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Abstract 

This research explored the effect of a tutoring system’s interaction modality on learning. To 

better understand this effect, a digital-ink tool running on a stylus supported device was 

developed and compared against a keyboard & mouse based tool. Digital ink is formed while 

writing on a stylus supported device like Microsoft Surface. 

Due to its similarity with pen and paper, digital-ink tools have been preferred over keyboard & 

mouse based tools for learning topics that involve diagramming as is the case in various 

Science, Technology, Engineering and Mathematics (STEM) topics. Learning data structures 

and algorithms is challenging due to its abstract nature and is commonly taught with the help 

of diagrams. Hence, a digital-ink tutoring tool for learning data structures was developed and 

evaluated against a keyboard & mouse based data structure tutoring tool. 

A literature review was carried out to understand the learning process of data structures and to 

analyse the existing learning tools in the area. Many keyboard & mouse based tools were found, 

however, just three digital-ink tools were found and hence digital-ink tools became the focus 

of this project. 

To understand the interactions and feedback mechanisms of digital-ink tutoring systems, the 

use of such systems in the STEM area was studied. This research followed an iterative design 

methodology. Hence, an exploratory prototype of ThinkInk was built and a cognitive 

dimensions analysis was carried out. The main lessons learnt from the analysis were: the 

importance of digital-ink recognition; the need for guided instructions of tasks; and an intuitive 

and interactive user experience.  

After this, the design and development of ThinkInk – Prototype 1 was commenced. Firstly, a 

paper prototype was built and evaluated with a Wizard of Oz study. This was followed by the 

development of Prototype 1 which had tasks for 1D arrays. Next, a usability study was done 

on this prototype and improvements were made based on the participants’ feedback.  

Following this a technology acceptance analysis for understanding the user experience and 

learning gain analysis to detect actual learning were conducted. Prototype 1 was found to be 

liked by the majority of the participants. Relationships between the constructs of Perceived 

Playfulness, Perceived Ease of Use, Perceived Usefulness, System Interactivity, User Interface 

Design and Behavioural Intention were explored to get a deeper understanding of the user 
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experience of Prototype 1. The learning gain results also showed that a majority of the 

participants achieved learning gain. 

Next, ThinkInk-Prototype 2 was developed which had tasks for tree traversals and Binary 

Search Trees (BST). This prototype included changes based on the feedback from the analyses 

of Prototype 1.  

A between groups A/B experiment was conducted to compare a keyboard & mouse data 

structure tutoring tool JSAV with Prototype 2. Both user experience and learning gain was 

measured. The user experience analysis showed that users found some aspects of Prototype 2 

for user interface design, system interactivity and ease of use significantly better than JSAV. 

However, overall there was no significant difference in the user experience for the two tools. 

Majority of the participants achieved learning gain in both the learning environments. There 

was no significant learning difference between the tools for most tasks. However, learning gain 

for ThinkInk was significantly better for inorder traversal and BST insertion. 

For most aspects the two tools did not have significant difference in user experience or learning. 

Nonetheless, the consistently positive results for both the prototypes of ThinkInk across two 

different experiments does show that a digital-ink tool can provide a good user experience 

along with learning gain. The factors of guided instructions, constrained task design, an easy 

to use interface and interactive and engaging visualizations played an important role in the 

success of the two prototypes of ThinkInk.  

The iterative development process of ThinkInk combining concepts of education theory and 

human computer interaction design and development procedures helped in the success of 

ThinkInk. This research can be used as a case study for building educational tools especially 

those in the area of computer science. Studies with a larger sample size, more tasks and in 

different educational areas could be carried out to establish the learning effectiveness and 

preference of different interface modalities. 

The effect of tool modality on learning could not be clearly understood and future studies 

should probe this area further. However, the findings do establish digital-ink tools as a 

successful alternative to keyboard & mouse based learning tools for data structures and 

algorithms. 
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Chapter 1. Introduction 

Computing involves many abstract concepts like algorithms, data structures and databases. 

Learning such concepts can be challenging for novices, and can even deter them from studying 

computer science (Z. Liu et al., 2008; Shen et al., 2008; Teague & Lister, 2014). For  data 

structures and algorithms, studies such as Adamchik (2011), Fouh et al. (2016) and X. Liu et 

al. (2013) have shown that as the data structures get more complicated, students find it difficult 

to learn them. For example, arrays have a linear structure, and students are more comfortable 

with them than with trees, as they find it difficult to comprehend the concept that tree elements 

barring the root node have only one predecessor but can have multiple successors. Surprisingly, 

the works of Donna Teague, including Teague and Lister (2014), Corney et al. (2010), Lister 

et al. (2009) and Teague and Roe (2008) show that even after learning arrays for a year, students 

struggle to understand basic concepts like shifting and rotating array elements.  

Creating visualisations is a good way to explain complex concepts (Black, 1990; Farghally, 

2016; Fouh et al., 2012; Goldschmidt, 2003) . Diagrams are frequently used to model or 

visualise complex information in fields such as Mathematics, Chemistry and Computing 

(Bryfczynski et al., 2015; Buchanan et al., 2012; Oviatt et al., 2006). Algorithms and data 

structures are commonly explained using diagrams (Buchanan et al., 2012; Tversky, 2015) and 

in software engineering, sets of diagrams such as UML are utilised for representing different 

aspects of a system. However, Hundhausen et al. (2002) in their meta-study on algorithm 

visualisation found that visualisation on whiteboards or even animations are not very effective 

unless they are engaging. Their main finding was that to get a deeper understanding of 

algorithms students need to construct their own understanding of the concepts through active 

learning methods, i.e. draw the diagrams themselves rather than just watch their teachers draw 
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or see some videos. This finding is also supported by the work of Grissom et al. (2003) on 

student engagement levels in algorithm visualisation. 

Goldschmidt (2003) in her works has highlighted the positive effect of drawing on reasoning. 

Goldschmidt (2003) also found that drawing diagrams with a pen helps build ideas and 

concepts, especially in initial learning phases, and encourages the development of problem-

solving skills. Buchanan et al. (2012) and Tversky (2015) support the above findings and state 

that diagramming by students increases engagement and helps them understand better. In 

studies specific to data structure visualisation, it has been found that students sometimes lose 

track of how a particular figure in the series of visualisation relates to another (Adamchik, 

2011; Buchanan et al., 2012). This is often the case while explaining an algorithm and its 

related data structure on a whiteboard. Moreover, these findings are in line with the 

Constructivist Learning Theory, according to which, learners get a deeper understanding of a 

subject if they are actively engaged in the learning process (Ben-Ari, 1998).  

However, computer-based diagramming with traditional mouse-keyboard interfaces is too 

restrictive and imposes a higher extrinsic cognitive load compared with pen and paper 

(Anthony et al., 2005; Oviatt et al., 2006). Unfortunately, in the area of algorithm and data 

structure visualisation, most of the tools are keyboard & mouse based (Hundhausen et al., 

2002).  

In this research a tool to help learn data structures is being developed, and, since in data 

structures visualization is common (Buchanan & Laviola Jr, 2014; Cormen et al., 2009), so an 

interface that allows users to create visualisations with the least mental load was preferred. In 

this regards though pen and paper based visualisation is the least cognitively demanding (Oviatt 

et al., 2006), nonetheless, it lacks the benefits of computer based visualization. In computer 
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based visualization there can be many benefits like interactive feedback using animation, 

saving the work amongst others. 

Therefore, to get the advantage of technology for feedback and the cognitive benefits of using 

a pen, digital-ink is being used in this project.  

Digital-ink is created when writing on a tablet-pc (such as iPad or Microsoft Surface) with a 

stylus. Digital ink can be used for anything that a pen or pencil can be used for. Its advantage 

over pen and paper is that the ink strokes can be recognised by the computer and used to provide 

intelligent feedback to the user (Buchanan et al., 2012; LaViola & Zeleznik, 2007). Users prefer 

digital-ink over keyboard & mouse tools as they feel that they can concentrate more on learning 

the subject rather than learning how to use the tool (Johnson et al., 2009; Oviatt et al., 2006). 

It is used in visual arts and increasingly for text input and intelligent tutoring (Caceffo et al., 

2015; Williford et al., 2016) . 

Hence, in this research the use of digital-ink for developing an interactive data structure 

tutoring tool is being studied. 

1.1. Motivation 

The initial idea was to work in the area of interactive diagramming for learning support in one 

of the STEM areas. This was based on the premise of the many studies carried out on the 

benefits of interactive learning and benefits of diagramming on learning. 

Initially, the area of mathematics was selected because of its inherent use of diagrams. 

However, upon reviewing the literature, a large amount of work was found, even in the specific 

area of digital-ink based mathematical tools. In comparison, the use of diagramming in 

Computer Science (CS) has had much less attention.  
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In CS the area of Data Structures (DS) stood out because of the wide usage of diagrams to 

explain complex concepts. Existing literature that focussed on the usage of interactive 

diagramming for teaching/learning DS was analysed in depth. The analyses showed many 

advantages of such systems. It also showed that almost all such systems were keyboard & 

mouse based. Most of them also reported some issues encountered while using the systems.  

In order to select an easier way of interactive diagramming, studies comparing the different 

ways of drawing were analysed. These studies revealed the many benefits of simple paper and 

pen based drawing. The closest technology comparable to the ease of use of pen and paper was 

found to be digital-ink.  

Therefore, peer reviewed studies using digital-ink for DS learning were searched. This search 

revealed a startling result: just 3 tools were found, thus indicating a large gap to be filled in the 

area. The first one was developed by Adamchik (2011), then CS Tutor was developed by 

Buchanan et al. (2012) and then lastly CoMo was developed by Sabisch (2014) 

To get a better understanding of the operation of digital-ink based tutoring systems, a review 

of such tools in STEM areas was done. Amongst other interesting results this study revealed 

the different functionalities and interaction techniques in such tools. 

1.2. Research Objectives and Questions 

The Objectives are – 

1. To develop a digital-ink based data structure tutoring tool that helps users create data 

structures visualisations and guides them in the learning tasks 

2. Evaluate the tool 

The primary research question for this project is – 
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RQ1. How can a digital-ink based interactive data structure tutoring tool help students in 

learning data structures? 

a. What are the main design decisions to ensure such tools are liked by users and 

also provide real learning? 

b. Will students be interested in using such a tool and how can their rationale of 

use be explained? 

RQ2. What is the impact of tool modality on an interactive data structure tutoring tool? 

1.3. Scope of the thesis 

The following points define the research scope -  

1. Develop an interactive digital-ink based tool that supports teaching data structures 

2. The following data structures have been selected as they are commonly taught in most 

data structures courses and both of them cater to different complexity levels for learners 

(Cormen et al., 2009). Arrays being easier than trees for most learners: 

a. Arrays 

b. Trees 

3. Conduct the following analyses – 

a. Usability analyses 

b. Learning gain analyses 

c. User experience analyses using technology acceptance constructs 

1.4. Thesis Outline 

The thesis is arranged in the following order 

Chapter 1: introduces the research topic and sets the research objectives, questions and scope 

Chapter 2: details the literature review carried out to understand the research area 

Chapter 3: discusses the methodology followed to accomplish this research 

Chapter 4: discusses the exploratory prototype, its analyses and lessons learnt 

Chapter 5: details the development of Prototype 1 

Chapter 6: discusses the analyses conducted on Prototype 1 

Chapter 7: details the development of Prototype 2 
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Chapter 8: discusses the comparative studies conducted on Prototype 2 

Chapter 9: presents the discussion and conclusion of the entire research work 

1.5. Publications emanating from this research 

To date the following publications have come out of this research – 

1. Imtiaz, M. A., Blagojevic, R., Luxton-Reilly, A., & Plimmer, B. (2017, January). A 

survey of intelligent digital ink tools use in STEM education. In Proceedings of the 

Australasian Computer Science Week Multiconference (p. 13). ACM. 

2. Imtiaz, M. A., Luxton-Reilly, A., & Plimmer, B. (2018, April). ThinkInk-An Intelligent 

Sketch Tool for Learning Data Structures. In Extended Abstracts of the 2018 CHI 

Conference on Human Factors in Computing Systems (p. LBW088). ACM.  
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Chapter 2. Literature Review 

In this chapter a base for the thesis is established. The discussion in this chapter is centred on 

three main themes: (1) the necessity for studying data structures and algorithms and the 

challenges faced during this process; (2) the various techniques that are used to learn and teach 

data structures and algorithms; and (3) tools used for learning and teaching data structures and 

algorithms. 

2.1. Studying data structures and algorithms – Needs and Challenges 

2.1.1 Needs 

Data structures and algorithms courses are considered vital to computing education and a base 

for all subsequent courses. After an initial course on introduction to programming every 

computing student needs to take a course on data structures and algorithms (Coffey, 2013; 

Farghally, 2016). Usually the topic is divided into a preliminary course covering basic to 

intermediate concepts and an advanced course covering intermediate to advanced concepts.   

Since the mid-1960s, ACM has been providing curriculum recommendations for the following 

areas of computing: (1) Computer Engineering; (2) Computer Science; (3) Information 

Systems; (4) Information Technology; and (5) Software Engineering (Joint Task Force on 

Computing Curricula & Society, 2013). Data structures and algorithms have been amongst the 

core topics in all the above-mentioned computing areas, though the depth of teaching and 

learning data structures could vary across these majors, e.g. the Information Systems major is 

more concerned about using these data structures rather than knowing about their 

implementation intricacies. 

Zendler and Spannagel (2008) conducted an empirical study to find the core concepts in 

computer science education. The motivation behind this study was to establish the concepts 
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that have long term relevance and help learners adapt to the fast changing field of computing. 

Algorithms was identified as the prominent core concept. The other core concepts identified 

were data, structure, model, problem, system, information, language, communication, 

software, program, computation, computer, test and process. 

Lister et al  (Lister et al., 2004; Yarosh & Guzdial, 2008) in their phenomenographical study 

came up with five rationales for teaching data structures. They are summarised as follows: 

1. Develop transferable thinking – learning data structures helps students build a process 

of thinking that can be applied to not only to data structures but to other areas too. 

2. Improve programming skills – implementing data structures and related algorithms help 

improve programming skills. 

3. Knowing “what’s under the hood” – this deals with the student understanding the inner 

working details of any language-specific data structure library, e.g. STL in C++. Their 

reasoning was that if a person understands the working of a data structure well, then 

they can correctly choose a data structure for a program. 

4. Knowledge of software libraries – with the help of data structures and related libraries 

students get introduced to using such libraries for coding. 

5. Component thinking – this also deals with the knowledge of data structures libraries. 

With this they believe the students can learn code reuse and black-box interaction. This 

helps students learn how to build applications by piecing together the right components, 

and is seen as the future of programming. 

Their work emphasises both the science and engineering aspects of learning data structures. 

The science aspects deals with the development of broad, language-agnostic and long term 

thinking, whereas the engineering aspect deals with efficient application of data structures to 

produce concrete artefacts.  
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2.1.2 Challenges 

Even though data structures and algorithms are a core topic in computing education, studies 

like those of Teague and Lister (2014)  and Danielsiek et al. (2012) show that students have 

several misconceptions and make mistakes even after completing an introductory course. 

The abstract and mathematical nature of data structures and algorithms make their 

comprehension difficult (Farghally, 2016; Odisho et al., 2016). Students learning data 

structures face more problems in understanding high-level abstract concepts rather than 

programming them (Odisho et al., 2016). Students have been found to build an incorrect 

memory model of these concepts which affects their ability to implement and apply the data 

structures (Danielsiek et al., 2012). This flawed learning could be the result of a flawed teaching 

method, involving insufficient explanation of these abstract concepts and/or using 

visualisations that do not represent the process correctly (Fouh et al., 2012; Naps et al., 2002). 

The current style of programming is shifting towards a more “Lego Style” of code development 

(Noble & Biddle, 2002; Potanin et al., 2005). In this style the developer works at a very high 

level of abstraction and an application can be built with off-the-shelf APIs and libraries. In such 

a scenario the challenge is to judge whether focus is to be given on learning detailed 

implementation of data structures or towards learning how to apply the data structures (Pérez-

Sánchez & Morais, 2016). 

Works of Lister et al. (2004) and Odisho et al. (2016) indicate that gaining a deep understanding 

of the functioning of data structures and algorithms could help in using them efficiently in 

programming. In the ensuing section we will look at the different theories that can be used for 

data structures and algorithm pedagogy. 
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2.2. Cognition of data structures and algorithms 

An initial search on data structures and algorithms pedagogy techniques revealed studies like 

Shaffer et al. (2011), Fouh et al. (2012) and Naps et al. (2002), which show that a successful 

teaching/learning technique should be engaging and involve interactive visualisations. This 

section delves into the different learning styles and theories that are relevant for meeting this 

project’s research aim of supporting the learning of such topics. 

2.2.1 Giving shape to the unseen – forming mental models 

Earlier (in 2.1.2) the abstract nature of data structures and algorithms and students forming 

incorrect memory models were mentioned as some of the challenges posed in the learning of 

data structures. Some questions arising from these statement are: (1) “Why are abstract 

concepts like data structures difficult to understand?” and (2) “What are memory or mental 

models?”  

Before discussing the abstract nature of data structures and answering the aforementioned 

question , it is pertinent to understand: “What is abstraction?” Colburn and Shute (2007) in 

their work summarised abstraction as “the process of eliminating specificity by ignoring certain 

features.” So, in simple terms, abstraction can be defined as a process of ignoring unneeded 

features (Colburn & Shute, 2007). From this we can infer an abstract concept to be a derivative 

of abstraction. 

