication) and also research papers (i.e. 

Choudary, 2014). The authors noted that employers nowadays demand engineering 

graduates with a strong mix of technical, professional skills, which proves that oral and 

communications skills are one of the biggest challenges in engineering education.  

Moreover, studies such as by Sageev and Romanowski (2001) also mention that average 

engineering students have low writing ability (2.7 on a scale of 0 to 5) and low oral 

presentation skills (2.4 on a scale of 0 to 5) on their surveys, which further suggests 

communication inadequacy among engineering students. Moreover, the study also 

stated that in many industry surveys, managers’ feedback and also the Society for 

Manufacturing Engineering, the lack of communication skills is one of the competency 

gaps in engineering education. Seeing communication as one of the biggest challenges 

in engineering education has lead Engineers Australia, Institution of Chemical Engineers 

and other accrediting agencies to require engineering students to demonstrate 

competency in communicating effectively , not only with their fellow engineers but also 

with the community at large (Engineers Australia, 2017). This possibly explains the lack 

of linking labels or explanations about the relationships between linked concepts in 

maps by engineering students. The students are having difficulties communicating their 

understanding of engineering knowledge in concept maps with ineffective use of linking 

labels. It is also speculated that the missing linking labels could be due to limited 

vocabulary among students as some of the students in the cohort did not have English 

as their first language.  

As for the Values attribute, the analysis found that most of the Values propositions 

from the concept maps of Process Safety domain are dynamic. The nursing students 

featured an equal proportion of dynamic and static linking labels in the maps. Contrary 

to the findings of the other two attributes (Professional Practice and Technical 

Knowledge), it is interesting to see that when it comes to Values, students seem to think 

critically, for example, in determining how good a decision is, or maybe how well a 

problem can be solved. This is exemplified by the proposition from the Process Safety 
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domain, ‘competent’ in creating ‘safe design’, and an example from the nursing domain 

‘clinical preparation’ helps to ‘avoid past experience biases’. These examples show a 

deeper understanding, of why ‘competent’ and ‘clinical preparation’ are important, and 

also explains the reasons why they are needed in the following concepts of ‘safe design’ 

and ‘avoid past experience biases’.  

 A proposition was labelled as ‘Irrelevant’ when it was completely wrong or 

nonsensical. Examples of propositions from the domain Process Safety that were 

classified as irrelevant are ‘low’ causes ‘victims’, or from the domain Nursing domain, 

‘clinical preparation’ best to ‘save nursing process until second clinical day’. Figure 7.5a 

shows that ‘Irrelevant’ propositions in the Nursing domain maps account for 4% (10 

links) and from Figure 7.3a, ‘Irrelevant’ propositions in the engineering domain maps 

account for 1% (82 links) of the total links. From the observation of the maps in Process 

Safety, it is possible that the ‘irrelevant’ propositions might be the result of students 

trying to list out as many concepts as they could, as the activity was part of the course 

assessment. This might cause the students to pay less attention to the validity of the 

propositions and joining or making connections to the adjacent concepts to get more 

marks. However, in the concept maps constructed by nursing students, the ‘irrelevant’ 

propositions might due to the transcription process. Their maps were prepared based 

on the recorded interviews in which might cause some concepts were mistranslated. 

Although the study noted that the students have reviewed their maps, however, as they 

are not experts in concept mapping, they might not be able to point out the ‘irrelevant’ 

propositions.   

7.6 CONCLUDING REMARKS 

In this Chapter, a new method of assessing concept maps through the categorisation of 

propositions was proposed. The categorisation of propositions that is discussed here 

focuses on the attributes of Professional Practice, Values and Technical Knowledge. At 

the same time, the linking labels in the propositions were examined to determine 

whether they are static or dynamic. The advantages of this method are that it can be 

applied in any domain because the selection of the PVT attributes as well as the quality 

of linking labels are relevant even outside of the Process Safety domain. Assessment of 

the 178 concepts maps in the Process Safety domain, as well as the application of the 
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same method towards five concept maps from the Nursing domain, show that the 

students are more focused on demonstrating concepts that can be produced via 

recalling of information from the syllabus and class.
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8.1 CONCLUSIONS  

1. Concept maps have been successfully applied to assess learning of individual 

students and their cohort in the domain of Process Safety. The use of concept 

mapping in assessing understanding has successfully identified the cohort’s 

conceptual strengths and weaknesses.  

2. A novel method has been developed to closely analyse concept assignment allowing 

categories to be broadly developed and closely defined. Ten concept categories 

(numbered 0 to 9) were proposed for the Process Safety domain. They are: 

• Irrelevant/Unrelated, 

• Potential Hazards, 

• Preventative-Physical,  

• Preventative-Non-Physical/Procedural,  

• Consequences and Outcomes,  

• Incident Response,  

• Education and Training,  

• Actors and Objects,  

• Ideals and Values, and 

• Others.  

3. A three-way table has been developed which assists category definition by 

identifying areas of agreement and disagreement between individual, independent 

assessors. The results suggest that the three main reasons for disagreement 

between assessors about assigning concepts to a particular category are:  

• Category classes – categories proposed were closely linked and overlapping in 

terms of their definitions. 

• Human subjectivity – limited technical background and knowledge of Process 

Safety domain as well as inconsistent responses. 

• Study sample – concept maps were constructed with incomplete 

propositions. For example, missing linking labels or linking lines without 

arrows. 
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4. The analysis of 178 concept maps showed that the cohort grasped well concepts 

relating to the Preventative-Non-Physical/Procedural category. They were aware of 

the importance of having policy or procedures in the workplace as a method of 

incident prevention. While they had an excellent appreciation of the technical 

categories, shown by significant numbers of concepts assigned, the cohort was 

found to show less emphasis on Ideals and Values as well as Education and Training 

in maintaining Process Safety. The cohort was able to make connections within the 

same category of Preventative-Non-Physical/Procedural. They managed to 

integrate actions or ways that can be implemented to prevent accidents, especially 

involving the example of the concept ‘design’. The cohort had a significant number 

of connections in between the categories of Preventative-Non-Physical/Procedural 

and Actors and Objects. However, the cohort performed relatively poor in 

recognising some relationship involving categories Ideals and Values, as well as 

Education and Training. 

5. The findings show that the complexity index proposed study by Segalàs et al. (2008) 

is unsuitable to represent the’ complexity of maps made by individual students. The 

index emphasised heavily the connections between different categories and was 

developed to be applied to the cohort. In this study, a Link Quality Index (LQI) is 

proposed to assess every link featured in individual maps. The proposed LQI 

recognises the types of links and quality of the linking labels as important elements 

in representing the complexity of the concept map, which was developed based on 

the learning theory. The index value is consistent with the learning theory and 

provides evidence that leads and suggests that the complex and sophisticated maps 

in which the concepts are highly integrated and clearly delivered, is a result of a high 

level of knowledge and understanding.  

6. A new method is also proposed to assess propositions featured in students’ maps in 

detail. The PVT method was proposed to gain a greater understanding from the 

propositions of how students use their Process Safety knowledge in work settings, 

how they relate knowledge to hazards in work environments, or how they 

incorporate knowledge into their thinking and actions or their way of actions in the 

care of safety. The application of the PVT method to the engineering cohort showed 
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that the cohort had a significant number of propositions in Technical Knowledge, 

followed by Professional Practice and the least propositions in Values. For the 

propositions related to Professional Practice and Values, the relationship was 

leaning towards using dynamic linking labels, while for the propositions of Technical 

Knowledge, the relationship was more balanced in between dynamic, static and 

poor linking label. This was due to the produced concept maps being part of course 

assessment, and hence students might have paid less attention to the correctness 

of the propositions. The PVT method has also been successfully applied to nursing 

students’ concept maps of domain Oxygenation. The results show that the nursing 

student performance on their propositions demonstrated a similar pattern to 

engineering students. The nursing cohort had a high mastery of the Technical 

Knowledge and showed the least appreciation of Values. As for the completeness of 

the propositions, nursing students’ maps have featured more proper propositions as 

opposed to the engineering students’ maps with no missing linking labels. This might 

be due to the maps were prepared by the researcher who was an expert in concept 

maps and may have introduced biases into students’ maps.  

8.2 LIMITATIONS 

1. The most important drawback arises because the gathered concept maps were 

anonymised due to the requirement set for the Ethics approval. Because of this 

restriction, first, the project could not include information on follow-up interviews 

for better understanding, as well as being unable to provide feedback to the students 

on their constructed maps for improvement. Secondly, the author could not match 

the collected concept maps with students’ demographics, including their age, cultural 

background, gender and English language background. Therefore, the project was 

lacked with information of students’ level of knowledge and their learning journey in 

the curriculum. 

2. The project was performed on undergraduate students with diversity culture 

background in which English may or may not be their first language. Conversely, 

constructing concept maps in English could be an issue to some of the students. 

3. The research was limited by how the concept maps was collected. During 

constructing the concept map’s activity, students were each provided with an A4 
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paper only. This physical restriction of the page size may have limited the students in 

extending their maps. 

8.3  RECOMMENDATIONS 

1. This study suggested that the disagreements between assessors could be reduced by 

enabling or allowing interactions between the assessors and the students. This would 

give assessors a more clear idea of the context of the concept maps, especially for 

the ambiguous concepts. This would provide justifications to the assessors’ responses 

towards the ambiguous concepts. It is believed that apart from assisting assessors to 

understand the context of ambiguous concepts via an interview, future study should 

encourage mappers to construct a concise concept map with clear linking labels to 

make the assessment process an easier one.  

2. This thesis provides evidence that the second year cohort does not yet have a mature 

understanding of Process Safety domain. The cohort had an excellent grasp in the 

technical elements, but not in the non-technical. This is an important finding in the 

understanding of the Process Safety and its principles to a chemical engineering 

program. Future studies could investigate the association between year of study and 

their understanding by conducting assessment at the end of each students’ year. 

Hence, the conceptual progress and development of the cohort over time could be 

observed. This way, the hypothesis that the final year student should show most 

appreciation towards every domain than in the previous year could be tested. 

3. This study has successfully demonstrated the application of concept maps within the 

Process Safety domain. Future work could explore whether concept maps can be 

applied and extended into other domains in the chemical engineering program. 

Interesting research question that can be derived are on the possibility to assess the 

learning of students beyond Process Safety domain. This provides a good starting 

point for discussion and further work on understanding the learning of students in a 

more technical subject such as Process Control, or in a more values-oriented subject 

such as Professional Ethics.  

4. Collectively, the assessment of concept maps in this study was performed manually. 

As this approach was sufficient in this study, future study should consider a strategic 

approach to enhance the practicability. Future study should be devoted to the 
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development of a computerised system in analysing concept maps. This is an 

interesting topic for future work as the use of computer technology opens up the 

possibilities of further complex methods for analysis such as the use of artificial 

intelligence. Moreover, the minimum amount of human input approach would 

minimise assessors subjectivity as well as being able to replicate results at a larger 

scale.  
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A.1  INTRODUCTION 

This section includes a draft of concept categories developed for Process Safety domain. 

The first draft is shown in Table A1, that was developed for the first round of concept 

maps’ assessment.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Table A1: First draft of concept categories. 
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Table A1: First draft of concept categories (continued). 
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A.2  INTRODUCTION 

This section includes the second draft of concept categories, shown in Table A2 in which 

was the revised version from the first one. The second concept categories draft was used 

in the assessment of concept maps conducted in the second round of assessment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A2: Revised draft of concept categories. 
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Table A2: Revised draft of concept categories (continued). 
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APPENDIX B 

CALCULATIONS OF THE CHI SQUARED TEST 
AND COMPARISON BETWEEN LINK QUALITY 

INDEX AND COMPLEXITY INDEX 
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B.1  INTRODUCTION 

This appendix includes calculations of every connection between concepts of two 

categories, by applying the Chi Squared test, as shown in Table B1. 

 

Table B1: Chi-Squared Test. 
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Table B1: Chi-Squared Test (continued). 
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Table B1: Chi-Squared Test (continued). 
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B.2  INTRODUCTION 

This section includes eighteen concept maps (Figure B2.1 to B2.18) used in the 

calculations and comparison of Link Quality Index and Complexity Index shown in Table 

6.4. 