Computer science has many abstract concepts. For example: virtualisation, encapsulation and 

abstract data types. The output of software engineering, i.e. a ‘software’, is an intangible 

product, similar to mathematics but unlike that of other science disciplines, such as chemistry. 

Studies (Hazzan, 2003) have categorised data structures under the abstract data types. Such 

classifications show the general trend of computer science education increasingly involving 

abstract concepts. 
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Hazzan (2003) in her work stated that since abstraction causes information to be ignored 

novices have difficulty in comprehending abstract concepts. According to her, relating abstract 

concepts with more tangible real life examples could help novices form “mental objects.”  For 

example, often stacks and queues are explained using real life examples, like a stack of books 

or a queue of people. These mental objects could be helpful during the application of these 

abstract concepts, for example while using stacks in a program. 

2.2.2 “What are memory or mental models and how do they help?” 

In order to understand mental models, we first explore mental representation. Cognitive 

psychology has a large body of work that deals with mental representations in memory. A 

common thread between these theories is the study of how mental representations help us in 

thinking and processing the information around us. In this section our aim is to understand the 

key concepts involved in mental representations of information and their use in learning. 

A popular set of definitions for memory representation is given by Markman (2013). They are 

summarised below – 

 A memory representation captures aspects of the represented world 

 A memory representation subsists in an abstract of the represented world called the 

representing world 

 A memory representation has rules to map elements in the represented world to the 

representing world 

 A memory representation has processes that facilitate understanding of the memory 

representations 

Mental model theorists have traditionally been interested in relationships between humans and 

causal systems. Mental models can be described as a form of mental representation that helps 

humans deal with familiar and unfamiliar objects and systems around them (Preece et al., 1994; 

Sorva, 2012). Nevertheless, a mental model represents the mental structure of an individual’s 
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view of their environment and cannot be generalised for all individuals. Mental models can 

also be thought of as a map of interaction between the individual and other systems or humans 

(Sorva, 2012). 

Mental model theories can be broadly classified into two categories – logical mental models 

and causal mental models. Logical mental model theory states that people create situation 

specific mental representations in the working memory while dealing with a scenario involving 

logical reasoning (Ford, 1985). Causal mental model theory is explained by Markman and 

Gentner (2001) and deals with forming a mental representation of cause and action. Unlike 

other theories like schema theory (Derry, 1996) that promote a more generic memory 

representation, mental model theory caters to a specific memory representation.  

In my research an important motivation is to explore the effect of a natural user interface like 

digital-ink on a learner’s understanding of data structures. Hence, causal mental model theory 

due to its explanation of causality was selected as a pivotal model for this research. In this 

thesis causal mental model and mental is used interchangeably and means the same. 

An important contribution to mental model theory was presented by Norman (2014). His main 

points about mental models are: 

 they reflect an individual’s own belief and limitations of using a system; 

 they are simplistic explanation of intricate processes; 

 they are often unclear and partial description of processes; 

 they can be based on illogical and unscientific rules; 

 they could be based on speculation and immature assumptions and be inaccurate; 

 they may have many shortcomings and could be based on conflicting, extraneous and 

erroneous concepts; 

 they are devoid of a fixed boundary and hence a person might be unsure of the 

conceptual coverage of one’s mental model; 

 they are not permanent and evolve over time as the person interacts with the system; 
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 they can change at any time; 

 with limited success a person can mentally run a mental model to forecast system 

behaviour. 

People can be biased in forming mental models and develop unnecessary habits that make them 

feel comfortable using a system while not necessarily making them better at using it (Norman, 

2014). Human emotions like satisfaction could have a negative impact on the formation of 

mental models (Westbrook, 2006). A person might be satisfied with their mental model of a 

system for a particular scenario and might not check its completeness or usefulness in other 

related scenarios (Markman, 2013). Such a situation could lead to the formation of an 

inaccurate mental model. 

Forming inaccurate mental models is detrimental to the whole rationale of forming mental 

models and could lead to faults. For example, in programming, a poor mental model of the 

functioning of a ‘for loop’ could lead to bugs and errors. Similarly, due to an inaccurate mental 

model of arrays, novices often end up with the infamous ‘array index out of bounds’ error. 

To reap the benefits of mental models for cognition and learning, it is important that a correct 

model is formed. 

2.2.3 Forming causal mental models 

People form a mental model to explain the core mechanisms and purpose of a system to 

themselves and also use it for predicting future system states. Mental models may be formed 

consciously through practice or unconsciously (Sorva, 2012). A mental model of a system is 

not a static representation and can change with experience and prolonged interaction with the 

system (Sorva, 2012). A single system can be visualised with multiple mental models, with 

each model providing complimentary information (Sorva, 2012). 
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Studies like those of Schumacher and Czerwinski (1992) state that mental models can be 

constructed with the aid of metaphors and analogies. Often mental models may be formed by 

intuition without much deliberation. The studies (Schumacher & Czerwinski, 1992; Sorva, 

2012) propose a theory of forming mental models. The theory defines three stages of mental 

model formation as follows: 

1. Pretheoritic stage – at this stage an initial mental model is formed based on prior 

experiences of using similar systems. The person’s performance in using the system is 

impacted if they have not had any prior experience with similar systems. The mental 

model formed at this stage is fragile. 

2. Experiential stage – as the person uses the system over a length of time a mental map 

of causal relationships starts to be formed. This gradual establishment of a causal 

relationship is irrespective of the user’s prior experience in using similar systems. 

During this stage, the mental model starts to become strongly rooted – however, it is 

still not well established enough to be transferred for use with other superficially 

dissimilar systems.  

3. Expert stage – at this stage the user starts identifying generalised patterns and 

relationships of system use. The mental model established at this stage is well formed 

and the user has the ability to apply the model while using superficially dissimilar 

systems too. 

From the preceding discussion on the three stages of mental model formation it can be inferred 

that, for the same system, the mental model of a novice can be different to the mental model of 

an expert.  

Novices are usually uncertain about using a system and try multiple system use approaches, 

resulting in the formation of multiple mental models. These mental models are often unreliable 

and incomplete (Schumacher & Czerwinski, 1992). Mental models evolve over time and 

therefore experts have a more stable mental model. While dealing with an unfamiliar system 

both experts and novices form new mental models. However, since experts have more robust 
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and well organised existing mental models, it assists them in dealing with unfamiliar systems 

and processes (de Kleer & Brown, 1981). 

Mental models can be run or simulated in working memory to envision different future system 

states without actually running the system (Markman & Gentner, 2001; Norman, 2014). Such 

an ability is beneficial while choosing the best possible approach to a problem – for example, 

choosing which conditional statement is most suitable while writing a computer program. 

However, since a mental model is simulated in the working memory, it can be strenuous 

especially for novices due to their fragile mental models (Sorva, 2012). Experts, on the other 

hand, are more adept at simulating mental models because they can accurately select the 

important factors for such simulations, resulting in less mental overload (Sorva, 2012). 

2.2.4 The Concept of a Notional Machine 

An important concept in computer science education is the concept of a notional machine. The 

concept was introduced by Benedict du Boulay in the context of learning programming (Du 

Boulay, 1986; du Boulay et al., 1981). The purpose of a notional machine is to explain program 

execution.  

Du Boulay (1986) described a notional machine as a conceptual computer whose properties 

are dependent on the programming language the programmer intends to code in. Hence, there 

would be a different notional machine for different programming languages. Also, a language 

could be associated with many different notional machines. Different algorithms and tasks 

being performed in a programming language could have different notional machines (Sorva, 

2012). 

Notional machines in the context of programming are very common and have been studied by 

many researchers – for example, Sorva (2012) and Bower and Falkner (2015). A common 

statement from these researchers is that developing a mental model of a notional machine 
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makes better programmers. This is because having a mental model of a notional machine helps 

programmers anticipate and plan the different states for the code they are writing (Sorva, 2012). 

With experience, the mental model of a person changes, and a person could have mental models 

of several notional machines. An expert will also attain the ability to extract general inferences 

from these different notional machines and apply them in various different scenarios (Sorva, 

2012). Not forming a mental model of a notional machine could lead to misconceptions.  

In the field of data structures and algorithms pedagogy, little research has been done in relation 

to notional machines. However, being a highly abstract topic, data structures have been 

traditionally taught using diagrams. For example, arrays are usually represented by a box with 

cells and trees by structure composed of root, nodes and leaves. Interestingly, although not 

explicitly stated by any study we are aware of, such visual representation of data structures 

presumably is considered to help in the construction of mental models of data structures-

specific notional machines. This is one of the key motivations for this project. 

2.3. Constructing a better understanding  

The previous sections discussed two important concepts of developing a better thought process, 

namely - mental models and notional machines. This section looks into the learning strategies 

that help students build their own mental models. 

2.3.1 Constructivism & Constructionism 

One of the most popular theories of learning, the Constructivist Theory was introduced by 

Piaget and states that to get a deep understanding of a topic, it is important for the learner to be 

actively engaged in activities concerning it. One way to do so is through active learning and 

visualisations (Ben-Ari, 1998). 
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In constructivist learning the teacher and students play close and symbiotic roles, with students 

doing the activities and the teacher providing continuous feedback (Ben-Ari, 1998). With the 

increasing use of software tools in education, constructivism can be implemented when there 

is little contact between the teacher and student. This is possible with the use of intelligent 

tutoring systems. Such a system provides feedback to students as they solve a problem and 

informs them of their mistakes and successful approaches. Thus, students can almost have the 

same level of interactivity and feedback without the presence of teachers (G. Wang et al., 

2016). 

Another theory related to the constructivist theory is Papert’s theory of constructionism, which 

states that students should be involved in the construction of a product for learning to be 

effective. This idea is also called “learning through making” (Ackermann, 2001). Papert 

believed that learners learn better if they are involved in making tools that help them better 

explore the topic that they are trying to learn (Ackermann, 2001). Both constructivism and 

constructionism foster the principle that people learn from their own experiences. The main 

view of both these approaches is that knowledge is constantly evolving and to keep it updated 

it needs to be constructed from the experiences of the learner (Ackermann, 2001).  

Until now I have looked at theories that help learners construct mental models through their 

own experiences and explorations. However, the aim of this work is to design and evaluate a 

tool that not only allows the users to construct visualisations but also guides them in learning 

a task. Hence, the theory of Cognitive Load (Sweller, 2011) that deals with learning not via 

self-exploration but with the help of guided instructions is discussed next. 

2.3.2 Cognitive load theory, schemas and learning  

Cognitive load theory states that people learn better if their working memory is just stimulated 

enough, i.e. the working memory is neither under too much stress nor too little stress (Sweller, 
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2011). The major portion of the working memory should be utilised towards forming schemas 

for the topic being learned (Sweller, 2011).  

Schemas have been defined as mental structures that store generalised conceptual knowledge. 

People construct schemas by abstracting important concepts from specific instances and by 

forming a pattern of relationships between those concepts (Sorva, 2012).  For example, a person 

who has learned to drive an automatic transmission car in a particular car has formed a schema 

to drive an automatic transmission car. They can then apply this schema to drive different 

automatic cars.  

Studies have shown that people also form schemas while programming (Sorva, 2012). Novice 

programmers lack problem solving schemas for programming tasks and, additionally, have 

difficulty forming schemas. Hence, their problem solving is slower and more erroneous than 

experts (Sweller, 2011). Experts on the other hand have several schemas for typical 

programming activities, e.g. recursion and swapping values and hence can recognise abstract 

patterns and solve programming tasks faster. However, if faced with a completely unfamiliar 

problem, experts will also face problems similar to novices in schema formation and 

application (Sweller, 2011). 

Another issue is that often novices build wrong schemas which effects their ability to solve 

problems correctly. In order for novices to reach expert levels it is important that they are 

helped in building schemas of fundamental concepts. With practice, novices can learn to use 

these basic schemas to build schemas of more complex tasks. This will help them solve 

problems in a correct and faster manner (Sorva, 2012). The key point here is of novices needing 

help in building correct schemas. Herein comes the advantage of worked examples and guided 

instruction which provide expert-written solutions to guide novices understand the concepts 

better. This is discussed further in the next section. 
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Guided instructions & worked examples 

Sweller (2011) states that there are two kinds of cognitive loads that impact on the working 

memory. Intrinsic cognitive load is due to the nature of the material and cannot be reduced 

while extraneous cognitive load, which is due to instructional design and can be reduced, 

resulting in increased learning capacity. Apart from the modality of the interface, the other 

addend to extraneous cognitive load is the amount of guidance provided while solving the task. 

Studies have shown that unguided problem solving impedes learning by significantly 

increasing cognitive load (Kirschner et al., 2006; Klahr & Nigam, 2004; Sweller, 2011). 

Worked examples with guided instruction have been found to be superior to unguided 

approaches for learning (Sweller, 2011). A successful learning environment tries to minimise 

extraneous cognitive load so that more working memory resources are spent on issues germane 

to learning the task (Sweller, 2011). This is another key motivator for the development of 

ThinkInk. 

2.4. Getting involved in visualisations 

Continuing from the previous discussion on mental model and notional machines, one of the 

better ways of developing a mental representation of a notional machine is by constructing 

visualisations. This is also supported by the theory of constructivism. This section looks at 

learning strategies that have a discernible connection with data structure tutoring tools. 

2.4.1 Active learning 

Learning strategies can be categorised into two types: active learning and passive learning. 

Passive learning is a more traditional pedagogy, in which the student is considered to be a 

bucket into which the teacher pours information. It can also be said that the student is merely 

an observer trying to imbibe what the teacher demonstrates.  
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In active learning, however, students are directly engaged in the learning process, and are not 

mere observers. This approach is more hands-on and students are engaged in activities and 

exercises. Each activity is followed by feedback, which leads to a better understanding of the 

topic. Active learning has consistently resulted in better understanding and knowledge 

retention (Bonwell & Eison, 1991; Caceffo et al., 2015). 

2.4.2 Engagement 

To successfully write data structure algorithms a deep understanding of the topic is needed. 

Rooted in the premise that visualisation helps in deep learning, since the mid-1980s many 

visualisation-based algorithm learning tools have been implemented (Hundhausen et al., 2002; 

Shaffer et al., 2011). However, the evaluation of these tools revealed few showed learning 

benefits (Kehoe et al., 2001). Those that showed learning benefits like Alice and JSamba 

pointed to one important factor – ‘interactivity’ (Urquiza-Fuentes & Velázquez-Iturbide, 

2009). These successful tools allowed the user to interact with the algorithm visualisation and 

the authors attributed this as the key factor in promoting learning. 

The picture became clearer in 2002 when Hundhausen et al. (2002) published their meta study 

on algorithm visualisation. The key finding was that algorithm visualisation is more effective 

if it requires user engagement. In the same year Naps et al. (2002) created an ‘engagement’ 

taxonomy for classifying a learner’s engagement with an algorithm learning tool. They stated 

that a successful algorithm visualisation tool for learning should engage the learner in an active 

learning task. 

The six different ways of engagement as described in their taxonomy are – 

1. No Viewing – indicates learning algorithms without the use of visualisation. 

2. Viewing – this is referred to as a core engagement level because all other forms of 

visualisation-based engagement involve viewing to various degrees. This form of 
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engagement by itself is considered passive, in which the learner just watches the 

visualisation, controlling the direction and pace of the visualisation being played. 

3. Responding – this involves learners answering questions related to the visualisation 

being viewed. 

4. Changing – here the learners provide/change the input data for the visualisation 

5. Constructing – learners create visualisation related to the algorithm being learned. 

6. Presenting – the learner presents their or someone else’s visualisation before an 

audience for discussion and feedback. 

Naps et al. (2002) hypothesised that each higher level of engagement in the taxonomy promotes 

better learning than the previous one. The exception to this being viewing has similar effect as 

not viewing. Additionally, they also stated that the different engagement levels are not 

exclusive and can overlap in a single tool. These hypotheses have been supported by later 

studies such as those of Urquiza-Fuentes and Velázquez-Iturbide (2009). 

Shaffer et al. (2011) created an algorithm visualisation wiki called AlgoViz which categorised 

around 500 algorithm visualisation tools. The wiki includes reviews of the algorithm 

visualisation tools and can be searched using different filters such as activity level or delivery 

method. Shaffer et al.’s study, and others such as Fouh et al. (2012), have shown that the 

majority of the algorithm visualisation tools are still passive. This is despite the evidence of the 

importance of higher engagement levels in the taxonomy of Naps et al. (2002). 