 

Figure B2.1: Analysis of Link Quality Index on a concept map of 29 concepts and 49 

links.  
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Figure B2.2: Analysis of Link Quality Index on a concept map of 19 concepts and 35 links. 
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Figure B2.3: Analysis of Link Quality Index on a concept map of 20 concepts and 34 links.  
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Figure B2.4: Analysis of Link Quality Index on a concept map of 23 concepts and 35 links.  
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Figure B2.5: Analysis of Link Quality Index on a concept map of 26 concepts and 35 links. 
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Figure B2.6: Analysis of Link Quality Index on a concept map of 20 concepts and 28 links. 
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Figure B2.7: Analysis of Link Quality Index on a concept map of 34 concepts and 43 links. 
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Figure B2.8: Analysis of Link Quality Index on a concept map of 23 concepts and 33 links.  
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Figure B2.9: Analysis of Link Quality Index on a concept map of 14 concepts and 21 links. 
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Figure B2.10: Analysis of Link Quality Index on a concept map of 25 concepts and 27 

links.  
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Figure B2.11: Analysis of Link Quality Index on a concept map of 15 concepts and 21 

links. 
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Figure B2.12: Analysis of Link Quality Index on a concept map of 13 concepts and 13 

links. 
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Figure B2.13: Analysis of Link Quality Index on a concept map of 16 concepts and 20 

links.  
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Figure B2.14: Analysis of Link Quality Index on a concept map of 20 concepts and 23 

links. 
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Figure B2.15: Analysis of Link Quality Index on a concept map of 16 concepts and 18 

links. 
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Figure B2.16: Analysis of Link Quality Index on a concept map of 11 concepts and 14 

links. 
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Figure B2.17: Analysis of Link Quality Index on a concept map of 25 concepts and 25 

links.  
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Figure B2.18: Analysis of Link Quality Index on a concept map of 19 concepts and 23 

links. 
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PUBLICATIONS FROM THESIS 
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C.1  INTRODUCTION

This section includes the publication entitled ‘A New Validation Method for Defining 

Concept Map Categories’. The paper was presented at the Proceedings of the 8th 

International Conference on Concept Mapping, in Medellin, Colombia, on September 26 

– 28, 2018.



Concept Mapping: Renewing Learning and Thinking 
Proc. of the Eighth Int. Conference on Concept Mapping 

Medellín, Colombia 2018 

A NEW VALIDATION METHOD FOR DEFINING CONCEPT MAP CATEGORIES 

Nina Fatma Ali, Juliana Kaya Prpic and David C Shallcross 
University of Melbourne, Australia  

Email: ninaa1@student.unimelb.edu.au, juliana.prpic@unimelb.edu.au, dcshal@unimelb.edu.au 

Abstract. This paper describes a new method for developing and refining the categories into which the concepts of a collection of 
concept maps may be classified.  The method is used to develop a set of ten categories into which concepts relating to the domain of 
‘process safety’ may be assigned.  The categories created were used to analyse 103 concept maps that were generated by second year 
undergraduate chemical engineering students.  The method involved defining ten different categories into which the process safety 
concepts could be assigned.  Each map was then analysed independently by three different assessors who each bring different 
perspectives on the topic to the analysis.  Each assessor assigned every concept of each of the maps to one of the ten categories.  The 
disagreements that inevitably occurred between the three assessors were then analysed using a novel three-way table.  A close analysis 
of the disagreements aided by the new table allowed each of the categories to be more closely defined, removing ambiguities and 
uncertainties.  The results showed that the students generally understood the non-physical preventative measure in the process 
industries as well as the consequences and potential outcomes.  The students appeared not to recognize the importance of education 
and training in maintaining safety. 

 
Keywords: concept mapping, categories, taxonomy, process safety, validation study 

1 Introduction 

Imparting a sound understanding of process safety is a crucial element of any chemical engineering program. The 
study of real past engineering incidents in the classroom is often an efficient way to emphasise the importance of 
process safety. In the University of Melbourne for example, undergraduate students enrolled in chemical 
engineering program learn the subject of process safety throughout their course.   One challenge that any educator 
faces is to how to properly assess student learning in the safety domain.  A study conducted by Shallcross (2013) 
suggested the use of concept maps to assess the learning and understanding of cohort and individual around the 
safety case studies. Concept maps are a graphical technique of presenting information and relationship between 
different concepts. This method has also been used by others researchers for example, in sustainable development 
topic by Lourdel et al. (2007) and Segalàs et al. (2008).  In this study, we focus on the use of concept maps as a tool 
for assessment, in which a new method is proposed to develop the categories, into which concepts may be allocated.  
This method is applied to the development of a taxonomy for the analysis of concepts relating to process safety.  

2 Methods for Concept Map Analysis 

Several different techniques have been used in the past to assess concept maps. Different scoring techniques assess 
different elements of conceptual organisation and understanding. Some of the scoring techniques are based on 
assigning points for specific characteristics or components of a concept map, which can be grouped under 
quantitative approach, while others assess concept map qualitatively. Broadly, there are six systems that can be 
categorised in the former approach which includes; the weighted component scoring system; holistic scoring system; 
map comparison scoring system; combination method of component scoring and map comparison system; 
combination method of component scoring and holistic scoring system; as well as categorical scoring system.  

 
In the weighted component scoring system, researchers score concept maps originally based on number of 

concepts, links, cross-links and hierarchies as suggested by Novak and Gowin (1984). This was further developed 
later by other researchers (Barenholz and Tamir, 1992; Heinze-Fry and Novak, 1990; Markham et al., 1994; 
McClure and Bell, 1990; Nakhleh and Krajcik, 1991; Roth and Roychoudhury, 1992; Turns et al., 2000; and 
Wallace and Mintzes, 1990) by either adding new features to the initial version or modifying it. In the holistic 
scoring system, researchers aimed at pursuing the possibility of evaluating concept maps as a whole, Besterfield-
Sacre et al. (2004) analysed comprehensiveness, organisation and correctness of a map based on three point scale 
rating.  

 
Goldsmith et al., (1991) and Acton et al. (1994) compared students’ concept maps in terms of the likeness of 

concepts and their adjacent concept, as well as the links to a criterion map. In regards to the combination method of 



component scoring and map comparison system, Ruiz-Primo and Shavelson (1996) scored three criteria of the 
concept maps; total proposition accuracy score, salience score and convergence score. This system was explored 
earlier by other researchers who applied different variations (Champagne et al., 1978; Beyerbach, 1988; Anderson 
and Huang, 1989; Hoz et al., 1990; Mahler et al., 1991; and Schreiber and Abegg, 1991).  

 
Some researchers have experimented with the combination method of component and holistic scoring system. 

For example, Jablokow et al. (2015), analysed undergraduates’ concept maps using twelve traditional metrics 
(which among others include total number of concepts, hierarchies and links, map density and complexity, link 
similarity and closeness index) and four holistic metrics (namely dominant structural pattern, comprehensiveness, 
organisation and correctness). Nonetheless, in the categorical scoring system, (Lourdel et al., 2007; Segalàs et al., 
2008; and Shallcross, 2013) concept maps are analysed by grouping each concept to its relevant categories to 
present students’ appreciation around a study domain.  

 
In the qualitative approach, (Kinchin and Hay, 2000) proposed to extract three types of structure from concept 

maps; spokes, chains and nets to indicate whether students demonstrated rote learning or meaningful learning in 
their study domain. Another alternative to that was developed by Liu et al. (2005), where a set of algorithms to 
perform links analysis were developed in order to identify the misconceptions of the students. The study compared 
links of each concept of students’ maps with the links of each concept of a teacher’s map.  

 
The current study is aimed at developing a more robust method to define the categories, into which the 

individual concepts of a concept map might be classified.  We do this by having three different assessors to analyse 
each concept map, and then analysing the extent to which the assessors agree or disagree with one another.  Using 
the novel three-way tables, the concept types which are prone to disagreement can be identified, and then the 
categories more refined.  

3 Methodology 

Second year chemical engineering students were given 30 minutes activity to prepare a concept map based around 
the domain “Process safety”. In the previous year, they had received extensive training in the use and creation of 
concept maps and had be required to prepare several concept maps on topics ranging from “mobile phones” to a 
high-speed rail accident.  The students were not given any concepts or joining words, just the domain.  They were 
expected to prepare maps of at least 25 concepts without knowing the categories that they would be assessed on, as 
the development of the categories’ taxonomy were done by assessors after the activity. 

  
A total of 103 student concept maps with the domain “process safety” were analysed for this present study.  The 

maps were most well-formed with the propositions usually indicated by arrows showing how the joining words 
linked the adjacent concepts.  Here, it is worth noting that the maps were completed in the English language 
although at least half the class were non-native English-speakers. 

  
In his work looking at analysing the concept maps of students using safety incident case studies Shallcross 

(2013) proposed the use of six categories into which individual concepts featured in students’ maps could be 
classified (Table 1).  Later he proposed the use of eight categories for concepts maps with “Process and personal 
safety” as the domain (Shallcross, 2015).  This was the first work to use concept maps to attempt to assess student 
and cohort learning of engineering safety concepts.  The categories covered the entire range of concepts that might 
be encountered from potential hazards, and preventative measures that can be put in place to maintain safety, to the 
potential consequences of any incident.  Another category was defined that considered the consequences of any 
event.  Education and training, and actors and stakeholders were two other categories that were included.  The final 
category “environmental” was included in response to the significant number of concepts that could not be assigned 
into any other category, but which had a definite association with the environment and the specific environmental 
impacts of any incident.  Because of the very large number of concepts that relate to preventative measures that can 
be taken to reduce hazards and the likelihood of incidents, Shallcross proposed the use of two distinct categories, the 
first relating to physical preventative measures, and the second relating to non-physical, but more procedural 
preventative measures. 
 



Categories 

Safety Case study; Shallcross 
(2013) 

Process and Personal Safety; 
Shallcross (2015) Process Safety; This study 

1. Context 
2. Incident Description 
3. Causes 
4. Consequences and Aftermath 
5. Lessons Learned 
6. Actors and Stakeholders 

1. Preventative measures 
(physical) 

2. Preventative measures (non-
physical) 

3. Consequences 
4. Actors and Stakeholders 
5. Education and Training 
6. Potential Hazards/Causes 
7. Incident Response 
8. Environmental 

0. Irrelevant/ Unrelated 
1. Potential Hazards 
2. Preventative - physical 
3. Preventative - non-physical, 

procedural 
4. Consequences and Outcomes 
5. Incident Response 
6. Education and Training 
7. Actors and Objects 
8. Ideal and Values 
9. Others 

Table 1: Taxonomy of Safety Categories used in the assessment 

 
In the current work, we have based our categories on the work of Shallcross but have replaced his 

“Environmental” category with “Ideals and Values”.  In our first iteration of the taxonomy, we included a ninth 
category “Others” which was designed to capture all those concepts that are relevant to the domain but do not fit 
well within any category.  After performing an analysis of the concept maps we included another category 
“Irrelevant /Unrelated” to address the not insignificant number of concepts that were completely irrelevant to the 
domain.  Table 2 provides more details of the categories that are proposed for the present study. 

 
In this work three assessors independently analysed each of the concept maps applying the taxonomy of Table 2 

to allocate each concept to one of the ten categories.  One of the assessors is a professor of chemical engineering 
who has experience in industry and expertise in process safety.  The second assessor is a PhD student who has 
degrees in chemical engineering and process safety, while the third assessor has no formal background or experience 
in engineering, but has experience in using concept maps.  An analysis of agreement and disagreement between 
assessors and validity of newly developed categories’ taxonomy was conducted. We interpret agreement as identical 
responses on the same concept for all assessors under similar assessment conditions (using the similar categories 
guide and procedures for assessing similar concept maps). Disagreement occurs when the assessors had different 
responses on the same concept under similar assessment conditions. Whereas, validity is used to ensure that the new 
developed categories’ taxonomy legitimately measures students’ understanding.  

 
The assessment steps started with the development of ten categories’ taxonomy as a first draft for process safety 

domain. As shown in Figure 1, the assessment process involves two main phases. In the first phase, all three 
assessors used the first draft to assessing 51 students’ concept maps (set 1). Then, the assessors’ responses were 
analysed, where all agreement and disagreement were identified and analysed. Based on the disagreements in the 
responses, discussions were carried out between all assessors to revise the categories’ taxonomy. Another 
assessment was conducted (second phase) to validate the results obtained from the first phase. In phase two, the 
assessors used the revised categories’ taxonomy to analyse 52 students’ concept maps (set 2), after which, the 
assessors’ responses were analysed.  

 
 
 
 
 
 
 
 

 



Category Meaning Example of concepts 

0 Irrelevant/ 
Unrelated 

Concepts which are not precise/unclear or are 
insignificant and require further explanation. 
Usage of terms which are not appropriate to 
describe the concepts in the domain. 

chronology, results, non-often, low, 
high, fuses, electric circuit, form, 
purpose 

1 Potential 
Hazards 

A source or a situation with potential for harm, 
damage or adverse effects (health effects to 
people, losses to property/equipment, or to 
environment).  Potential hazards include 
dangerous objects, harmful substances and 
materials, sources of energy, unsafe conditions, 
processes, unsafe practices/ actions, human 
factors and behaviours. 

wet floor, working from heights, 
malfunction equipment, welding, 
electrical hazards (frayed cords, 
missing ground pins), confined spaces, 
vapour and fumes from welding, 
flammable materials (solvents), 
extreme temperatures, ergonomic 
hazards (vibration, frequent lifting), 
unguarded machinery, human error 
(negligence, ignorance) 

2 Preventative – 
physical 

Physical equipment that protects personnel or 
process from workplace hazards, or during non-
routine operations and emergencies, help avoid 
injuries, illnesses and incidents. 

alarm (to indicate things getting out of 
control), barrier, PPE (safety 
harnesses, anchor points, lanyards), 
horizontal lifelines, flare, fire sprinkler 

3 Preventative –  
non-physical, 
procedural 

Policies, procedures and practices/actions that 
protect personnel or process from workplace 
hazards, or during non-routine operations and 
emergencies, help avoid injuries, illnesses and 
incidents. 