Urquiza-Fuentes and Velázquez-Iturbide (2009) extend Naps et al. (2002) work by analysing 

algorithm visualisation tools and aligning them with the engagement levels. They state that a 

successful algorithm visualisation-based learning tool provides a narrative content and textual 

explanation. This increases learning at the viewing engagement level. While most of the 

algorithm visualisation tools are passive, there are some that promote higher levels of 

engagement. 
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2.5. Interactive Data structure and Algorithms tutoring systems 

In the earlier sections the focus was on theories of mental representation and learning. To bring 

theory to practice in this section the focus shifts to a review of available data structure and 

algorithm tutoring tools. As there are many keyboard & mouse tools, only those that are 

deemed popular by other researchers (e.g. Shaffer et al. (2011)) have been mentioned in Section 

2.5.1. There are only three digital-ink tools, so all of them have been described in Section 2.5.2. 

2.5.1 Keyboard & Mouse tools for algorithms and data structures 

Shaffer et al. (2011) in their work AlgoViz catalogued 500 data structure and algorithm tutoring 

tools, all of them based on keyboard & mouse. Keyboard & mouse based algorithm and data 

structure tutoring tools started emerging in the late eighties with the aim of better explaining 

the abstract concepts using visualisation and interaction (Myers, 1983; Myers et al., 1988; 

Naps, 1990). From then on, many tools have been developed covering a wide range of 

algorithms and data structures. For example ALEX and DEAL (Erwig, 1994; Kozen et al., 

1990) deal with arrays and allow users to manipulate the array shapes according to different 

algorithms. Other tools like Amethyst (Myers et al., 1988) and Incense (Myers, 1983) allowed 

users to write code and then generate visualisations for it, whereas tools like Balsa (Brown & 

Sedgewick, 1984) and Tango (Stasko, 1990) show algorithm animations without any sort of 

manipulation facility.  

Feedback to the users helps increase learning on the responding engagement level (Fouh et al., 

2012). JHAVE (Naps, 2005) is an algorithm learning tool which has been evaluated at the 

responding engagement level and found to be successful in promoting learning (Urquiza-

Fuentes & Velázquez-Iturbide, 2009). It allows the users to watch an animated visualisation of 

an algorithm after its execution. The key feature of this tool is that it has inbuilt assessment 

where the users can answer questions and get feedback. 
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Alice (Urquiza-Fuentes & Velázquez-Iturbide, 2009) is an algorithm visualisation tool that 

allows users to create 3-D visualisations. Moskal et al. (2004) found this tool to be effective in 

increasing student performance. Even though Alice was evaluated at the changing engagement 

level it can also be used at construction and presentation engagement levels (Urquiza-Fuentes 

& Velázquez-Iturbide, 2009). 

ALVIS (Fouh et al., 2012) is a tool which allows the users to construct their visualisations and 

has been assessed at both the construction and presentation engagement levels. The researchers 

found this tool to help students code faster with fewer errors and promote critical thinking 

regarding algorithms. In addition to these tools, Fouh et al. (2012) discuss other similar tools 

that have shown significant levels of student learning. 

JSAV (Karavirta & Shaffer, 2013) is a JavaScript library for algorithm visualisation and can 

be embedded into web pages.  It supports exercises for arrays, linked lists, trees and graphs. 

The tool has been developed based on the engagement taxonomy of  Naps et al. (2002) and 

promotes interaction on the viewing, responding and constructing engagement levels. JSAV 

can be used to create slideshows in which the user can control the direction of the slideshows. 

The slides can show pseudocode corresponding to the topic and can highlight the current line 

of pseudocode. JSAV also facilitates exercises that users can answer to check their 

understanding of the topic. The exercises allow the students to trace the working of an 

algorithm. For example, they can practice a task related to pre-order traversal and arrange the 

nodes of the given tree by clicking the nodes in the order they think is correct. There are 

different ways of getting feedback while performing a task. The user can see their grade by 

clicking on the ‘Grade’ button, and there is also a model answer which the user can view. The 

model answer is an interactive slideshow whose direction of play they can control. Using the 

model answer’s slideshow the user can see the correct answers altogether or can see the answer 
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at each step. JSAV also provides the facility of automatically correcting and undoing a wrong 

user step.  

2.5.2 Digital-Ink tools for algorithms and data structures 

Constructing visualisations is important for learning data structures and algorithms (Naps et 

al., 2002) . The most beneficial level of engagement that can be completed individually is the 

‘constructing’ engagement level on the taxonomy of Naps et al. (2002). Construction of 

algorithm visualisation is closely linked with the Papert’s theory of constructionism (Harel & 

Papert, 1991). According to this theory a person learns more if they construct a meaningful 

product.  

Hand constructing visualisations using pen and paper is the simplest way to construct a 

visualisation. Numerous studies have shown the benefits of sketching for learning. 

Goldschmidt (2003) & Greenberg et al. (2011) in their work have highlighted the positive effect 

of sketching on reasoning and design thinking. Black (1990) in her study involving graphic 

designers found that drawing on keyboard & mouse interfaces negatively affects decision-

making and that pen and paper is more natural and effective. According to Dorta (2007) people 

using keyboard & mouse based drawing packages like AutoCAD often complain that drawing 

even simple visualisations is time-consuming, cognitively demanding, and requires a lot of 

time to be spent learning how to use the tool. 

Studies (Aleven & Koedinger, 2002; Anthony et al., 2005, 2012; Black, 1990; Oviatt et al., 

2006) have suggested that digital-ink tools provide a lesser cognitively demanding learning 

option compared to keyboard & mouse. Users prefer digital-ink over keyboard & mouse tools, 

as they feel that they can concentrate more on learning the subject rather than learning how to 

use the tool (Johnson et al., 2009; Oviatt et al., 2006). Moreover, digital-ink provides a natural 
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way to sketch drawings that can also provide interactive feedback and be animated (Buchanan 

et al., 2012; Cheema & LaViola, 2010). 

Since pen and paper cannot provide interactive feedback, digital-ink appears as the only 

feasible alternative. Digital-ink based sketching provides the ease of use of a pen along with 

the technological advantages of manipulation and animation of the sketches. 

Studies (Anthony et al., 2005; Oviatt et al., 2006) have shown that digital-ink based sketch 

tools are faster to use and are preferred over keyboard & mouse systems by students for STEM 

subjects like mathematics. Users prefer digital-ink over keyboard & mouse tools as they feel 

that they can concentrate more on learning the subject rather than learning how to use the tool 

(Johnson et al., 2009; Oviatt et al., 2006).  

However, in contrast to the 500 plus keyboard & mouse tutoring tools, only three data structure 

and algorithm interactive tutoring tools that used digital-ink have been published that I am 

aware of (Adamchik, 2011; Buchanan et al., 2012; Sabisch, 2014). Therefore, in order to better 

understand the applications of digital-ink tools for learning data structures, a broader scope was 

selected.  

Adamchik (2011) developed a digital-ink based data structure tutoring tool that allows students 

to work on tasks related to binary search trees, minimum spanning tress and shortest path 

algorithms. The tool provides feedback in two ways. One way is interactive, in which the user 

can keep sketching according to the task and receive feedback at each step, e.g. formalisation 

of correctly drawn shape. The other way is passive, in which after completing a sketch of the 

task the user can see the sketch being animated according to the task’s algorithm.  

CSTutor (Buchanan & Laviola Jr, 2014; Buchanan et al., 2012) is a digital-ink data structure 

tutoring tool that covers AVL, linked lists, BST and heaps. The tool allows the users to sketch 
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data structures and see the corresponding code generated step by step. They can also modify 

the code and see corresponding changes in the sketch. More feedback is given through change 

in colour; green indicates correct sketch whereas red indicates wrong sketch. However, there 

are no guided instructions to assist the students to complete a task. Also, when a student makes 

a mistake, apart from colour change, there is no additional information provided about the error 

and how to fix it. The tool allows both gestures and inking. Scribble gesture is used for deleting, 

arrow gesture is used for swapping nodes and a tap gesture is used to indicate the position of 

the node to be replaced.  

The tool was initially evaluated by demonstrating it to students and the results indicate that 

students want to use it for learning data structures. Next, two comparative studies were 

conducted to the check the learning efficacy of CSTutor as a teaching and self-practice tool 

respectively.  

The first experiment tested the use of CSTutor as a teaching tool and in this setup a teacher 

used it to teach students. The results show that students prefer CSTutor as a teaching tool. The 

group on which CSTutor was tested as a teaching tool showed better retention of concepts than 

students who were taught using whiteboard. There was no significant difference between the 

learning gains of the two groups for most of the topics except for Binary Search Tree (BST) 

introduction. Students using the whiteboard achieved higher learning gains for BST. The low 

learning gain for CSTutor was attributed to distraction caused by animation.  

In the second experiment the treatment group students used CSTutor to practice data structures 

and the control groups used pen and paper. The treatment group students found CSTutor 

engaging and effective, but didn’t prefer it over pen and paper. The authors attribute this non-

preference to the time constraints the students had while using the tool in the class. There was 

no significant difference in the learning gains between the groups. However, for advanced 
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linked lists the group using CSTutor had higher learning gains. They also conducted a final 

exam which had more generic questions not taught using CSTutor with results showing no 

significant learning gain difference between the group using CSTutor and pen and paper.  

CoMo (Sabisch, 2014) is a multimodal data structure tutoring tool that mainly uses speech and 

sketch for interaction. It is a guided problem solving tool and engages in a conversational 

interaction with the user to help them better understand data structures. It uses speech and 

sketch to promote a natural conversation with the user. The user begins the interaction with the 

software by verbally asking the software about the data structure and then follows it up with a 

sketch. Feedback is provided by colour coding, animation, code generation and audio response 

from the tool. Users can manipulate an existing sketch by clicking and dragging parts of the 

sketch. The tool has not been evaluated for learning gain or any kind of user feedback. 

2.6. Ink tools in STEM areas 

Since only 3 digital-ink data structures learning tools could be found, a systematic literature 

review (Kitchenham, 2004) was conducted to understand the applications of digital-ink 

learning tools in the STEM areas. The databases used to search for existing literature were – 

ACM Digital Library, IEEE XPLORE, Science Direct, Springer Link and Scopus.  

All search results contained the phrase ‘digital-ink’ AND one of the following terms: 

‘education’, ‘STEM’, ‘student’, ‘teacher’ ‘intelligent tool’, or ‘intelligent’. The initial search 

resulted in 1678 publications.  

To select the final publications, the following criteria were used- 

 An intelligent digital-ink tool is defined as - "Intelligent digital-ink tools are those that 

use machine learning techniques to not only recognise sketch and gesture but interpret 

the meaning of the drawn symbols and provide feedback to the user and guide them in 

fixing the issues if required". This is based on the description of intelligent digital-ink 
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tools by Stahovich (2011) and G. Wang et al. (2016). Only tools that fit the above 

definition were selected. 

 Only tools in STEM areas were selected. 

 Only studies which had an actual tool with some empirical evaluation (not just a 

proposed evaluation), were selected. 

 Only studies that used the tools for actually teaching/learning the concepts of the 

subjects were selected. Tools which used digital-ink only for classroom facilitation like 

presentation and sharing of notes were excluded. 

After applying these strict inclusion criteria, 35 studies were selected for further analysis; this 

excludes my tool ThinkInk as it is the main topic of the thesis. In the next section, we present 

the analysis of these papers. 

2.6.1 Results 

The 35 studies are from the years 2004 to 2018 from peer-reviewed conferences, journals and 

one doctoral thesis. Table 1 gives a summary of all the studies. The tools are grouped according 

to their key feature. The tool name, its underlying technology, intended education level, the 

area of STEM that it encompasses, and the tool’s pedagogical purpose are noted in this table.  

Figure 1, which follows Table 1, shows how the research in intelligent digital-ink tools for 

STEM education has progressed through the years. From 2004 the number of studies has 

increased, but it is not a steady increase, for example in 2013 there were no publications. 

Table 1. Summary of Intelligent Digital-ink Tools used in STEM Education 

Study Tool Name Underlying 

Technology 

Intended 

Education 

Level 

STEM 

Coverage 

Pedagogy 

Purpose 

Key Feature: Educational Data Mining/Auto grading 

Stahovich and Lin 

(2016) 

No Name Digitizer University S&M Assessment/Ad

ministration 

Koile et al. (2016) No Name Tablet PC* High School M Assessment/Ad

ministration 

Rhees (2017) SAIGE Tablet PC University/Hig

h School 

STEM Assessment/Ad

ministration 
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Key Feature: Sketching & interpreting text only 

Koile et al. (2017) No Name Tablet PC High School M Tutoring -

Teaching/Learn

ing 

Key Feature: Sketching & interpreting diagrams only 

Williford et al. 

(2016) 

PerSketchTivity Tablet PC University E Tutoring -

Teaching/Learn

ing 

Valentine et al. 

(2015) 

Mechanix Tablet PC University S Tutoring -

Teaching/Learn

ing 

Wetzel and Forbus 

(2015) 

Design Coach Tablet PC University E Tutoring -

Teaching/Learn

ing 

Gennari et al. 

(2005) 

AC-SPARC Tablet PC University/Hig

h School 

S Tutoring -

Teaching/Learn

ing 

Zamora and 

Eyjólfsdóttir (2009) 

CircuitBoard Tablet PC University/Hig

h School 

T Tutoring -

Teaching/Learn

ing 

Kara et al. (2008) No Name Tablet PC University E Tutoring -

Teaching/Learn

ing 

Ma et al. (2017) DCSR Tablet PC University T Tutoring -

Teaching/Learn

ing 

Key Feature: Sketching & interpreting equations only 

Taranta and 

LaViola (2015) 

Math Boxes Tablet PC University/Hig

h School 

M Tutoring -

Teaching/Learn

ing 

Labahn et al. (2006) MathBrush Tablet PC University/Hig

h School 

M Tutoring -

Teaching/Learn

ing 

Kang and LaViola 

(2012) 

LogicPad Tablet PC University/Hig

h School 

T  Tutoring -

Teaching/Learn

ing 

Anthony et al. 

(2012) 

No Name Tablet PC High School M  Tutoring -

Teaching/Learn

ing 

Key Feature: Sketching & interpreting diagrams and texts 

Alvarado et al. 

(2015) 

LogiSketch Tablet PC University T Tutoring -

Teaching/Learn

ing 
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Bryfczynski et al. 

(2015) 

BeSocratic Tablet PC University STEM Tutoring, 

Assessment, 

and 

Administration 

Buchanan et al. 

(2012) 

CSTutor Tablet PC University T Tutoring -

Teaching/Learn

ing 

Adamchik (2011) No Name Tablet PC University T Tutoring -

Teaching/Learn

ing 

M. Wang et al. 

(2011) 

SketchSet Tablet PC University T Tutoring -

Teaching/Learn

ing 

Ouyang and Davis 

(2011) 

ChemInk Tablet PC University S Tutoring -

Teaching/Learn

ing 

Yuan et al. (2008) No Name Whiteboard University T Tutoring- 

Teaching only 

Y. Liu et al. (2007) PIGP Tablet PC High School M Tutoring -

Teaching/Learn

ing 

Liwicki and 

Knipping (2005) 

Smart Chalklets Whiteboard University T Tutoring- 

Teaching only 

Wais et al. (2007) 

and Alvarado and 

Lazzareschi (2007) 

No Name Tablet PC University/Hig

h School 

T Tutoring -

Teaching/Learn

ing 

Key Feature: Sketching & interpreting diagrams and equations 

Cheema and 

LaViola (2010) 

No Name Tablet PC University S&M Tutoring -

Teaching/Learn

ing 

Cossairt and 

LaViola (2012) 

SetPad Tablet PC University T Tutoring -

Teaching/Learn

ing 

Jiang et al. (2010) PenProof Tablet PC High School M Tutoring -

Teaching/Learn

ing 

Meyer et al. (2009) Smart Chalklets Whiteboard University T Tutoring- 

Teaching only 

Lee et al. (2008) Newton's Pen Digitizer University S&M Tutoring -

Teaching/Learn

ing 

De Silva et al. 

(2007) 

Kirchhoff’s Pen Tablet PC University E Tutoring -

Teaching/Learn

ing 
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LaViola and 

Zeleznik (2007) 

Math Pad2 Tablet PC University/Hig

h School 

S&M Tutoring -

Teaching/Learn

ing 

Cheema and 

LaViola (2012) 

PhysicsBook Tablet PC University/Hig

h School 

S Tutoring -

Teaching/Learn

ing 

Cheema and 

LaViola (2018) 

No Name Tablet PC University  S Tutoring -

Teaching/Learn

ing 

Key Feature: Sketching & interpreting diagrams, texts & speech 

Sabisch (2014) CoMo Whiteboard University T Tutoring -

Teaching/Learn

ing 

 *Tablet PC is defined as a computer with stylus support 

 
Figure 1. Publication count per year 

2.6.2 Education Areas 

STEM is composed of a wide range of subjects and usage of digital-ink in the subjects may 

vary as each subject may require a different set of notations and symbols. Figure 2 shows tool 

distributions in different STEM areas. Most of the tools cater to the Technology area. Figure 3 

gives a finer breakdown of number of tools as per specific subjects in STEM. We can see that 

most tools cater to digital logic and mechanics with 6 tools each, all the other areas have less 

than 6 studies. The breakdown indicates that little work has been done in any STEM area. 
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Figure 2. Tools distribution in STEM areas 

 

 
Figure 3. Tools as per specific STEM subjects 

2.6.3 Tool Functional Purpose & Mode 

In general, digital-ink tools can be grouped by their functional abilities. They can be used for 

diagrams only, general text only, equations only, or for gathering information. Some can 

perform a combination of these functions. Some tools need the user to specify what type of 
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sketch they are sketching. This helps the tool by constraining the recognition of the sketch. So, 

a tool which allows both diagramming and writing equations might require the user to specify 

if they are sketching a diagram or equation; this is called mode dependency. A tool that doesn’t 

require the user to specify what they are sketching is modeless. A modeless sketch tool is 

usually possible by utilising machine learning algorithms that help in better differentiation 

between different types of strokes as has been done in studies like - Stahovich and Lin (2016), 

Koile et al. (2016) and Alvarado et al. (2015). 