SOP, maintenance, design, 
communicating with supervisors, 
reporting near misses or incidents, no 
smoking, hazard control plan, 
redundancy 

 
4 Consequences 

and Outcomes 
The effects of an unplanned event (occurrence or 
change of particular set of 
circumstances)/incidents resulting in or having a 
potential for injury, damage or other loss to 
people, property, infrastructure and processes 
 
The outcomes/ results of action/materials 
occurring earlier (positive/negative) 

gas leak, fire, costs and liability, 
blemished reputation, death, 
punishment of breaking rules, safe 
operation, cost, minimise loss, bonus, 
profit 

5 Incident 
response 

The action or involving the usage of 
equipment/procedure of responding, organising, 
coordinating and managing of available resources 
after an imminent event to mitigate or minimise 
the impact of the event or damage to people, 
property, infrastructure and processes   

evacuation, first aid, emergency 
assembly point, fire water system, 
emergency shut down 
procedures/equipment, medical 
treatment, containment/dikes, fire 
extinguisher 

6 Education and 
Training 

Process to equip/maintaining personnel with 
knowledge and skills, awareness, understanding 
and know-how required to work safely, identify 
hazards, report, respond and mitigate the impact 
of incidents 

evacuation drill, awareness training, 
worksite demonstrations, promoting 
good work practices, case studies 

7 Actors and 
Objects 

People, institutions including companies, 
government and government agencies, 
stakeholders that have influence in the domain 
 
Objects - general description of equipment, 
machineries, materials which are not belong to the 
other categories 

workers, society, management, 
equipment, methanol tanks, computers 

8 Ideal and 
Values 

Principles or standards of behaviour/ attributes 
that are important to the domain 

responsibility, commitment, ethics, 
sustainability, reputation, safety 
culture, reliability, honesty 



Category Meaning Example of concepts 

9 Others Relevant/significant but inapplicable to any of the 
category of 1 to 8 

location 

Table 2: Categories’ Taxonomy for concepts related to process safety 

 
 
 
 

 
 
 

 

 

 

 

  

  

Figure 1: Assessment flow 

4 Study Results 

Results of this study provide a new method to validate the definition of proposed concept category as well as a new 
procedure for presenting the information. After the completion of the assessment, the assessors sat together to 
discuss, evaluate, and provide feedback on the concept categories’ taxonomy. The focus of the discussion was on the 
evaluation of the concept categories’ taxonomy. Assessors shared their opinions regarding the strengths and 
weaknesses of the concept categories’ taxonomy. It was concluded that that categorising concepts into the proposed 
concept categories depends to a certain extent, on the level of subjectivity among assessors.  

 
Based on the observation of assessors’ responses and the discussion, some concepts could be further categorised 

into several categories depending on the context of the proposition. For example, the concept of ‘equipment’ can be 
classified into the categories ‘Potential Hazards’ (Category 1); or ‘Preventative-Physical’ (Category 2); 
‘Consequences and Outcomes’ (Category 4); or ‘Actors and Objects’ (Category 7).  As illustrated in Figure 2, 
concept ‘equipment’ in the left box was classified in category ‘Preventative-Physical’ (Category 2) while in the right 
box, the concept was assigned into category ‘Consequences and Outcomes’ (Category 4). Thus, assessors agreed 
that interpretation is crucial to determine the most appropriate category for particular concepts that have several 
different meanings, as shown in the example above. Moreover, the assessors were trained to analyse this type of 
concepts according to the context to understand the intended meaning, in order to correctly categorise it. Category 9, 
“Others” was used by the assessors when it became very difficult to readily assigned into one of the more defined 
categories of 1 to 8.  The concept “location” is an example of a concept with a valid place in a concept map on 
“process safety” but which is difficult to assign into one of the eight main categories.  This would be assigned to 
Category 9. 

Categories' 
Taxonomy 

Development

Concept Maps 
Assessment Set 

1

Evaluation 
Responses 
Analysis 

Set 1

Categories' 
Taxonomy 
Redefined

Concept Maps 
Assessment Set 

2

Evaluation 
Responses 
Analysis 

Set 2

Categories 
Taxonomy Final



 
Figure 2: Samples from students’ concept maps showing example of concept ‘equipment’ 

 
Next, responses collected from the assessors were presented in a newly developed three-way table (Figure 3). 

The three-way table exhibits regions in which the assessors’ responses were compared against each other. One of the 
advantages of presenting assessors’ responses in a three-way table, is that it clearly shows the number of agreements 
and its total, as well as the number of disagreements between the assessors.  This is a crucial observation in 
validating the concept categories’ taxonomy. Figure 3 is used to introduce the reader to the new method of 
presenting data using just three categories.  The table is designed around three interlinked tables, the one table 
showing how the responses from Assessor A compare with those of Assessor B, another table showing the 
comparison between Assessors B and C, and the third (and highlighted) table comparing the responses of Assessors 
A and C.  In the upper example, we see that on 16 occasions, both Assessors B and C agreed that a concept should 
be assigned to Category 2, but on 8 occasions, Assessor A recommended that a concept be assigned to Category 1 
while Assessor B concluded that the same concept would better be categorised into category 3.  Considering now the 
lower part of Figure 3, some of the highlighted features include that Assessor B assigned 22 concepts in total to 
Category 1, while Assessors A and C agreed on 79 occasions with one another. 