From Figure 4 we can see that most tools are modeless and have diagram and text sketching 

and interpretation functionality. The tool CoMo (Sabisch, 2014) is the only one which supports 

diagram, text and speech input. 

 
Figure 4. Tool Mode and Functional Scope 

2.6.4 Pedagogy Areas 

Pedagogy consists of three main facets, namely – teaching/learning, assessment, and 

administration. These facets are interdependent, sometimes working simultaneously and other 

times one after the other. In Figure 5, studies have been grouped together as per the pedagogical 
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use and their target education level. The most numbers of studies have been for 

teaching/learning and for university level. 

 
Figure 5. Tool pedagogical use 

2.6.5 Digital-ink Recognition 

When a user sketches on the interface it creates digital-ink which can be recognised. The same 

input mode can also be used for stylus based gestures. Some tools have only sketch recognition 

while others have both sketch and stylus based gesture recognition. These may support 

functional gestures like scribble for delete and tapping for right-click. The aim of these gestures 

is to make the use of pen-based software as natural as possible. From Figure 6 it can be seen 

that more tools have used both sketch and gesture capabilities than sketch only. Here too, the 

tool CoMo (Sabisch, 2014) is the only one which allows sketch, stylus based gesture and 

speech. 
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Figure 6. Tools as per recognition ability 

2.6.6 Interaction and visualisation 

The key ability that makes digital-ink beneficial for learning is its potential to support 

interaction and visualisation. In Table 2 tools have been grouped by their interaction and 

feedback mechanisms. Most tools utilise some form of interactive animation for feedback. Just 

one study uses only audio feedback to inform the students of their progress, and it was 

conducted on Anoto paper (Lee et al., 2008). Another study uses both interactive animation 

and audio feedback (Sabisch, 2014). Two studies - Koile et al. (2016) and Stahovich and Lin 

(2016) are intelligent educational data mining tools used for marking and hence didn’t need to 

provide recognition feedback to the students.  

The tools are further divided into the frequency of feedback. It can either be at each step, i.e. 

stepwise or after the user has completed the whole task. Stepwise feedback tools are slightly 

more prevalent than non-stepwise. 
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Table 2. Studies involving interaction and visualisation 

Interaction Style Recognition 

Feedback method 

Studies Total 

Studies 

Interactive 

Animation 

Colour based 

animation and/or 

associative 

changing of 

diagram, equation 

or text -stepwise 

Adamchik (2011), 

Buchanan et al. (2012), 

Cossairt and LaViola 

(2012), LaViola and 

Zeleznik (2007), Meyer et 

al. (2009), Taranta and 

LaViola (2015), Zamora and 

Eyjólfsdóttir (2009), Kang 

and LaViola (2012), 

Cheema and LaViola 

(2012), Ma et al. (2017), 

Cheema and LaViola (2018) 

11 

Colour based 

animation and/or 

associative 

changing of 

diagram, equation 

or text – non-

stepwise 

Alvarado et al. (2015), 

Cheema and LaViola 

(2010), Y. Liu et al. (2007), 

Liwicki and Knipping 

(2005), Kara et al. (2008), 

Cheema and LaViola 

(2012), Cheema and 

LaViola (2018) 

7 

Audio Feedback Stepwise audio 

feedback  

Lee et al. (2008) 1 

Text/Colour Coded 

feedback 

Stepwise 

 

Lee et al. (2008), Ouyang 

and Davis (2011), Valentine 

et al. (2015), M. Wang et al. 

(2011) 

4 

Non-stepwise Bryfczynski et al. (2015), 

Gennari et al. (2005), Jiang 

et al. (2010), Labahn et al. 

(2006), Wetzel and Forbus 

(2015), Williford et al. 

(2016), Yuan et al. (2008), 

Wais et al. (2007), Koile et 

al. (2017), Rhees (2017) 

9 

Interactive 

Animation and 

Audio 

Stepwise Sabisch (2014) 1 

2.6.7 Discussion 

The analysis of digital-ink tools in STEM was triggered upon encountering only three digital-

ink tools for data structures and algorithms. The aim of the analysis was to understand the use 



 

51 
 

of digital-ink tools in STEM and then use the findings to build ThinkInk. The presence of only 

35 digital-ink tools (excluding ThinkInk) from 2004 to 2018 in STEM is a motivation in itself 

for more research. 

The analysis revealed that devices used in most of the studies are tablet PCs or their ilk along 

with a stylus, which is not a surprise with the increasing usage of portable computing devices. 

The rationale is based on studies (Anthony et al., 2005, 2012; Black, 1990; Oviatt et al., 2006) 

that claim that there is more cognitive load when using any kind of computer equipment as 

compared to paper and pen for problem-solving. Nevertheless, since technology offers benefits 

that cannot be provided by paper and pen, stylus-based devices or digitisers are good 

alternatives. Studies like Lee et al. (2008) and Stahovich and Lin (2016) use a digitiser pen and 

hence have limited interactivity as compared to tablet PC-based tools. Sometimes high 

interactivity like in the tool by Stahovich and Lin (2016) is unimportant as it is an assessment 

tool and doesn’t need interactive visualisation to teach the users. 

A counter argument to this is that even though the cognitive load for a tablet that is PC-based 

is slightly more than a digitiser pen, the value of interactive feedback may outweigh the ease 

of use of pen and paper. Studies like those of Naps et al. (2002) and Urquiza-Fuentes and 

Velázquez-Iturbide (2009) support the need for interactivity and engagement while learning 

data structures and algorithms.  

Four of the studies (Liwicki & Knipping, 2005; Meyer et al., 2009; Sabisch, 2014; Yuan et al., 

2008) use a whiteboard and hence these tools are primarily for the use of a teacher except for 

the tool CoMo (Sabisch, 2014) which is also intended to be used as a collaborative tool among 

the students. 
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The scenario as per education area and pedagogical use 

The educational scenario has changed in the past few decades and in the future a good deal of 

education could be online. The main drawback from such an education is the lack of interaction 

and engagement between students and teachers, hence giving such initiatives a low score in 

constructivism and constructionism. Lack of guidance from teachers can also lead to the 

formation of incorrect mental models, hence hampering learning. One way forward is that the 

“tool” itself becomes intelligent enough to act as a teacher by providing necessary guidance 

and feedback. However, the benefits of such an educational setup are debatable and beyond the 

scope of the discussion of this research. Regardless, a hybrid scenario where the student uses 

such tools for learning when away from classes, along with classroom learning seems ideal. 

The analysis shows that most of the tools are intended for university students. Just 5 tools are 

specifically for high school students and 8 for both high school and university students (Table 

1). Studies (Kim et al., 2015; Robledo-Rella et al., 2012) in HCI have shown that tool use is 

often dependent on the cognition and motor capability of the user; a student at primary school 

will have different skills than someone at high school level, and so on. For a tool to be efficient 

in teacher independent tutoring it needs to specifically cater to the user’s cognitive and motor 

skills. Hence, tools need to be developed for different education levels. 

Pedagogy can be viewed from three sides – tutoring (teaching and learning), assessment, and 

administration. A tool suited for assessment might not be suited for tutoring. Most of the tools 

in the studies are for teaching and learning but three tools which use whiteboards (Table 1) are 

more suited for use by a teacher to demonstrate.  

Only 3 tools were found tools for assessment and administration (Table 1). Two of these tools 

are educational data mining tools that can record and analyse a student’s freehand answers. The 

tools can identify student response patterns that can, in turn, be used by the teachers to improve 
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their teaching (Koile et al., 2016; Stahovich & Lin, 2016). SAIGE (Rhees, 2017) is a tool 

developed for the semi-automatic grading of digital-ink quizzes. This is not a tool for learning 

but is intended for speeding up grading. The feedback provided is very basic and mainly 

distinguishes between graded and non-graded tasks and if the answer is correct. To use this 

tool, the teacher first grades a task for a few students and then they can use the software to 

auto-grade the rest of the students for the same task. The study shows that there is a 10 times 

reduction in marking time with the help of this tool despite the issues with recognition. For a 

holistic technology driven education, along with intelligent tutoring systems, there is also a 

need for intelligent assessment (Stahovich & Lin, 2016) and administration tools that uses 

machine learning to mark and process student grades. 

The Ink-12 project (Koile et al., 2017; Koile et al., 2016) aims to use sketching for enhancing 

mathematics education at the school level. In their latest work (Koile et al., 2017), the tool can 

be used to learn multiplication by skip counting. The participants use an array grid to sketch 

numbers to do skip counting. After they have entered their answers to the task the software 

analyses their strokes to check for correctness. The user study shows a 94% recognition 

accuracy. A key point shown by this study is that designing digital-ink tools with constrained 

tasks and fine tuning the recognition by using the constraints naturally present in the task helps 

in recognition.  

Considering the distribution of usage in different STEM areas and subjects (Figure 2 and 3), 

none of the STEM subject areas have more than 10 tools, which is a small number given 14 

years of research. A major percentage of tools are for science and mathematics areas, followed 

by technology (computer science and electronics) and engineering (Figure 2). There is one tool, 

BeSocratic (Bryfczynski et al., 2015) which covers all areas of STEM.  
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BeSocratic can also be used for all three facets of pedagogy. However, the range and type of 

STEM topics that it can deal with are mostly basic. Having subject specific tools is important, 

because as the number of possible symbols are reduced, recognition becomes more accurate 

(Gennari et al., 2005; Paulson & Hammond, 2008; Wais et al., 2007). Every subject has its own 

set of notations and diagrams. For example, in a tool for electrical engineering circuit diagrams 

sketching a resistor which is represented by a zig-zag line could conflict with the scribble 

gesture. However, such a conflict might not happen for a tool used for tutoring data structures.  

Another challenge is to develop semantics and heuristics to make sense of a whole diagram or 

set of diagrams. Here again, developing tools specific to a particular subject area is more 

feasible as making sense out of a large possibility of combinations of diagrams is 

computationally expensive. As most areas of STEM utilise diagramming there is a need to 

develop intelligent digital-ink tools for the many subjects. 

Functionality and fluidity 

Natural user interfaces stress user fluidity, have a small learning curve, and try to closely mimic 

their non-technological counterparts like pen and paper. Researchers claim that limiting the 

natural way of solving a problem, in the way that keyboard & mouse tools do, hampers usability 

and eventually cognition (Aleven & Koedinger, 2002; Anthony et al., 2012; Plimmer & 

Apperley, 2003). The ideal situation would be if a student could write as they would on paper, 

with accurate, timely feedback. However, recognising ink strokes like alphabets, mathematical 

symbols, equations and shapes seamlessly without errors requires much better digital-ink 

recognition than is currently available (Hammond et al., 2017).  

There are several areas where recognition impacts STEM tools. For example, tools which are 

intended for mathematical/engineering education but only allow the entering of diagrams, e.g. 
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Williford et al. (2016). This is an issue, as a student using the tool could expect it to be usable 

for equations too.  

Differentiating writing and drawing is difficult for recognisers. Some tools require the user to 

change modes e.g. De Silva et al. (2007) and Liwicki and Knipping (2005), but this impacts 

usability. Both modality and poor recognition impact tool usability (LaViola & Zeleznik, 

2007). Researchers need to keep a tight balance between recognition rates and making the tool 

more natural. 

DCSR (Ma et al., 2017) or Digital Circuit Sketch Recognition System is a tool for learning 

digital circuit design for university students. The tool is mode dependent and while users can 

sketch a logic gates circuit, they have to type the input to the circuit in text boxes provided at 

the bottom of the sketching area. Such an approach could reduce positive user experience, but 

this was not evaluated in the study. Step by step feedback is provided for logic gates by 

formalising them. The validity of the circuit is checked when the user presses the submit button 

after entering the input values. The feedback text only mentions if the output is correct or not, 

without any explanatory notes. DCSR was validated in a study with 15 participants. The study 

was done to check the recognition accuracy of the various logic gates and success rate was 

found to be 80%. The issues uncovered in this study were that students had to draw the gates 

using only multiple stroke and in a particular order. 

Support for functional gestures, for example cross-out, increases naturalness but also increases 

the demand on the recogniser. Confusion between ink and gesture input leads to user frustration 

and diminishes the user experience (Cheema & LaViola, 2018). This could also lower the 

learning achieved. 

Single stroke recognition is more successful and easy to implement than multi-stroke 

recognition. Some tools force users to draw figures in single strokes to improve recognition. 
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Others tools overcome this by using a lasso gesture or circling gesture around the multi-stroke 

figure, e.g. (LaViola & Zeleznik, 2007). Such solutions can decrease the fluidity of use of the 

tool and affect user experience at the expense of improving recognition. 

The key for a better user experience for digital-ink tools is better recognition without many 

additional steps and scaffolding. With the ongoing research in this area digital-ink recognition 

should improve further. In the interim researchers must balance recognition accuracy and 

usability with clever task and interaction design.  

Interactive feedback 

Digital-ink scores better than paper and pen in creating a more visually interactive learning 

environment. With only slightly more cognitive effort, digital-ink can be used to create 

interactive solutions with intelligent tutoring support. This can aid in better problem 

comprehension, analysis, and solution building. 

Some of the studies, for example Alvarado and Davis (2004), Bryfczynski et al. (2015), 

LaViola and Zeleznik (2007), Buchanan et al. (2012) and Cheema and LaViola (2018), scored 

highly on interactivity and visualisation. All these studies provide some form of interaction via 

animation. An animation in itself is attention grabbing but it becomes better when it is 

interactive and can be altered. These tools have associative mutation features where mutating 

a diagram or the animation also changes the associated text or equation and/or vice versa. 

Colour changing animation is utilised by some studies for feedback, e.g. Alvarado et al. (2015) 

and Liwicki and Knipping (2005). Ghosting, another feedback technique in which a shadow of 

the correct diagram is shown below the wrong diagram is also used in these studies. Apart from 

this, tools with interactive feedback also provide detailed text-based feedback and error 

messages. The highly engaging tool CoMo developed by Sabisch (2014) is the only of its kind 
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that uses a multimodal approach supporting both sketching and speech input. CoMo utilises 

interactive animation and audio for feedback.  

The next category of tools rate medium on interactivity and visualisation. These tools do not 

have interactive animation but interact with the users using only colour change, text, and/or 

pop-up messages. Tools of this type verify the correctness of a user’s input text, equation or 

diagram and respond providing suggestions or corrections. The most interesting tool of this 

category is BeSocratic (Bryfczynski et al., 2015). BeSocratic is unique because apart from the 

system evaluation of a user’s answer it also evaluates it against a solution entered by the 

teacher. Thus, it offers two-step verification of student solutions and provides very detailed 

textual feedback and suggestions. 

In the last category with minimum points for visualisation and interactivity come tools that use 

a digitiser pen. A digitiser is at an inherent disadvantage as it can only create static ink 

visualisations. However, such tools are simpler to use, and apart from the digitiser, no special 

equipment is required. Lee et al. (2008) in their work utilised a digitiser and compensated for 

the lack of visual feedback with audio feedback to guide the student at each step. The audio 

feedback does help the users, but it is unlikely to be as engaging as visual feedback. 

The other important point of discussion is the timing and frequency of feedback. From Table 

2, it can be seen that there is not much of a difference between the number of studies for 

stepwise and non-stepwise feedback. The proponents of stepwise feedback say that it provides 

feedback after each step, thus acting like a tutor who verifies a student’s work at each step 

while teaching them. They argue that such a method provides better guidance and hence helps 

in better learning experience (Anthony et al., 2012; Kirschner et al., 2006; Sweller, 2011) . The 

opponents argue that stepwise feedback irritates the user and lowers their concentration on 

solving the task (Alvarado & Davis, 2004). Based on the benefits of both the kinds of feedback, 
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Cheema and LaViola (2018) in their work have the facility for using both step-wise and non-

stepwise recognition feedback.  

The tool created by Cheema and LaViola (2018), CSTutor aims to enhance the learning 

experience of students studying kinematics with the help of sketch and animation. The tool 

allows students to practice a variety of physics problems in kinematics with the help of both 

sketching and gesture for interaction. When a user writes a mathematical equation, the tool 

provides continuous step by step feedback. The recognition of diagrams only happens after the 

user draws the entire diagram and then presses the recognition button. The diagram is animated 

for feedback, and additional feedback is also provided by showing graphs related to the task. 

An informal usability testing with 5 participants showed more than 90% recognition success 

for single stroke shapes and 76% for multi-stroke shapes. Participants had more success 

drawing easy shapes like line segments but had recognition problems while drawing complex 

shapes like arrows, dotted lines and helixes. Additionally, for 3 out of 5 participants the systems 

confused between digital-ink strokes and gestures. 

An interesting result is presented by Polsley et al. (2016) regarding stepwise and non-stepwise 

feedback. The study found a relationship between student performance and preference between 

stepwise and non-stepwise feedback. It indicates that students who prefer stepwise feedback 

performed lower than those who preferred non-stepwise feedback. There are numerous 

possible explanations for this and it is worthy of more investigation. 

2.6.8 Summary 

It is evident that there is little work in the area of digital-ink STEM tutoring tools with only 35 

studies in 14 years, spread across many subjects and learning levels. Furthermore, some are 

focused more on self-learning whereas others are more intended for teaching or administration. 
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There are many underexplored questions such as in what situations stepwise or non-stepwise 

feedback should be provided and how animation can be most effectively used.  

Most telling of the state of research in this field is that very few studies have addressed the big 

question – “Does using intelligent digital-ink tool really improve learning?” Studies are needed 

which compare learning gain between traditional pen and paper, keyboard & mouse tools and 

digital-ink tools. 
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Chapter 3. Methodology 

This chapter describes the process followed for answering the research questions discussed in 

Section 1.2 and completing this research. A design-based research methodology (F. Wang & 

Hannafin, 2005) was followed. 

F. Wang and Hannafin (2005) introduced this methodology in the context of technology-based 

learning interventions. The motivation behind developing this methodology was the gap 

between the expected theoretical and the actual practical use of an educational technology. 

They proposed that an ideal methodology will support development and testing in an iterative 

fashion, such that the lessons learnt from the testing are used to improve the tool. The authors 

defined design-based research as “a systematic but flexible methodology aimed to improve 

educational practices through iterative analysis, design, development, and implementation, 

based on collaboration among researchers and practitioners in real-world settings and leading 

to contextually-sensitive design principles and theories”(p.6). The term design-based research 

encompasses methodologies like formative research, development research, developmental 

research, design experiments, and design research (F. Wang & Hannafin, 2005). 

In this methodology the researcher plays the role of the learning intervention’s designer, 

developer and researcher. The product is designed and developed based on theoretical and 

practical inputs, tested, improved and then again tested. This process goes on in an iterative 

fashion until the theoretical and practical aims of the project are met. This methodology has 

five characteristics which have been met in this research. They are: 

1. Pragmatic – the educational technology being developed targets a practical issue and 

the resulting research and development contributes to both theory and practice for better 

learning and teaching of the topic in concern. 
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2. Grounded – the design and development of the technology is inspired by learning 

theories and practices. 

3. Interactive, iterative and flexible – an iterative process involving analysis, design, 

implementation and redesign is followed. Feedback from the end users of the 

technology is considered in the entire process. 

4. Integrative – mixed research methods like quantitative methods, qualitative methods 

and observations are used to get a better understanding 

5. Contextual – the research findings validate the design process followed. A guidance for 

developing similar technology is presented and also avenues for future research are 

suggested. 

In the subsequent sections the steps taken to complete the research in the order of their 

execution are briefly described. 

3.1. Ethics approval and generic process for all the experiments 

Ethics approval was applied for as the various studies undertaken involved testing with human 

participants. Participation in the studies was voluntary and students were contacted through 

posters and class mailing lists, the contents of which being pre-approved by the ethics 

committee. Each participant in the study was provided with a Participant Information Sheet 

(PIS) upon showing interest in participating in the study. Upon arrival at the experiment venue 

participants were given a Consent Form to read and sign. After this they were given an 

introduction of the software and its tasks. This was followed by the students performing the 

tasks in the experiment.  

The experiments for both the prototypes were carried out on a Microsoft Surface Book with 

stylus support. The computer was running Microsoft Windows 10. The Surface Book’s screen 

can be detached from the keyboard and flipped to provide a natural way of writing, and, so in 

the studies a participant sketched on the screen lying flat on a table. Figure 7 shows a participant 

using ThinkInk. 
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Figure 7. Participant using ThinkInk 

As a reward each participant was given a $20 voucher. The details of the ethics approval and 

all related documents are present in the Appendix D. 

3.2. Exploratory Prototype 

Only three (refer Section 2.5.2) digital-ink data structure tools were found while doing the 

literature review. Out of these only CSTutor (Buchanan et al., 2012) has been explained in 

more detail and it is also a ‘digital-ink only’ tool unlike CoMo (Sabisch, 2014). The presence 

of few tools and the learning theories discussed in the literature review chapter suggested the 

need for developing an exploratory prototype.  

Prototyping is a common method used in software engineering to better understand the 

requirements of a system (Floyd, 1984). It is especially useful if very few or no similar systems 

exist. The exploratory prototype and the Cognitive Dimension Analysis (Green & Petre, 1996) 

performed on it, are discussed in Chapter 4. The main aim of this evaluation is to understand 

the tool from the cognitive perspective of a user. The analysis revealed the different strengths, 
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weaknesses, and areas needing improvement. Based on the lessons learnt in this phase 

Prototype 1 was developed. 

3.3. Prototype 1 

The analysis results from the evaluation of the exploratory prototype indicated several areas 

that needed change, most of them pertaining to the user experience and user interface. To 

improve upon these shortcomings, Prototype 1 was developed. Prototype 1 supports tasks 

related to 1D Arrays. 

Paper prototyping and Wizard of Oz experiments (Dahlbäck et al., 1993) were carried out while 

finalising the design for Prototype 1. After this study the software was developed and a 

usability study was carried out to fine tune the prototype. The usability study revealed some 

shortcomings which were rectified in the final version of Prototype 1. 

Next, an experiment composed of learning gain and technology acceptance evaluations was 

conducted. The learning gain evaluation (6.3) was conducted to test whether the tool promotes 

actual learning or not. A pre-test/post-test learning gain study was performed and the results 

show that using such a tool does result in actual learning. 

The technology acceptance evaluation (6.2) was carried out to understand which factors are 

important for the users while utilising a digital-ink tool. The results from the technology 

acceptance study were mostly positive and showed that users do prefer such a tool for learning 

data structures and want to use it in the future too.  

Chapters 5 and 6 discuss respectively the details about the development and evaluation of 

Prototype 1. 
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3.4. Prototype 2 

The results from the analysis of Prototype 1 were mostly positive and showed that a digital-ink 

tool designed and developed using the process followed in this research is liked by the users 

and does help in learning simple linear data structures like 1-D arrays.  

Nevertheless, there were some areas pertaining to the user experience that the users did not 

like. Prototype 2 was developed to improve these deficiencies and also to add tasks for more 

advanced data structures, trees and binary search tree.   

Experiments were conducted on this prototype to – 

1. Compare this with a keyboard & mouse based data structure tutoring tool and 

understand the role modality of a tool plays in learning data structures 

2. Verify if the tool is still preferred and helps in learning a more advanced data structure 

3. Verify the robustness of the design and development process for advanced topics 

 

The results of the experiments indicate that the design process adopted to develop the digital-

ink tool is indeed robust and can be successfully used to develop a tool for teaching both basic 

and advanced concepts. However, the modality of the tool didn’t appear to play much of a 

significant difference in the learning process. The details of the development and the studies 

conducted on Prototype 2 are discussed in detail in Chapters 7 and 8.  

 

For both Prototype 1 and Prototype 2, technology acceptance and learning gain analysis were 

conducted. Hence, in the following sections details of these two type of analysis common to 

the two prototypes are discussed. 

3.5. Technology Acceptance 

The aim of this evaluation is to understand a person’s intentions and interests in using a tool 

based on various psychometric constructs. Technology acceptance studies are commonly 

conducted for this goal (Imtiaz & Maarop, 2014). The analysis of the relationship between the 
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various psychometric constructs give a fine grain understanding as to what really a person 

wants in the system and the role these constructs play in promoting the use of the software. 

Acceptance studies help in understanding user intentions and can be used to reduce the risks 

associated with system implementation. For any technology to be used widely it should have 

high acceptance with the user. Technology acceptance can be studied at two levels – 

organisational level and individual level. Emphasis is laid on the acceptance of technology if 

the unit of analysis is an individual (Dasgupta et al., 2002). In this research I am studying a 

student’s acceptance of a software. An individual’s technology acceptance can be defined as 

“an individual’s psychological state with regard to his or her voluntary or intended use of a 

particular technology” (Hendrick & Brown, 1984). 

There exists a large number of theories and models that are used for acceptance studies. 

However, the precursors to all these theories are: 

 Expectancy Value Theory (Atkinson, 1964; Cohen et al., 1972): this theory states that 

a person’s behaviour can be predicted by the person’s behavioural intention. This 

intention towards a certain behaviour is in turn influenced by their beliefs. From this 

theory evolved – 

 Theory of Reasoned Action (TRA) (Fishbein & Ajzen, 1977) (Figure 8): an individual’s 

Behavioural Intention can explain their acceptance of technology. The individual’s 

intention is in turn ascertained by their perception that most people who are significant 

to them think they should exhibit the behaviour under consideration (Subjective Norm) 

and the individual’s positive or negative feelings towards the target behaviour 

(Attitude). 
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Figure 8. Theory of Reasoned Action (TRA) adapted from Fishbein and Ajzen (1977) 

From the above two discussed theories was derived the most popular of technology acceptance 

theories, the Technology Acceptance Model (TAM) (Davis, 1989) (Figure 9). It is the most 

popular model and has been used by many researchers in their studies. Perceived Ease of Use 

(PEOU) and Perceived Usefulness (PU) are its important constructs. Davis (1989) defined PU 

as “the degree up to which a person believes that using a particular system would enhance his 

or her job performance” and PEOU was defined as “the degree up to which a person believes 

that using a particular system would be free of effort”. The important findings of TAM are as 

follows: 

 PU is directly affected by PEOU. 

 Attitude towards using the system is in turn affected by PEOU and PU. 

 Behavioural Intention is affected by Attitude which in turn decides actual system use. 

 
Figure 9. Technology Acceptance Model (TAM) adapted from Davis (1989) 
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3.5.1 Technology acceptance research model evaluation technique 

The research model developed in sections 6.2.1 – 6.2.5 was aimed at explaining causal 

relationships between the constructs and eventually leading to the explanation of intention to 

use the Prototype 1. Partial least squares-structural equation modelling (PLS-SEM) is a 

technique that allows exploring causal relationships between constructs (W. Chin, 1998; Hair 

et al., 2011)  

For studies that are exploratory in nature PLS-SEM has been found to be a good analysis 

methodology (Hair et al., 2011; H. Wang et al., 2010). This research is among the few in the 

area of digital-ink data structure tutoring tools (2.5.2). Moreover, to my knowledge, it is the 

only study in the area in which a research model is being used to explore the factors that play 

a role in such a tool’s acceptance and use. 

Since the aim of this evaluation is to explore the role the constructs (6.2.1 – 6.2.5) play in 

developing a user’s intention to use ThinkInk, PLS-SEM was used for evaluating the research 

model described in Section 6.2.1 (Figure 36). 

To summarise, the following rule-of-thumb stated by Hair et al. (2011) was used for selecting 

PLS-SEM as the analysis technique:  

1. It is suitable for exploratory research or can be used in studies that extend an existing 

research model like is being done in this study (6.2.1 – 6.2.5) 

2. It is suitable for understanding the relationship between many constructs 

3. It is suitable for small sample size 

The analysis in PLS-SEM is composed of the following two steps (Hair et al., 2011) – 

1. Firstly, to determine the factor loadings, the measurement model is assessed. For this 

the following validations are carried out – 

a. Convergent validity - 

i. Internal consistency reliability  
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ii. Indicator reliability (Factor Loading) 

iii. Average Variance Extracted (AVE) 

b. Discriminant validity 

2. After this, the structural model and the hypotheses are evaluated. The following tests 

are done for this – 

a. R2 – for determining Goodness of Fit (GoF) 

b. Q2 - for predictive relevance of the model 

c. Bootstrapping – for determining the significance of the path coefficients 

3.5.2 Internal consistency reliability  

For reflective constructs like those in this study (refer appendix for discussion on types of 

constructs) the items/indicators of the constructs should be highly correlated. The measure for 

the internal consistency of a construct’s indicators in PLS-SEM is Composite Reliability rather 

than Cronbach’s Alpha  (Hair et al., 2011). In PLS-SEM the items are ranked according to their 

consistency in the model estimation unlike in Cronbach’s Alpha where all the items are 

assumed to be uniformly consistent (Hair et al., 2011). Due to this Cronbach’s Alpha can 

overestimate or underestimate an indicator’s reliability but composite reliability measures 

internal consistency in a more stable way (W. Chin, 1998; Höck & Ringle, 2006).  

Reliable values of internal consistency are 0.7 or more for non-exploratory research or near 0.6 

for exploratory studies (W. Chin, 1998; Hair et al., 2011). 

3.5.3 Indicator reliability (Factor Loading) 

A construct is usually composed of a number of items/indicators that contribute towards the 

main idea the construct represents. For example, the ease of use construct will have items that 

ask questions related to ease of use. For a robust model each individual indicator needs to be 

strongly related to the construct. This relationship is measured using indicator reliability or 

factor loading which ranges from 0-1 (Hair et al., 2011). Usually a factor loading of 0.7 is 

recommended (W. Chin, 1998). However, exploratory studies in the education domain have 



 

70 
 

used factor loadings of 0.5 (Van Raaij & Schepers, 2008) and 0.6 (Sørebø et al., 2009). A factor 

loading of 0.5 was described as practically significant by Peterson (2000) in his work on factor 

loadings.  

For reflective constructs since the items should have high correlation with one another, the 

items are interchangeable and deleting some items does not affecting the validity of the 

construct (W. Chin, 1998; Freeze & Raschke, 2007). 

3.5.4 Average Variance Extracted (AVE) 

It is used for measuring the variance in a construct. This is also used to determine the validity 

of the measurement model by measuring convergent validity. The recommended value for this 

is 0.5 or above (W. Chin, 1998; Hair et al., 2011; Van Raaij & Schepers, 2008). 

3.5.5 Discriminant validity 

Indicators of a construct should not be more highly correlated to a construct other than their 

own construct. Cross-Loading matrix is used to assess discriminant validity (W. Chin, 1998; 

Sørebø et al., 2009; Van Raaij & Schepers, 2008) 

3.6. Learning Gain 

The aim of this analysis is to measure student performance between two points in time, i.e. 

before and after tool use and gauge the difference in performance - if any - caused by using the 

tool. 

Learning gain can be defined as the measurement of student performance between two points 

in time. Between these two points in time the student is expected to be engaged in some 

educational activity that could bring a change in their learning (Hake, 1998).   
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The most common way is the pre-test/post-test way, which has been used by many studies 

involving education in STEM areas - for example, Robledo-Rella et al. (2012), Graesser et al. 

(2003) and Aleven and Koedinger (2002). In this type of study first a pre-test is conducted 

followed by the use of the educational intervention (i.e. a tutoring tool/technique/course) that 

is being evaluated for learning gain, which is finally followed by a post-test. The pre and post-

test questionnaires are similar and on the topic for which the tool/technique has been developed 

for, e.g. if it is a tool to teach quadratic equations, the questionnaires would ask questions from 

this topic.  

3.6.1 Learning Gain Calculation Formulas 

Hakes’ method (Hake 1998) is used to calculate learning gain. The following formulas were 

used for the learning gain calculations -  

 Percentage absolute gain = gi / maximum score of the question, where gi (Individual 

Actual Gain) = (post-test score – pre-test score).  

 Relative gain = average gi/pre-test score.       

 Average of individual single student normalised learning gain, 

 

 Class/participants average normalised learning gain,                  

 

 

Threats to validity  

While calculating the participant’s average normalised learning gain a threat to validity can be 

encountered. In cases when pre-test result is 100%, <g> is assumed to be 0 (Colt et al., 2011; 

Hake, 1998). There are two options, either to remove the data from the calculations which 

would increase the learning gain from the current value or replace it by 0, in this research the 

more conservative approach is adopted. 
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3.7. Comparative Analysis 

In research there is often the need to compare one approach with another in order to decide 

which is more preferred and effective (Kohavi et al., 2009). In UX research A/B testing is a 

popular way to compare different versions of a product. A/B testing is used when there are two 

to three variations between the two versions (Kohavi et al., 2009). If many variables are 

involved in the comparison of the two versions then a version of A/B testing called 

multivariate/multivariable testing is preferred (Kohavi et al., 2009). Multivariate testing can 

additionally reveal the relationships between the different variables that differentiate the two 

systems and hence show how these variables play a role in the tool’s success (Kohavi et al., 

2009). 

Another differentiation in study design is if the experiments to be conducted should be 

between-groups or within-subjects. A between-groups design uses different groups of 

participants for the different treatments/systems under test thus reducing learning transfer.  

Whereas in a within-subjects design the same participant uses the different systems. The 

problem with such a design is that if a participant uses one system they could gain some 

knowledge and then have a better performance while using the second, avoiding this was 

important. Also the participant would compare the systems based on the other systems which 

would not suit the aim of this research. 

In the evaluation in Chapter 8 a between-groups multivariable A/B testing study design was 

used. One of the main aims of the evaluation was to find out which of the two tools provide 

more learning, hence we wanted a study design that reduces learning transfer across conditions. 

Additionally, the other aim was to understand the user experience while using the tools in terms 

for multiple factors and hence this methodology suited the aim. 
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Chapter 4. Exploratory Prototype 

This chapter describes the exploratory prototype of ThinkInk and an evaluation of its cognitive 

dimensions (Green & Petre, 1996) conducted to gain a clearer understanding of the 

requirements. 

4.1. Prototype Tasks 

The exploratory prototype as well as Prototype 1 and Prototype 2 use machine learning 

techniques to recognise the ink strokes. The Microsoft Ink DLL (Jarrett & Su, 2009) is used 

for character recognition and RATA (Chang et al., 2010) is used for shape recognition. 

The exploratory prototype of ThinkInk supports two tasks related to 1D arrays. The tasks are 

– (1) Add in front and (2) Add in back. Figure 10 shows the user interface of the exploratory 

prototype. 

 
Figure 10. Exploratory prototype of ThinkInk 
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A working example is used to describe the functioning of the prototype. Consider the following 

pseudocode: 

int[] x =new int[3]; // declare and define array of size 3. 