 
Now consider Figure 4 which presents the full set of data for 103 concept maps, independently analysed by the 

three assessors.  We note that the number of the distributions in the agreement boxes were almost comparable across 
all categories for all assessors. This suggests that the techniques used to evaluate the concept maps was appropriate 
and reproducible. Although the agreement responses between assessors were remarkably similar, especially on 
Category 3 (Preventative –non-physical, procedural), Category 4 (Consequences and Outcomes) and Category 7 
(Actors and Objects), this study also explores the categories in which assessors had many disagreements. For 
example, the concepts of ‘fire-sprinkler” and ‘flare’ are planned equipment which function to protect personnel or 
process from incidents as prevention (Category 2) rather than as a response (Category 5) to incidents. As a result of 
this confusion, assessors had disagreement in these two categories in both phase 1 and phase 2 evaluation. This 
confusion however was solved during the discussion and knowledge sharing session among assessors.  

 
In addition, three-way table also presents the total number of responses for every category by the assessors. This 

was important in this study as one might predict that ideally every assessor must have similar total number of 
responses for every category if they have 100% agreement on the categorisation. However, the results show a 
different trend. For example, the total responses of Assessor A for Category 1 is 338, while for Assessor B and 
Assessor C it is 197 and 252, respectively. Also, it is worth noting that, for summation agreement score between 
Assessors A and C is higher (1824 responses) compared to summation agreement between Assessors A and B (1549 
responses) and Assessors B and C (1658 responses). We assume that this is because Assessor B has no formal 
education on process safety domain. Although this study expected assessors to have high agreement and responses, 
assessors might have their own understanding and interpretation on certain concepts. Hence, this explains the 
disagreement between assessors and also variation observed in the results. Another contributing reason could be that 
the students’ concept maps were fragmented and scattered structurally, with incomplete proposition (without linking 
words) thus, making the marking process more challenging.  



Although we do not directly measure student understanding in this study, we can see from the summation box 
(indicated by dark grey) that assessors have classified significant numbers, about one fifth of students’ concepts in 
category preventative – non-physical, procedural (Category 3), followed by category consequences and outcomes 
(Category 4) for more than 14%. It shows here that students understood the non-physical preventative measure in 
the process industries as well as the consequences and potential outcomes. However, the students appeared not able 
to correlate strongly on the importance of education and training in maintaining safety, as shown only 5% of 
students’ concepts were classified in Category 6.  

 

 

Figure 3: Three-way table of responses between the three assessors 



 

  
Figure 4: Three-way table of overall responses of students’ concept maps (n=103) 

5 Concluding Remarks 

Ensuring that chemical engineering students graduate with a sound understand of the importance of process safety is 
vitally important.  Assessing student knowledge around important concepts in process safety can be difficult if the 
topic is integrated throughout the curriculum without one single subject or unit being a focus. We believe that the 
use of concept maps is a valuable tool in assessing student and cohort knowledge of process safety. Hence, this 
would be beneficial to guide instructors in teaching process safety in the future as it able to identify attributes that 
students may have struggled with in the class.  

 



In developing a method to assess student concept maps for process safety we have developed a new tool.  This 
tool, the three-way table, allows concept map categories and definitions to be better defined by identifying the 
particular situations when three assessors disagree with how particular concepts should be classified.  The tool is an 
excellent way to focus discussions between the three assessors in order to better define the categories.  This novel 
approach leads to a more robust and reliable taxonomy, and has been successfully applied to the developed a 
taxonomy for the domain of “process safety”. 
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Abstract 

 
The understanding of process safety and its principles is crucial to any chemical engineering 
program. Students need to understand why process safety is critical and how it is applied in 
industry. The aims of this study are to identify whether the use of concept maps is a suitable 
method of evaluating cohort learning on process safety and then to explore the student learning 
and understanding of process safety.  An analysis of 103 students’ concept maps by three 
independent reviewers was undertaken. It was completed by classifying every concept contained 
in the student-generated maps into one of ten proposed concept categories.  The analysis has 
sharpened the definition of each category and provides an insight into how well the key concepts 
associated with the process safety were captured by students.  The results show that at second 
year, students appreciate of process safety is still maturing, but by later years they have 
developed deeper appreciation of the concepts. 
 

Introduction 
 
Knowledge and awareness of safety are critical elements of any undergraduate engineering 
program. Lacking elements of these could result in young engineers leaving university with an 
inadequate understanding of their roles and responsibilities in ensuring safety in their 
workplaces. Therefore, it is crucial to equip undergraduate students who are taking engineering 
courses with essential understanding of process safety. They are also need to be kept up to date 
with the dynamic nature of industrial practices.  
 

At the University of Melbourne, full-time undergraduate students enrolled in a 3-year 
Master of Engineering (Chemical) program learn about process safety in three core subjects that 
is being conducted in Semester 4 and Semester 5. Process safety is first being introduced to 
students in the subject of Safety and Sustainability Case Studies, in which they are expected to 
which among others include performing HAZOP and QRA safety analysis and constructing an 



environmental impact assessment. Following that, their understanding of issues relating to safety 
will be deepened in subsequent subjects particularly in Process Equipment Design and Process 
Engineering in later year.  

 
Apart from providing engineering students with adequate knowledge focusing specifically 

on process safety domain, the other important criteria is how to properly assess their learning in 
this domain. The reason being said that, a proper assessment method would be able to show the 
amount of knowledge students had captured in class. Generally, in the University of Melbourne, 
students’ learning was assessed from several in-class or/and take home written reports and 
assignments either conducted individually or group, oral presentations as well as end-of-semester 
examination. This study, however is proposing the use of concept maps to evaluating individual 
student and cohort learning and understanding around process safety.  
 

Concept Mapping 
 
Human memory is an interrelated system in which learning involves the adjustment of the 
system to integrate newly learned knowledge (Strautmane, 2012). Learning in this context is 
crucially reliant upon the learner’s existing awareness of concepts and their interconnections 
(Ausubel, 1968). This indicates that learning emerges from the interaction between newly 
learned knowledge and the learner’s existing knowledge. Such processes involve the ability to 
differentiate between alternative meanings and to negotiate a solution to any disagreement that 
might exist between a new and existing notion. Hence, this learning interaction results in more 
definite classifications of concept and connections, as well as the decision for ambiguous or 
incorrect ones.  
 

The National Research Council (2004) in their study “How People Learn: Brain, Mind, 
Experience, and School”, posit that human brains organise information into hierarchies and 
network structures, much like those represented by concept maps. So, what are concept maps? 
According to Novak and Gowin (1984) based on Ausubel’s assimilation theory of learning, 
concept maps are graphical method use to organise and represent knowledge that outline 
relationships between concepts. They also defined it as a method to facilitate the process of 
meaningful learning. Ju (1989) suggested that concept maps represent the subject’s unique 
internalisation or understanding of a domain. Zeilik, cited in Besterfield-Sacre et al., (2004) in 
his study determined that the purpose of concept maps is to investigate understanding of 
concepts, to capture development of ideas over time, and to document the nature and frequency 
of misconceptions among students. As such, for Ausubel’s theory, Zeilik projected that 
interrelatedness is important in knowledge; as meaningful learning occurs when new knowledge 
relates to existing knowledge.  
 