To construct a better understanding of arrays the student runs the application and is brought to 

the screen as shown in Figure 10. 

To visualise the above pseudocode, the student first draws a rectangle followed by dividing the 

rectangle into cells depending on the array size needed, in this case into 3 cells. As each stroke 

is drawn, character and shape recognition runs in the background. Additionally, ThinkInk runs 

its own algorithm to interpret the meaning of the entire sketch composed of all the strokes.  

The ‘Status’ window on the right side of the user interface shows the recognition result as well 

as information on array capacity and array size. ‘Array capacity’ shows the total number of 

elements the array can have, this is equivalent to the number of cells in the rectangle. Whereas 

‘Array size’ depicts the total elements filled by the user in the array cells. 

Once the user finishes drawing the array, that is they have sketched the elements in it and are 

satisfied by the results shown in the Status window, they can select one of the two tasks to 

practice. Next the tasks ‘Add in back’ and ‘Add in front’ will be described. 

4.1.1 Add in back 

The prerequisites to practice the algorithm in this task is to have an array with a size of at least 

one less than array capacity, i.e. the right most cell of the sketched array needs to be empty. 

Therefore, we take our earlier-defined array ‘x’ and then insert elements to array index position 

– 0 and 1 before beginning the operation. The pseudo code would be – 

x[0] = 5; 
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x[1] = 2; 

The array position x[2] is left empty and this is where the new element ‘6’ will be added by the 

user. 

To start this task, the user clicks on the ‘Add in back’ button. This makes the tool ready to 

check user actions according to the algorithm to add an element at the end of the array. To add 

an element in the back, the user simply needs to write an element (6, here) in the last empty 

cell of the array and lift the stylus. Upon stylus-up the recognition and sketch interpretation is 

executed. If the element was added successfully then a popup message saying ‘Added 

Successfully’ is shown and if it fails a popup message showing an error message is shown. In 

the ‘Status’ window information like element entered and element position in the array are 

shown. If there is some error in recognition, the user has two options – either to erase stroke 

by stroke using ‘Erase’ option or clear all the sketched strokes using the ‘Clr_Canvas’ button. 

Figure 11 shows the results after an array addition at the back has been successfully performed. 

 
Figure 11. Add in back 
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4.1.2 Add in front 

This task is more complex than the first task and in this the student learns two concepts. The 

feedback in this task teaches the student how elements are copied to right-shift them before an 

element can be entered to the left most position in the array. 

Let us again consider our array ‘x’ of capacity 3. Let the user insert the following elements in 

it before beginning the operation – 

x[0] = 6 

x[1] =3 

For this operation the last array position x[2] can have an element or not. If there is an element 

at x[2] then it needs to be replaced with the element at x[1], or in other words the element at 

x[1] needs to be copied to position x[2] replacing any element present there. 

The aim of the user in this operation is to add a new element at x[0]. To do this the elements 

need to be right shifted and space created for the new element at x[0]. The following pseudo-

code can be used to right shift the elements– 

for (int i = (position - 1); i >= 0; i--) { 

x[i+1] = x[i]; 

}// ‘position’ is the index position of the array element 

To practice this array operation graphically via the tool, the user clicks the ‘Add in front’ 

button. Before entering any element in the left most cell (i.e. array index 0) all the elements 

need to be shifted to the right by copying them one by one. If the user straightway tries to enter 

an element at array index 0 then the tool gives an error message and the element is not allowed 

to be entered there. 
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The user first starts by copying the right most element to its adjacent right cell. To do this the 

user writes the same element in the adjacent right cell. Upon writing, the tool checks if it is 

indeed the same element, and if it is, then the element is copied otherwise an error message 

saying that the copy has failed is displayed. If the right most cell is an empty cell then the 

element is displayed. However, if the cell already has an element, apart from checking if the 

correct element is being copied, the tool also changes the colour of the existing element in the 

cell to red and after a short time delay, erases it, so that the now the cell only contains the 

copied array element. 

During this copying process the system generates popup messages like ‘COPIED 

SUCCESSFULLY! Keep going on!’ Once all the elements have been copied correctly the 

system generates the popup message ‘ALL COPIED! Now ADD the FIRST ELEMENT!’ At 

this point if the user enters an element to array index 0 the element gets added and this is 

confirmed again by a popup message. Like in the ‘Add in back’ task the Status window displays 

information like array size, array capacity, the elements that were added and their position. 

Figure 12 shows this operation in progress.  

 
Figure 12. Add in front – copy in progress 
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Figure 13 shows an already existing element in the cell being deleted when an element is copied 

to that cell and the colour of the old element is changed to red before deletion. 

 
Figure 13. Add in front – copy in progress 

In the next section the cognitive dimension evaluation (Green & Petre, 1996) of the exploratory 

prototype is described. 

4.2. Cognitive dimension analysis 

In this study a cognitive dimensions analyses (Green & Petre, 1996) was preferred over 

Nielsen’s heuristic evaluation (Nielsen, 1995). The cognitive dimensions were initially created 

for specifically evaluating a programming environment while Nielsen’s heuristics are not 

domain specific. Cognitive dimensions (Green & Petre, 1996) provide broad spectrum criteria 

to explore the desired functionalities of an interactive system.  

The goal, in this case, is to use the dimensions to discuss the usage and functionality of the 

learning tool. Based on the discussion, a high level view of the users’ intended use of the system 

can be predicted. The various dimensions are not a hard set evaluation criteria that should be 

met to develop a better tool, but the adherence to the dimension depends entirely on the aims 

of the product. The different dimensions may at times conflict with each another; and an 

increase in one may come at the cost of another. The dimensions help in performing a cost-

benefit analysis of various features. It may be entirely possible that a tool needs some 

dimensions more than the others for meeting its objectives.   

The system’s developer is the preferred evaluator in this technique and is performed at the 

initial stages of development.  The technique has been found to be beneficial for evaluating 
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prototypes and incorporating the findings in further improving the design. The methodology 

has been successfully applied to a range of projects e.g. Ferreira et al. (2012), Edge and 

Blackwell (2006), Beckert and Grebing (2012) and Vatrapu et al. (2013). 

In the following sections, the exploratory prototype is discussed from the perspective of the 13 

cognitive dimensions of Green and Petre (1996).  

4.2.1 Abstraction Gradient 

A concept sometimes can be composed of a number of smaller sub-concepts. To understand 

the concept it becomes necessary to understand the smaller sub-concepts it is made up of. 

Abstraction gradient deals with this idea. Green and Petre (1996) describe three levels of 

abstraction: abstraction-hating (i.e. low abstraction), abstraction-tolerant (i.e. medium 

abstraction) and abstraction-hungry (i.e. high abstraction). For example, an application 

specifically developed for creating flowcharts is abstraction-hating as it only permits the user 

to select from a set of predefined symbols (aka abstractions) like arrows, decision boxes etc., 

whereas a complex tool like MS Visio is abstraction-hungry as it provides numerous primitives 

and allows users to modify existing ones. These primitives or abstractions can be combined to 

form various larger components.  

The exploratory prototype deals with array representation, which is composed of a simple 

shape made up of a rectangle split into cells with vertical lines and then numbers or alphabet 

letters may be written in these cells. Just sketching an array and getting the recognition result 

with the tool is composed of a fixed number of steps and is abstraction-hating.  

Performing any two of the array operations require a number of steps to be completed. For 

example, before starting a task the first step is to sketch an array and insert at least one element 

or more elements. Then the user has to click the button for the desired task. If the task is to add 

elements at the back of the array, it requires only one step. However, if it is to insert element 
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at the front (i.e. at array index 0) then it will require several steps to reach task completion as 

described in Section 4.1.2.  

Nevertheless, it can be seen that both these array operations can only be carried out with a 

specific set of symbols and that the user cannot define any new symbols to complete the tasks. 

Thus, the array operations are abstraction-hating. 

The question as to whether the prototype should be made abstraction-tolerant or abstraction-

hungry can be answered by considering the goal of the tool. ThinkInk is envisioned as an 

interactive tutoring system that guides users in understanding the concepts of data structures 

and algorithms better. An algorithm is a set of steps to be followed to complete a task, and so 

its visualisation is also rigid and deters users from defining their own abstraction.   

Moreover, the operations on data structures are traditionally taught using a set of symbols and 

notations that have not changed for many years. Hence, in order to minimise confusion, 

maintain familiarity, and keep the cognitive load to a minimum, the users do not have the 

facility to add their own symbols and notations. 

Considering these factors, the abstraction-hating level of the tool is appropriate as the other 

levels might hamper the user’s task cognition.  

4.2.2 Closeness of Mapping 

This dimension deals with the degree of similitude between the problem and the tool being 

used to model it. It also tries to gauge the learning curve needed to learn using the tool.  

Observing the pseudo codes in Sections 4.1.1 and 4.1.2 and then the visualisations used to 

represent them hints at a low closeness of mapping. However, the point to keep in mind is that 

a piece of code in any programming language is already at a level of abstraction: the code might 

not exactly represent what goes on in the memory. The prototype’s visualisation is also a type 
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of abstraction and since 1D arrays are contiguously allocated memory locations, the 

representation style has a close mapping to the array representation in memory. 

Additionally, the tool is a digital-ink tool, and apart from clicking a few buttons to choose the 

desired array operation, it is closely mapped to the way arrays are traditionally taught using 

whiteboards. Furthermore, in most books, arrays are represented using a rectangle with cells, 

and also the visualisations of the algorithm of the two tasks are same as the way it is being 

taught via this tool. Moreover, the visualisation depicting copying of elements into memory 

location described in Section 4.1.2 is a clearer visualisation of the operation than just writing 

or viewing the corresponding code. These visualisations in the tool aim to provide a better 

learning experience to the user.  

Based on these points, the prototype has a high closeness of mapping to the array operations. 

4.2.3 Consistency 

According to Green and Petre (1996), a tool is considered to be consistent if the interaction 

with the tool remains similar across different tasks. For example, in MS Word, irrespective of 

what is being done in the document clicking on the ‘Home’ tab will always result in showing 

the same options. They also related consistency to learning, such that after learning to use some 

of the tool’s functions the user could utilise the rest of the functions without much difficulty. 

The implications of this are that the user spends less time learning the tool and more time on 

the task. This outcome is also desirable from the perspective of cognitive load – refer to 2.3.2 

for more details. 

The prototype uses the same symbols used while teaching data structures with means like pen 

and paper or whiteboard. The notations used are similar to those in most data structures and 

algorithm books (Knuth, 1997). The user therefore does not need to learn new symbols. The 

process of using the tool is similar for both the tasks as discussed in Section 4.1. For copying 
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or inserting an existing element the user just needs to write in the particular cell, which is the 

same for both the operations. In addition, if the existing cell has an element in it, as it might be 

when adding an element to the front, the copying technique remains the same throughout the 

task. Hence, the tool is classified as consistent. 

4.2.4 Diffuseness/Terseness 

Green and Petre (1996) defined a tool as diffuse if it used many ideas to achieve a goal as 

compared to other tools. A diffuse tool therefore has more functionalities and can be more 

complex to use. Conversely, a terse tool is simple and will have fewer functionalities. 

Additionally, they related diffuseness to verbosity and terseness to compactness. 

The exploratory prototype is a visualisation tool for data structures, so in this matter it is 

verbose as the explanation of an algorithm will always be more verbose than the corresponding 

code. However, the aim of this tool is to explain the data structure related algorithms better and 

hence diffuseness is needed in this aspect. 

In terms of functionalities, there are just few that require user interaction. The user can choose 

the task and sketch it out, and can also remove the wrong strokes and clear the canvas. These 

features provide only the necessary functionalities and can be considered as terse. The other 

functionalities that do not need interaction, like error/help messages and display of the 

recognition messages, are also few and can be considered as terse.  

4.2.5 Error-Proneness 

This dimension explains the importance to find out areas or conditions in which it is easy for 

the user to commit errors. 

Even though the recognition results from the combined use of RATA and Microsoft’s 

recogniser is good, errors do happen and sometimes numbers like ‘2’ are confused for letter ‘z’ 
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even after the character recogniser has been biased towards numbers. There is also confusion 

between shape and character, e.g. a vertical line in the array shape being mistaken for ‘1’ or 

‘I’.  

The second issue with the exploratory prototype is that there are no steps provided to guide the 

students to complete a task. Until and unless the user knows the steps of the algorithm, they 

would have difficulty in completing the task. Indeed, error messages are shown if the user 

commits a mistake but just having error messages for guidance could result in user frustration. 

The third problem is minor. Once a task is over, there is no clear message indicating this and 

the user could still sketch on the canvas as inking was not disabled after task completion 

4.2.6 Hard Mental Operations 

This dimension aims to describe the mental effort required to comprehend and use a learning 

tool. Green and Petre (1996) defined two types of hard mental operations, one being difficulty 

in understanding concepts at the base level, and the second being the ability to understand a 

concept if more and more sub-concepts are part of it. This dimension is related to abstraction 

gradient and closeness of mapping dimensions.  

Easing the difficulty of understanding data structures operations is the main motive of 

ThinkInk. The exploratory prototype provides an interactive visualisation environment to 

explain array algorithms to help in understanding the concepts better (Naps et al., 2002). The 

tool is built with the intention of keeping it as close as possible to pen and paper, hence digital-

ink was used to make learning easier for the users.  

Both the tasks (Section 4.1.1 and 4.1.2) have been broken down into visualisations that need to 

be sketched stepwise. Error messages are also shown if the steps are sketched wrongly. The 

aim of this form of interaction is to help the user break down a large process into small logical 



 

84 
 

steps to make cognition easier. With this style of interaction the aim is to help the user develop 

an easy to remember mental model of the operation. 

4.2.7 Hidden Dependencies 

Green and Petre (1996) explained hidden dependencies as when one component of a tool is 

covertly dependent on the other component. Since this dependency is not readily visible to the 

end user, it may lead to errors. For example, an excel sheet in which a formula has been applied 

to a cell is a hidden dependency for a user not familiar with that sheet.  

The prototype does have a significant hidden dependency that is due to the limitations of multi-

stroke recognition, and is an issue highlighted by many researchers, e.g. LaViola and Zeleznik 

(2007) and Stahovich and Lin (2016). To start drawing an array shape the users must first draw 

a rectangle with a single stroke. This dependency is not apparent to the users and has rarely 

caused issues because most people naturally draw a rectangle in one stroke as has been 

observed while conducting informal usability studies. 

One solution could be to let the user draw a multi-stroke rectangle and then create a lasso 

around it, which will indicate that these strokes belong to a single shape. Nevertheless, this 

approach might reduce the natural feeling of the tool which will be against our aims of keeping 

the user experience fluid, cognitively less demanding and as natural as possible. It could cause 

frustration and might lead to reduced learning gains.  

4.2.8 Premature Commitment 

When a particular order is enforced to complete a task it forces the user to make a commitment 

before all the information is available. This is called premature commitment (Green & Petre, 

1996). This could create a problem when the user makes a wrong decision and to correct it 

needs to redo the whole process again (Green & Petre, 1996). 
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The prototype does cause the user to make premature commitments but this is necessary to help 

them understand the data structure algorithms better. 

For example, firstly, the user needs to define the array, i.e. draw the array shape, and only then 

fill in the elements. If a user writes a list of numbers and then starts drawing the array around 

it, it will cause the tool to give an error message. This is enforced because in most programming 

languages an array is defined before placing the elements in the memory locations. 

Secondly, before starting either of the two tasks the array should be created, i.e. the array shape 

drawn and the elements filled in it. This is also a logical requirement of the tasks as the 

operations will only be feasible if an array exists. 

4.2.9 Progressive Evaluation 

This dimension deals with the ability of a tool to allow the users to check their progress at any 

time during its use, not only after completing the task (Green & Petre, 1996).  

The exploratory prototype conforms to this dimension too. The users of the prototype gets 

continuous feedback during the tasks through popup messages, the messages in the Status 

window and for the ‘Add in front’ task through colour change too. These feedback mechanisms 

have been discussed in detail in Section 4.1. 

4.2.10 Role Expressiveness 

This dimension deals with the ability of a tool to clearly describe each function and operation 

provided by it. This makes the tool easy to use as the user can readily identify what each 

function is for (Green & Petre, 1996). 

The prototype does have role expressiveness. For example, all the buttons are aptly named 

according to their functionality and the user can easily guess what each button does. Having 

buttons to choose the tasks makes the user aware of the task they will perform and mentally 
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prepares them for the operation, hence reducing possible errors. Additionally, as explained in 

Section 4.2.9, a user gets constant feedback about their sketch and hence clearly knows how 

the tool is interpreting their sketches.  

However, the tool lacks in one aspect in that it does not provide steps to guide the user to 

complete the task. Having instructions to guide makes the task easier to understand and helps 

in learning (refer Section 2.3.2). This issue been addressed in Prototypes 1 (Chapter 5) and 2 

(Chapter 7). 

4.2.11 Secondary Notation and Escape from Formalism 

This is defined as the facility to provide information through ways other than the formal way 

(Green & Petre, 1996). As an example of this dimension in practice, the code in programming 

contains the main information but indenting and commenting the code allows better code 

readability.  

The main aim of the prototype is to provide an alternative and more interactive way of learning 

data structures. This in itself is an escape from the formal way of teaching data structures. 

Additionally, there is secondary information provided through the visual feedback (refer 

Section 4.1.2) and the information displayed in the Status area (Figure 11). These are some of 

the ways the ways in which the tool adheres to the needs of this dimension.  

4.2.12 Viscosity  

This dimension defines the effort needed by users to make small changes to their work while 

using a tool. Generally, low viscosity is desired as this allows the users to think stepwise rather 

than think out the complete task beforehand as they can easily change some previous step 

(Green & Petre, 1996). 
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The prototype is viscous as both the tasks allow the users to complete them in a step-by-step 

fashion. The user can see information related to the task in the ‘Status’ window and can delete 

the wrong strokes and also clear the canvas to redo the tasks. 

4.2.13 Visibility and Juxtaposibility 

This dimension deals with the presentation of information in a tool to make it easier to use. 

Visibility deals with the ease with which the user can get information required to complete a 

task. Juxtaposibility deals with seeing two components of the system side by side (Green & 

Petre, 1996). 

The prototype has features that support this dimension, as interactive feedback is one the key 

requirements of the tool. Users get step-by-step feedback in the status window and also get 

error messages if a wrong step has been performed. Additionally, the ‘Add in front’ task 

(Section 4.1.2) provides feedback through colour change. All the windows and controls in the 

user interface are present on the same window so the user does not have to switch windows to 

get some information. For example the ‘Status’ window (Figure 10) is beside the sketching 

area and the user can immediately see the feedback related to their sketch without switching 

windows, hence promoting juxtaposability. 

4.3. Lessons Learnt 

Discussing the exploratory prototype in terms of the 13 cognitive dimensions (Green & Petre, 

1996) helped identify the features to be included in the future prototypes, as well as features 

that are missing in the exploratory prototype but are needed for more in-depth prototypes. 

The exploratory prototype was found to have desirable features in the dimensions of abstraction 

gradient (4.2.1), closeness of mapping (4.2.2) and consistency (4.2.3); these features are carried 

forward in Prototypes 1 and 2 (Chapters 5 and 7).  
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The exploratory prototype had some desirable features in the dimension of 

diffuseness/terseness (4.2.4) which are also carried forward in Prototypes 1 and 2 (Chapters 5 

and 7). Juxtaposibility is maintained throughout Prototypes 1 and 2 by having a single window 

UI similar to the exploratory prototype.  

The main source of error proneness is ink recognition errors. To reduce recognition errors for 

shapes, a larger dataset with more users is used for training RATA (Chang et al., 2010) for the 

Prototypes 1 and 2. Additionally, several other features are added to reduce error proneness 

and improve error handling in the next two prototypes. 

The exploratory prototype as well as Prototypes 1 and 2 (Chapters 5 and 7) have a dependency 

(Section 4.2.7) on single stroke recognition. This issue was not pursued because it does not 

help in answering the research questions (Section 1.2) and hence is out of scope for this thesis. 

To handle this dependency, users were told of this limitation and informed about the shapes 

that needed to be sketched using a single stroke. Additionally, ThinkInk handled such issues 

by displaying appropriate error/help messages and automatically deleting incorrect strokes. 

Premature commitment (Section 4.2.8) is deemed important for the software and is also 

included in Prototypes 1 and 2. The subsequent prototypes have features that promote 

progressive evaluation (Section 4.2.9) and role expressiveness (Section 4.2.10). Viscosity 

(Section 4.2.12) is further reduced in the next prototype by allowing the deletion of incorrect 

strokes automatically and providing feedback through clearer error/help messages.  

The next chapter discusses the design and development of Prototype 1, which covers the 

features missing in the exploratory prototype and extends the tasks supported. 
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Chapter 5. Design and Development of ThinkInk Prototype 1 

In Chapter 4, the exploratory prototype was described, along with its evaluation in terms of the 

13 cognitive dimensions of Green and Petre (1996). The analysis revealed areas in which 

improvements could lead to the development of a better learning tool (4.3). Based on this 

‘Prototype 1’ an improved version of ThinkInk was developed. In this chapter the design and 

development of Prototype 1 is described. 

5.1. Paper prototyping and Wizard of Oz 

Paper prototyping is considered a cost-effective way of refining a user interface (Snyder, 2003). 

For this reason, two paper prototypes were made to refine the user interaction of ThinkInk. The 

designs built upon the findings from the literature review (1.5) and the analysis of the 

exploratory prototype (Chapter 4). 

The paper prototypes were evaluated by carrying out a Wizard of Oz simulation study 

(Dahlbäck et al., 1993). Wizard of Oz studies are a quick and cheap way of testing user 

interfaces without actually building them. In these experiments a human acts as the system and 

simulates the interaction with the user by utilising a paper prototype or a dummy user interface 

(Dahlbäck et al., 1993; Maulsby et al., 1993). 

Paper-Prototype 1 has multiple windows whereas Paper-Prototype 2 has a single window 

interface. Figure 14 shows the windows of Paper-Prototype 1, which can be used to select the 

data structures and the corresponding tasks. For Paper-Prototype 2 there are no separate 

windows for data structure and task selection; all such selection is done with the help of an 

accordion menu on the left side of the main interface (Figure 15). 
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Figure 14. Paper-Prototype 1 - choose data structure and task 

 

 
Figure 15. Paper-Prototype 2 – main screen 
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Both the paper-prototypes have task steps with check boxes that automatically get checked 

upon sketching the correct diagram (Figure 16 and Figure 17). They also have a large sketching 

area to the right side of the task steps (Figure 16 and Figure 15). 

 
Figure 16. Paper-Prototype 1 – main screen showing task steps 

 

 

 
Figure 17. Paper-Prototype 2 – task steps 
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Figure 18 shows the messages and shape formalisation visualisation common to both the paper-

prototypes. 

 
Figure 18. Paper-prototypes messages/visualisations 

Three participants studying computer science participated in the informal Wizard of Oz study. 

All of them used both the prototypes and then gave their feedback.   

The participants preferred the interface of Paper-Prototype 2 due to all the options being present 

on the same window and the use of an accordion menu to select tasks rather than having a 

separate window to select them. Additionally, one of them commented that the screen layout 

looks similar to those of popular interactive development environments like Visual Studio and 

Eclipse and hence could make users more comfortable with the tool. 

The participants liked the idea of guided instructions and believed that this feature could help 

in learning. Additionally, they liked the idea of formalising the shapes to indicate correct 

recognition, as well as auto-checking of the step check-boxes to indicate correct completion of 

a step. However, they mentioned the lack of a facility to indicate the current task and the 

progress made for the task. Keeping this suggestion in mind, the functional prototype has 
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indicators to show the current task and progress made. Another suggestion was to display the 

location of the array elements being entered in the array. Expanding on this suggestion, instead 

of only displaying the array locations the functional prototype also showed the pseudocode 

related to the task. 

Based on the feedback from the study on the paper-prototypes the functional prototype - 

‘Prototype 1’ was developed. In the following sections Prototype 1 of ThinkInk is described. 

5.2. ThinkInk overall processing 

ThinkInk is a software prototyped developed using C# in .Net Framework 4.5. The Microsoft 

Ink library (Jarrett & Su, 2009) is used to handle digital-ink in the tool. Figure 19 presents a 

high-level representation of the working of ThinkInk which is applicable for both Prototype 1 

and Prototype 2 (Chapter 7). 

 
Figure 19. High level working of ThinkInk 
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When a user performs a task in ThinkInk two main steps are performed: 

1. Recognition of the stroke 

2. Interpretation of the complete sketch composed of the strokes 

These steps are performed repeatedly until the task is completed successfully or cancelled.  

To start, the user selects the task to be performed, and then begins sketching. When the user 

finishes sketching a stroke, the stroke information is sent to RATA (Chang et al., 2010) for 

classification. For ThinkInk to recognise shapes, a model file created using 

DataManager/RATA (Blagojevic et al., 2008; Chang et al., 2010) is used. ThinkInk loads the 

model file and RATA DLL during execution and sends individual strokes to RATA for 

verification as a shape. The recognition result is sent back to ThinkInk for further processing.  

For any selected task, ThinkInk has a predefined set of solution steps, which it uses as a 

benchmark to compare the recognition result of a user-drawn stroke with. If the recognition 

result expected is a valid shape then positive feedback (e.g. highlighting of task steps, shape 

formalisation, display of pseudocode) is displayed and the user is allowed to continue 

sketching, or else an error/help message is shown until the user correctly performs the step. 

For character recognition, the same process is adopted, except that the stroke is sent to the 

Microsoft Ink DLL (Jarrett & Su, 2009). If the user has sketched a valid character then positive 

feedback is displayed and the user is allowed to continue sketching, or else if it is not a valid 

character then an error/help message is shown until the user correctly performs the step. 

During processing, ThinkInk’s algorithm maintains a record of the strokes and their recognition 

results, and analyses them to check their compliance with the task in progress. Continuous 

feedback is provided to the user as they sketch. More specific details regarding feedback and 

usage of Prototype 1 is presented in Section 5.6.3. 



 

95 
 

Since the key dependencies for the functioning of ThinkInk are character and shape 

recognition, in the next sections shape recognition is discussed, followed by character 

recognition.  

5.2.1 Shape Recognition 

The essential component of shape recognition is the model file. To create the model file, 

DataManager (Blagojevic et al., 2008) is used. DataManager is an interface that integrates with 

RATA (Chang et al., 2010) and provides an easy way to add sketch recognition to applications. 

DataManager facilitates the collection and labelling of ink strokes and also the training of 

machine learning algorithms to recognise features from the strokes. Additionally, since the 

labelling and training of strokes takes place in the form of a project in DataManager, the project 

can be modified by, for example, collecting strokes from more participants and generating an 

updated model file (Blagojevic et al., 2008).  

To start, the user first creates a project and then sketches the strokes. After this they label the 

different strokes using different coloured labels (Figure 20).  Next, the user selects the features 

to be computed from the strokes, and based on this, the dataset to be used for training the 

algorithms is generated (Figure 21).  Some examples of the types of features being extracted 

are curvature, stroke density, time, speed, and closeness.  In the final step the user can use this 

generated dataset to train the appropriate algorithm and generate the ‘.model’ file that can be 

used as a recogniser to classify digital-ink strokes (Figure 22).   
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Figure 20. Labelling of strokes in DataManager - RATA 

A model file with the feature data from 200 shapes collected from 4 participants was created. 

Separate model files were made for Prototypes 1 and 2. For Prototype 1 the participants were 

asked to draw three shapes: (1) single stroke rectangle, (2) vertical line, and (3) horizontal line, 

and for Prototype 2, apart from the three shapes they were also asked to draw a circle. 
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Figure 21. Feature selection – DataManager 

 

 
Figure 22. UI to generate the model file (aka recogniser) 
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The model file used in this research is the one trained on the Gesture SSR algorithm, which is 

RATA’s own single stroke recognition algorithm and was found to be better at recognising 

single strokes than other algorithms like LAD Tree (Chang et al., 2010). 

ThinkInk sends strokes to RATA for shape recognition if the task expects a shape for a 

particular step. When the recognition result is returned from RATA it is compared with the 

pre-existing solution for validity, and either positive feedback is shown for a correct match, or 

error/help messages are shown. 

5.2.2 Character Recognition 

In the case that a character is expected, the stroke is then sent to the Microsoft’s character 

recogniser (Jarrett & Su, 2009). In this research to constrain and improve the recognition, the 

recognition of characters has been purposefully limited to numbers. The Microsoft recogniser 

receives the non-shape stroke and sends the recognition result or error messages to ThinkInk. 

If the recognition result matches with the expected character, then either positive feedback or 

error/help messages are shown. 

5.3. Prototype 1 task processing 

In this section the logic used by Prototype 1 for processing the array tasks is discussed. There 

are three key components of this process: 

1. Decoding the array shape 

2. Detecting the array elements 

3. Matching the sketch with the task in progress 

5.3.1 Decoding the array shape 

Since Prototype 1 has tasks only related to 1D arrays, the first step the user performs is to define 

an array by sketching the array shape. Hence, the first challenge is to not only recognise the 
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individual strokes comprised in the construction of the array shape, but to make ThinkInk 

understand that those individual strokes combine together to form a 1D array. 

In most books, e.g. Cormen et al. (2009) an array is represented by a horizontally drawn 

rectangle that is split into cells, as shown in Figure 23. 

 
Figure 23. Common representation of 1D array 

The RATA recogniser discussed in Section 5.2 only recognises single strokes and cannot make 

sense of the relationship between individual strokes. For making ThinkInk understand the 

arrays shape the following points regarding the array shape are considered: 

 That the outline of the shape is a single stroke rectangle recognised by RATA 

 There are vertical line-segments dividing the rectangle into cells 

To make recognition easier for the array shape, all users were asked to draw a single stroke 

rectangle and then depending on the task, divide the rectangle into cells with vertical line-

segments. If sketched properly, the single stroke rectangle is recognised by RATA as 

‘Rectangle’ (5.2.1). The next step is to sketch the vertical line-segments. 

The following points are used to validate a correct vertical line-segment: 

 RATA recognises the stroke as a vertical line-segment. 

 The stroke is a geometrical vertical line-segment or near to it. 

 It is mostly located inside the array-rectangle. 

 The number of vertical line-segments are according to the size of array.  

The details of this logic for detecting vertical line-segments is discussed in the following 

section.  
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Checks for detecting vertical strokes 

A combination of three checks were used for detecting vertical line-segment strokes. The first 

check is based on the recognition result of the stroke from RATA (5.2.1). If the recognition 

result is ‘VerticalLine’ then one of the other two checks are applied to confirm if the drawn 

stroke is indeed a vertical line-segment. RATA with its multiple-feature recognition can 

differentiate between a vertical line-segment and a non-vertical one, however often it wrongly 

classifies the line-segments. Hence, the next two checks are used to additionally verify the 

recognition result.  

The second check used is based on the equation of a line, “y=mx+c”, where ‘m’ is the slope 

and ‘c’ is the ‘y-intercept’. Figure 24 depicts the graphical representation of the equation. 

 
Figure 24. Graphical representation of equation of line 

In the case of a horizontal line, the slope ‘m’ is equal to zero and the equation becomes y=c, as 

shown in Figure 25. 
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Figure 25. Horizontal line 

However, in the case of a vertical line, there exists no slope (i.e. undefined) because there is no 

value for ‘y’. The value of x is equal to a, where ‘a’ is the point where the line crosses the x 

axis, as shown in Figure 26.  However, this classification criteria is too strict since people 

generally do not sketch in a perfect manner.  

 
Figure 26. Vertical line 

Keeping this in mind, the third check was devised for cases in which slopes (m) do exist. In 

this check, the angle (∅) between the vertical line-segment stroke and the line-segment 

representing the length of the array-rectangle is checked. The following formula was used, and 
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is based on the equation of line, where m1 is the slope of the vertical line-segment and m2 is the 

slope of the array-rectangle’s length.  

∅ = 𝑡𝑎𝑛−1 (
𝑚1 −  𝑚2

1 +  𝑚1 𝑚2
) 

If the vertical line-segment stroke is a geometrically perfect vertical line-segment, then ∅ = 

90o. For many users, sketching such a perfect stroke is not possible, so keeping practical 

sketching scenarios in mind, a slight tolerance in the angle of the vertical line is allowed. A 

tolerance of + -10 degrees is allowed in the value of  ∅. 

Checks to verify if the vertical stroke in inside the array-rectangle 

The next step is to check if the vertical stroke is inside the array-rectangle or the end points of 

the stroke are on the line-segments representing the length of the array-rectangle. A 

combination of two techniques is used for this purpose. 

First, Microsoft Ink’s enclosure property (Jarrett & Su, 2009) is used to check if the bounding 

box of the stroke is inside that of the array-rectangle. However, if only using this technique the 

exact location of the stroke is not attainable. It also does not cover situations in which most of 

the stroke is inside the array-rectangle but some parts are outside. In such a situation, the 

enclosure property will not work, because only part of the vertical stroke’s bounding box will 

be enclosed by the array-rectangle’s bounding box. 

The second way uses coordinate displacement to gauge the location of the vertical strokes. To 

start, the first step is to convert the stroke coordinates from their default HIMETRIC coordinate 

system to normal pixel coordinates. Ink strokes use a HIMETRIC system but other computer 

graphics like vector graphics use the pixel coordinate system (Jarrett & Su, 2009). In ThinkInk, 

ink strokes for the array shapes are converted to vector graphics during the process of shape 

formalisation (5.6.3). 
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After the conversion, a check is carried out to see if the x-coordinate of the top of the vertical 

stroke is greater than the top-left x-coordinate and smaller than top-right x-coordinate of the 

array-rectangle. This verification is done because all vertical lines that are inside the rectangle 

will always be right-displaced with respect to the top-left x-coordinate and left displaced to the 

top-right x-coordinate of the array-rectangle. 

As for the y-coordinate of a vertical stroke, ideally both the top and bottom y-coordinates of 

the vertical stroke should be just touching the opposite sides of the length of the rectangle. 

However, since sketching so perfectly is not possible, tolerance for intersection on the top and 

bottom of the length of the rectangle is allowed.  

Tolerance is also present for the case in which the vertical stroke is inside the rectangle but 

none of the end points are touching the array-rectangle’s length line-segments. Additionally, 

there is a check in place to prevent the user from drawing overlapping vertical strokes. 