Concept maps consist of three important components; concepts, connecting links and 
connecting phrases. Two concepts in a map may be joined by a connecting link labelled with 
connecting phrase which together form a proposition, in which specifies the relationship between 
concepts. Students link their existing knowledge to new information and create maps which 
show interrelated ideas. Mathes et al., (2001) have shown in their study that concept maps 
provide motivation for languages’ students to identify the relationships among different sets of 
information. Since the development of concept maps, they have successfully been used in the 



education sector for over 30 years (Daley and Torre, 2010), and their use in the engineering field 
is increasing with the passage of time. For instance, Segalàs et al., (2008) introduced the use of 
concept maps as a tool to assess the knowledge acquired by students in the sustainability domain. 
Besterfield-Sacre et al., (2004) have also used concept maps to assess knowledge integration in 
industrial engineering.  
 

Methods for Concept Maps Analysis 
 
Concept maps may be assessed by several different techniques that aim to assess different 
elements depending on researchers’ intentions.   
 

 The weighted component scoring system. This method was used by Novak and Gowin 
(1984), where they scored concept maps based on number of concepts, links, cross-links 
and hierarchies.  

 The holistic scoring system. This approach was utilized by Besterfield-Sacre et al., 
(2004), as they analysed comprehensiveness, organisation and correctness of a map based 
on three-point scale dimension. 

 The map comparison system. Acton et al., (1994) used this technique to compare 
students’ concept maps in terms of likeness of concepts, their adjacent concepts, and 
links to a criterion map.  

 The categorical scoring system. This method was used by Shallcross (2013) to analyse 
concept maps by grouping each concept to its relevant categories to present students’ 
appreciation around a study domain. 

 The qualitative approach. Kinchin and Hay (2000) proposed to extract three types of 
structure from concept maps; spokes, chains and nets to indicate whether students 
demonstrated rote learning or meaningful learning. Another alternative to that was 
developed by Liu et al., (2005), who used algorithms to perform link analysis in order to 
identify misconceptions shown by students.  

 
The work reported here aimed at adapting categorical scoring system to assess students’ concept 
maps. It was noticed that one of the challenges associated with such an approach was the 
identification of concept map categories. Our approach began with the process safety categories 
that we defined in (Ali et al., 2018). The same approach was used for the assessment presented in 
this paper.  
 

Our work in Context 
 
It is difficult to evaluate what students perceive in a broad subject field like process safety. 
Furthermore, since human minds are highly unique, especially in terms of interpretation, 
different students would have different concept maps despite answering the same focus question 
and level of expertise (Calafate et al., 2009). Due to such uniqueness, our previous study was 
dedicated to validating concept map categories in a more elaborate and precise process ensuring 
that all possible concepts constructed by students were included.  
 

We realised that in categorical scoring method, there will be some level of subjectivity in 
allocating each concept to their relevant categories. To decrease the level of the subjectivity, the 



process was initiated with the idea of having three independent assessors to analyse each concept 
map and then evaluate the extent to which the assessors agree or disagree with one another. The 
assessors were (1) a chemical engineering professor who has expertise in process safety and the 
industry; (2) a PhD student who has degrees in chemical engineering and process safety; and (3) 
a non-engineering scientist, who has extensive experience in using concept maps.  
 

In our previous study, we explained the process of developing the categories’ taxonomy for 
process safety domain. Briefly, the validation study involved two phases. The first phase started 
with the establishment of ten categories’ taxonomy. This was followed by the assessors assessing 
51 concept maps using the proposed categories. It is in phase one that all assessors’ responses 
were evaluated to identify all agreement and disagreement. Following that, discussions were 
carried out between all assessors to revise the proposed categories’ taxonomy. In phase two, 
another assessment was conducted to validate the outcomes obtained from the first phase. 
However, in the second phase, assessors used the revised categories’ taxonomy on another 52 
concept maps, followed by analysis and discussions of assessors’ responses.  
 

By having all three assessors analysing each concept maps independently in two elaborate 
phases, we were able to locate several categories and concepts that were prone to individual 
subjectivity that leads to different responses and complete disagreement between assessors. As a 
result, we were able to develop not only a novel validation method for defining categories’ 
taxonomy, but also for validating categories for process safety domain (Table 1).  
 

Table 1: Categories' taxonomy for process safety domain 
Category Example of concepts 

0 Irrelevant/ Unrelated chronology, non-often, form 

1 Potential Hazards extreme temperature, human error, unguarded equipment 

2 Preventative – physical alarm, barrier, personal protective equipment 

3 Preventative –  
non-physical, procedural standard operating procedure, maintenance, design 

4 Consequences and  
Outcomes fire, blemished reputation, profit, safe operation 

5 Incident response medical treatment, emergency shut down, 
containment/dikes 

6 Education and Training worksite demonstrations, evacuation drill, awareness 
training 

7 Actors and Objects society, management, equipment 

8 Ideal and Values ethics, commitment, safety culture 

9 Others location  
 

These categories cover the entire range of concepts relating to process safety that might be 
encountered in maps developed by students. The eight important categories are listed from 1 to 
8. Category 0 was designed to capture concepts that are unclear or largely unrelated to process 



safety, while category 9 was used to capture concepts that are relevant and significant but do not 
really fit into any of the other categories.  
 

Concepts that display a situation or a source with potential for harm and adverse effects to 
people, property or environment will be classified in the ‘Potential Hazards’ category. The 
‘Physical Preventative’ category is designed for concepts that include physical equipment that 
protects people or process from hazards to avoid any potential incidents. If the concepts involve 
policies, procedures, practices or actions to protect people, property or environment, then it 
should be classified into the ‘Non-physical and Procedural Preventative’ category. The category 
of ‘Consequences and Outcomes’ is not only for concepts relating to the effects of an unplanned 
event but also for concepts that show results of action or materials occurring earlier. The 
‘Incident Responses’ category comprises concepts that demonstrate any action and/or involve the 
usage of equipment or procedure as a response after an imminent event to mitigate the impact. 
The ‘Education and Training’ category is for concepts that illustrate process to equip or maintain 
personnel with knowledge and skills, awareness, understanding and know-how required to work 
safely, identify hazards, report, respond, and mitigate the impact of incidents. While concepts 
that involve people, institutions, stakeholders as well as general description of equipment, 
machineries, materials belong to the category titled ‘Actors and Objects’. Finally, the ‘Ideal and 
Values’ category is established for concepts related to the principle or standards of behaviour or 
attributes that are important to process safety.  
 

Second year undergraduate chemical engineering students from the University of Melbourne 
were given up to 30 minutes to prepare and complete a concept map based around the process 
safety. Prior to the activity, the students were trained and instructed on how to construct concept 
maps. In the activity, the students were given the domain of ‘process safety’ in the middle of a 
standard A4 page without any concepts or linking phrases.  
 

Study Results 
 
The 103 concept maps that were analysed contained an average of 22.1 concepts other than the 
central domain of ‘Process Safety’. Two students had maps with ten and fewer concepts and one 
student constructed a map with 50 concepts. Figure 1, 2 and 3 are examples of typical concept 
maps drawn by second year chemical engineering students. Students X, Y and Z have included 
adequate linking phrases in their concept maps, ensuring that the assessment process of 
categorising each concept into its relevant categories, by all three assessors was done 
consistenly.  
 

Figure 1 shows a map of Student X that has only 10 concepts other than the central domain 
in which emphasise heavily on consequences and outcomes as well as ideal and values, but very 
minimal on education and potential hazards. It is also observed that student X has not acquired 
concepts relating to physical and non-physical preventative measures, incident response, and 
actors and objects in his map based on what he had learned in the class. Although Student X has 
50% less concepts than the average cohort, his map features more sophisticated concepts.  



 
Figure 1: Concept maps of 10 concepts and 15 propositions by Student X. 

 
 

 
Figure 2: Concept maps of 22 concepts and 26 propositions by Student Y. 

 



 
Figure 3: Concept maps of 19 concepts and 35 propositions by Student Z. 

 
By contrast, the concept map produced by Student Y and Student Z contain more 

components in terms of concepts, propositions and cross-links between different segments of 
their maps. Student Y illustrates his understanding by constructing 22 concepts that cover all 
eight critical categories except the importance of physical preventative measure. Although 
Student Z has fewer concepts than Student Y, his map recognises all eight important categories 
of process safety in the map.  

 
In terms of comprehensiveness, despite missing the element of physical preventative 

measure, Student Y has shown a great appreciation on the non-physical preventative category. 
Student Y’s map has emphasised deeply on practices or actions that should be taken by 
personnel to protect people and process from workplace hazards. This can be noted from the  the 
use of the following concepts; ‘maintenance’, ‘good safety design’, ‘job tracking’, ‘report issues 
at all cost’, ‘regular checks’ and ‘clear and precise’. Student Y has also considered deeply the 
consequences and outcomes category, as the student showed different types of incidents that 
might happen in chemical industries.  

 
For the purpose and limited scope of this paper, we were unable to provide a detailed 

analysis of all the concept maps considered. We did note that, in the case of the concept map 
with more that 50 concepts, more than 70% of the concepts were related only to categories 1 to 
4. The map also contains significant numbers of concepts that were completely irrelevant to the 
domain. 



 
Figure 4: Distribution of number of concepts in each of ten categories for the 103 concept maps generated by 

the students.  
 

All 103 students’ concept maps that were independently analysed by all three assessors are 
presented in Figure 4, which shows the distribution of the number of concepts across ten 
categories. This figure indicates that the cohort had grasped well on the elements of non-physical 
preventative measure, consequences and outcomes, potential hazards as well as actors and 
objects. While the elements of physical preventative and incident responses categories were 
covered just adequately. If both irrelevant/unrelated and other categories were omitted, it is 
found that the education and training category have the lowest number of concepts in students’ 
concept maps, of which only 5% of student’s concept were classified in Category 6. Another 
noteworthy observation is the fact that the second last category that have limited number of 
concepts, was the category ideals and values. The category was considered critical and should be 
mastered by chemical engineering students. We hypothesised that those less well covered 
concepts might be overlooked as subtopics by the students when attending lectures.   

 
The remaining part of our study was directed at investigating the correlation between each 

category to underpin student learning on process safety. This part of analysis will possibly lay 
down the basis of whether students joint the concepts randomly or whether they had given a 
thought to any important relationship within and between categories. Once again, we decided not 
to report correlation between categories that involves Category 0 and 9 as we see the concepts 
under those categories were irrelevant and less crucial to the study analysis.  

 
 
 
 



 

 
Figure 5: Octagon network diagram displaying the connections within and between the eight important 

categories. 
  

The network diagram was produced at part of this study (Figure 5). It shows connections 
within and between categories made by study cohort. The thickness of the lines and the size of 
the circles indicate number of connections found on student’s concept maps. It is clearly 
observed that most students are able to make many connections within categories of non-
physical preventative measure, followed by connections within categories on consequences and 
outcomes element. This was expected as Figure 4 showed that students have large number of 
concepts on each of those categories.  
 

It was hypothesised that if concepts were randomly joined, connection line between category 
preventative-non-physical and category consequences and outcomes was expected to be the 
thickest. In comparison with the actual cohort performances, the trend shows a different 
outcome, in which the more connection were found to be between non-physical, procedural 
preventative category and actors and objects category. Students were also able to show natural 
correlation between potential hazards and its consequences and between potential hazards and 
non-physical preventative category. Therefore, these findings suggest two conditions, Firstly, the 
students understand very well the relationship between every category and the lines were not 
connected randomly. Secondly, it may be occurred because of the position or place between the 



two concepts. For example, in Figure 3 the concept ‘signage’ is located at the top left of the 
figure, which was far from the concept ‘safety design’, which was located in the middle right, 
hence students were not able to see the interaction between those two.  
 

Conclusion 
 
In this study, we used concept maps to assess individual student and cohort learning around 
process safety domain. The result indicates that across all 103 students, students generally have 
great understanding on the non-physical preventative measure in the process industries and as 
well as the consequences and potential outcomes. The overall outcome also suggests that many 
students are missing the importance of having education and training element in maintaining 
safety as well as the critical element of ideals and values. 
 

The results of this analysis show that concept maps are valuable tools in assessing process 
safety learning on individual student as well as cohort in class. We also believe that knowing 
exactly what the students have learnt in class, is important in further evaluating the 
appropriateness of teaching and learning objectives. Hence, this study would be beneficial not 
only to guide instructors in teaching process safety, but also on deciding some curriculum 
improvement pertaining to process safety.  
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