Checks for detecting individual cells and detecting location of cells 

Once a valid vertical stroke is detected, its top (x,y) coordinates in pixel are checked for 

closeness (Jarrett & Su, 2009) from the top left-most (x,y) coordinates of the array-rectangle. 

The first vertical stroke will be the closest and the last vertical stroke will have the maximum 

x-coordinate displacement.  

The array shape is divided into cells as shown in Figure 23. Each of these cells represent an 

array index location. To construct the first cell, the top-left (x,y) coordinates of the array-

rectangle and the top (x,y) and the bottom (x,y) coordinates of the vertical stroke are used. 

Once the first cell is created, the same process is repeated, but with the coordinates of the 

second vertical stroke and the first vertical stroke, to form the second cell until all the cells 

have been recognised. This form of cell construction has the benefit of allowing each cell’s 
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individual location, coordinates and bounding-area to be precisely calculated. This precision 

helps in locating the array elements in the array. 

To decide the number of cells the simple formula – “total number of cells = total number of 

vertical strokes + 1” is used where the “total number of vertical strokes = size of array + 1”. 

5.3.2 Detecting the Array elements 

Once the array shape has been entirely detected by ThinkInk, the user can then enter the array 

elements. The array elements are recognised by the Microsoft character recogniser (Jarrett & 

Su, 2009). The following checks are performed to validate the array element – 

1. The recognition result shows a valid character 

2. The entered element is enclosed in the appropriate cell of the array (i.e. at the correct 

array index) 

To verify if the element is present in the appropriate array cell, Microsoft Ink’s enclosure 

property (Jarrett & Su, 2009) is used to check if the bounding box of the array cell encloses the 

bounding box of the element. 

5.3.3 Matching the sketch with the task in progress 

All the prototypes of ThinkInk use a task-based approach to teach data structures. ThinkInk 

matches the sketch being drawn by the user to the algorithm of the task in the background. 

Appropriate messages and visualisations are displayed to keep the user aware of the progress. 

This is discussed more in Section 5.6.3 

5.4. ThinkInk Use Case 

The use case diagram shown in Figure 27 is a generic diagram and is similar for both Prototypes 

1 and 2 of ThinkInk. There are two actors in the system, namely – the ThinkInk User and the 
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ThinkInk Prototype. The following sub-sections explain each the two main use cases ‘Choose 

Task Level’ and ‘Sketch Data Structure According to Task’ and their subordinate use cases.  

5.4.1 Choose Task Level 

This use case encompasses all the use case scenarios related to selection and cancellation of 

the tasks. Both Prototypes 1 and 2 have several tasks at different difficulty levels. When a user 

selects a particular task ThinkInk becomes ready to verify the sketch according to the selected 

task’s steps. 

Choose Individual Tasks  

This use case is related to the following use cases. 

1. Task Indicator – this use case is for indicating the task name of the task that the user 

has selected in the status strip at the bottom of the main window and by highlighting it 

in the task selection menu. 

2. Cancel Task – deals with cancelling and restarting the task. 

3. Task Steps – this is for the list of steps for each individual task. The aim of these task 

steps is to breakdown the individual task into easily comprehensible steps to be 

followed for completing the task. 

4. Tool Tips- some of the task steps which are deemed to be more complicated have 

additional explanation in the form of tool-tips. 

5.4.2 Sketch Data Structure According to Task 

This use case includes all the different interactions the user may encounter while completing a 

task in ThinkInk. The use case includes and extends to the following use cases. 

Step-wise feedback 

This use case explains the interactive ways in which users get feedback while sketching in 

ThinkInk. 
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 Stepwise task completion indicator – this use case deals with the interaction in which 

when the user sketches, the appropriate Task Step gets highlighted according to the 

sketch. Also in the status strip the task completion is indicated by a progressive status 

bar. 

 Stepwise pseudocode generation – along with the task completion indicator, when the 

user sketches the correct sketch according to the task, corresponding pseudocode is also 

generated. 

 Shape formalisation – when the user sketches a correct shape stroke it gets formalised 

thus indicating the user of the correct step. 

Help Messages and Error Messages 

These two use cases deal with feedback provided to the user in case they don’t sketch the 

correct steps for the task. Help messages give more hints on how to draw the particular sketch 

for the step. Error messages are also displayed to indicate the exact error to the user. 
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Figure 27. ThinkInk Use Case Diagram 
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5.5. ThinkInk Activity Diagram 

The activity diagram is generic and is applicable to both Prototypes 1 and 2 (Figure 28). The 

activity flow is as follows: 

1. User selects the data structure to practice and then selects the task 

2. Upon selecting the task the current task is displayed, inking becomes enabled, and the user 

can follow the task steps to sketch and complete the task 

3. Activities during sketching – 

a. The user gets stepwise feedback with the help of task step completion indicator, 

pseudocode generation and shape formalisation (for more details go to 5.6)  

b. Error messages and help messages are displayed if the user makes any error and helps 

the user correct them. 

4. Tool tips are displayed giving additional explanation for complicated task steps. 

5. Once the user has successfully complete an individual task the ‘Task Completion’ message 

is displayed. 
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Figure 28. ThinkInk Activity Diagram 

5.6. Prototype 1 Walkthrough 

In this section the Prototype 1 of ThinkInk is described and a walkthrough of the tool is given 

with the help of one of the tasks. 



 

110 
 

5.6.1 Prototype 1 User Interface 

Figure 29 shows the user interface of Prototype 1 of ThinkInk. As it can be observed, the screen 

layout is similar to the paper prototypes discussed in Section 5.1 

 
Figure 29. Prototype 1 UI 

The left hand side docks the accordion menu for the different tasks allowed in the tool, more 

details about the tasks are given in the following sections. The grey area in the centre is the 

sketching area, where the user sketches the data structures according to the tasks. Besides that 

is the pseudocode area where the pseudocode corresponding to the task is displayed. The 

‘Clear’ button is used to clear out the sketching area and reset a task. Clicking on the task name 

in the accordion menu highlights the selected task, clears the sketching area, enables inking 

and makes ThinkInk ready for the user to start performing the task.  At the bottom is a progress 

bar,  that indicates the progress for each task. Below this is the status strip, if there is no error 

this strip displays the ‘Current Task’ and in case of an error it displays it here apart from 

windows notifications. 
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5.6.2 Overview of the different tasks 

The tasks of Prototype 1 are all related to one dimensional arrays and have been broadly 

categorised into three difficulty levels – 

1. Array Fundamentals 

2. Intermediate Level Tasks 

3. Array Advanced 

All levels have 2 tasks each except the advanced level which has 1 task. Details about the tasks 

are discussed in the section 5.8. The selection and categorization of the tasks was done by 

consulting popular data structure books like - Knuth (1997), Goodrich et al. (2014), Cormen et 

al. (2009) and Tenenbaum (1990). The tasks have been designed such that with each level the 

difficulty increases and the detail of task related instructions are reduced. However, there is 

some help in the form of tool-tips for complex task steps that could not have been known even 

doing the previous tasks. 

5.6.3 Tool Use  

In this section the use of Prototype 1 is explained with the help of a running example. The 

advanced level task is used for this purpose. The aim of the task is to sort the given array in the 

ascending order using selection sort. 

The task aim and steps as displayed in the prototype can be seen in Figure 30. The task steps 

have checkbox besides them that gets checked automatically when the user correctly sketches 

the step. 
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Figure 30. Prototype 1 Array Advanced Task 

Upon selection of the task the current task is displayed at the bottom left corner and the menu 

tab is highlighted. To start, the user first needs to sketch the array int[] A={8,9,6,01}. To create 

the array the user first needs to sketch the array shape. While creating the array shape, the 

checks discussed in Section 5.3 are applied. Shape formalisation occurs if the sketch is 

according to the task (Figure 31).   
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Once the array shape has been completed, the user then enters the elements within the array by 

writing the correct element at the correct cell. Figure 32 shows the array after the elements have 

been correctly entered. In the same figure the feedback to the user in the form of highlighting 

the completed step and display of pseudocode can also be seen. 

 
Figure 31. Shape formalisation Prototype 1 

 

 
Figure 32. Filled array/feedback for correct sketch 

The next step to be performed is the sketching of temporary memory location that is used to 

swap values in the main array. To swap, the user sketches one of the elements to be swapped 

inside the temporary memory location and then copies the other element from one array index 

to the other. Finally they copy the element from the swap space back to the array. 

There are two important visualisations in this process. One is the visualisation of a temporary 

memory which helps the user comprehend the need for it in such an operation. The other is the 

copying of the array elements. The copying animation is shown by colouring the element to be 

deleted in red and then slowly deleting it away after 10 seconds and replacing it with the new 
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element, similar to what happens in memory for such an operation. If there is no element at the 

array index then the copying animation is not run as there is no existing element to overwrite. 

Both these operation are key not only in this task but in many other programming tasks and 

hence importance is given to the creation of a clear visualisation for the processes. The 

visualisations are also intended to help the users form a better mental model of the operation. 

Figure 33 shows the feedback during this process, the numbers indicate the order the interaction 

and animation happens. 

 
Figure 33. Temporary memory/swapping elements/copying animation 

All the other steps in the task are completed in a similar manner until the task is finished. While 

performing the task steps, if the user draws incorrectly then the wrong stroke is automatically 

deleted and the status strip’s colour changes to red to attract the user’s attention, and an error 

or help message shows to guide the user to perform the correct step (Figure 34). 

 
Figure 34. Status bar message 

Help messages are also shown using a Windows notification as shown in Figure 35. 
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Figure 35. Notification Prototype 1 

Until now the design, development and functioning of Prototype 1 was described. Next, the 

usability study conducted on the prototype is presented along with revisions made in response 

to the study. 

5.7. Prototype 1 - Usability Study 

Before starting the usability experiment, participants were given an introduction on the tool’s 

purpose which was followed by a description of the tool’s functionalities. Once participants 

were satisfied with the instructions, screen recording was switched on and they were asked to 

start performing the tasks described in Section 5.8. 

After task completion, the participants were given a questionnaire to fill in containing questions 

from the System Usability Scale (SUS) (Brooke, 1996) and three open-ended questions (Table 

6). The questionnaire also asked demographic questions. SUS measures usability (ease of use) 

and learnability of the system (Lewis & Sauro, 2009). Ease of use is a very popular usability 

construct and is commonly defined as “the degree to which a person believes that using a 

particular system would be free from effort” (Davis 1989, p.320). Learnability is defined as the 

ease with which a person learns a new system (Lewis & Sauro, 2009).  

5.7.1 Participants 

A total of 5 participants were recruited for this experiment. Out of the five, four were female 

and one was male. All of the participants were experienced programmers with an average of 4 

years of programming experience.  
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5.8. Evaluation Tasks/Scenarios 

The following tasks present in Prototype 1 were performed by the participants. Refer to 

Appendix C for the images of all the tasks with their steps.  

5.8.1 Array Fundamentals 

1. Define and create an array  

a. This task aims to teach the users the core properties of 1D arrays. Being the 

introductory task, it also shows the user how to use the tool and the different 

interactions available. For example, an explanation is given on how to create 

the array shape and insert elements. This interaction is used in the other tasks as 

well, but is not explained again. 

2. Choosing the correct array index 

a. The aim of this task was to emphasize the concept that arrays are indexed 

memory locations and they start with index 0 

5.8.2 Intermediate Level Tasks 

1. Appending an element  

a. The aim of this task is to teach the concept that array size remains fixed once 

defined. To append a new element to the array, a new array of a larger size needs 

to be created. After this, the old elements need to be copied, then the new 

element can be appended. 

2. Add element to index 0 by shifting 

a. This task teaches the concept of shifting array elements from one index location 

to the other. It also highlights the fact that adding a new element to an already 

filled array will result in the loss of an element.  

5.8.3 Advanced Level Task 

1. Sorting using selection sort  

a. The purpose of this task is to teach the Selection Sort algorithm. Additionally 

the task teaches the key concept of using a temporary memory location for 

swapping elements. 

The steps and instructions for each of these tasks are present in the appendix. 
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5.9. Results and Analysis 

All the participants completed the tasks within 10 minutes. On average all participants except 

P2 took 6 minutes to complete the tasks. P2 took more time as they explored the system rather 

than simply doing the tasks. Table 3 gives a summary of the task completion times. 

Table 3. Usability study Prototype 1 – completion times 

Participant Tasks Completion Time in Minutes 

P1 6:13 

P2 9:10 

P3 6:20 

P4 6:44 

P5 6:02 

 

5.9.1 Errors 

There were recognition errors but the prototype’s error handling mechanisms handled it 

without crashing. P2’s probing of the system was handled efficiently without crashing and 

appropriate error and help messages (5.6.3) were displayed. Participants P4 and P3 were 

initially confused about shifting the array elements required in one of the intermediate level 

tasks and the advanced level task but quickly remembered about the tool-tip facility and used 

it to complete the task successfully.  

5.9.2 System Usability Scale Results (SUS)  

SUS was used as it is considered to be a quick and inexpensive way to carry out usability 

studies (Brooke, 1996) . Overall all the participants had a positive view of Prototype 1. Most 

felt that the prototype was easy to use with a short learning curve. Table 4 summarises the 

response from all the participants for the 10 SUS questions. 
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Two of the participants gave neutral views for Q1 that deals with their intention to use the 

system in the future. It could be that they are confident of their data structure skills and do not 

foresee using such systems in the future. 

SUS score was calculated by using the following formula by Brooke (1996). For the odd 

numbered questions ‘1’ is subtracted from the Likert scale value and for the even numbered 

questions the value of the Likert scale is subtracted from ‘5’. After this the resulting values for 

all the 10 questions are added and multiplied by 2.5. The same process is repeated for all the 

other participants.  

To understand the meaning of the SUS scores and to give it a context the work of Bangor et al. 

(2009) was used. In their work they gave an adjective rating to the SUS score. So, a SUS scale 

of 0 was given a rating of ‘Worst Imaginable’ and 100 was ‘Best Imaginable’. The mean SUS 

score for Prototype 1 was 75.5 which indicated that the tool has good usability (Bangor et al., 

2009). Table 5 shows the SUS score for each of the 5 participants.  

Table 4. Usability study Prototype 1 – SUS results summary 

SUS Questions Strongly 

Disagree 

 

Disagree Neutral 

 

Agree 

 

Strongly 

Agree 

 

Q1: I think that I would like to 

use this system frequently 

 

  2 1 2 

Q2: I found the system 

unnecessarily complex 

 

 4 1   

Q3: I thought the system was 

easy to use 

 

   5  

Q4: I think that I would need 

the support of a technical 

person to be able to use this 

system 

 

 4 1   

Q5: I found the various 

functions in this system were 

well integrated 

 

   5  
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Q6: I thought there was too 

much inconsistency in this 

system 

 

1 3 1   

Q7: I would imagine that most 

people would learn to use this 

system very quickly 

 

   3 2 

Q8: I found the system very 

cumbersome to use 

 

1 3 1   

Q9: I felt very confident using 

the system 

 

  1 2 2 

Q10: I needed to learn a lot of 

things before I could get going 

with this system 

 

1 3 1   

 

Table 5. Usability study Prototype 1 – Individual SUS Scores 

Participant Id SUS score 

P1 77.5 

P2 72.5 

P3 75 

P4 70 

P5 82.5 

5.9.3 Open-ended Question Results 

In order to get a better understanding of the user’s perception of Prototype 1, three open ended 

questions were also asked. The questions and their responses are categorised and presented in 

Table 6. 

The comments indicated that the participants like using the prototype due its visualisation, 

interaction style and playfulness. The comments also indicated areas of improvement for tool 

tips, menus & fonts. 
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Table 6. Usability study Prototype 1 – Open ended questions and answers 

Questions Responses 

Q1: What do you think could be further 

improved? 

 

Tool tips/UI related – 

1. “Tool tip could be clearer” 

2. “Position of tooltip could be 

changed” 

3. “Timing of tooltip could be 

increased” 

4. “Make font and accordion menus 

bigger” 

Task language related  – 

5. “Language should be made simpler” 

6. “Language should be less complex 

for instructions” 

Q2: Do you think such a tool could be useful 

for learning data structures? If Yes, why?        

All participants agreed that it will be useful. 

These were the reasons- 

7. “Better than traditional ways of 

teaching” 

8. “Learning is more easy using visual 

representation” 

9. “Learning from books and slides 

makes imagination hard, with this it 

will be easy” 

10. “Seeing the pseudocode and visual 

representation helps a lot in 

understanding” 

Q3: What do you mainly like about the 

tool?  

 

11. “Smart and intelligent tool, easy to 

use, people will know to use it 

immediately” 

12. “I Like the idea of using a stylus” 
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13. “I like the way the tasks are 

implemented, it’s entertaining, feels 

like a game” 

14. “Makes learning appear entertaining 

like a game and simplifies learning ” 

15. “Good idea to visualise data 

structures and their operations and 

show pseudocode side by side” 

16. “Why didn’t I have this tool while 

learning data structures?” 

 

5.10. Summary 

In this chapter the design, development and usability evaluation of Prototype 1 was discussed. 

After following an extensive and iterative design process that involved the design and 

evaluation of an exploratory prototype (Chapter 4), followed by paper prototyping and Wizard 

of Oz simulations Prototype 1 was developed. The design involved concepts of guided 

instructions, interactive visualisations, engagement and mental models which have been 

discussed in Chapter 2.  

The usability evaluation of Prototype 1 showed mostly positive results. The mean SUS score 

was 75.5, thus indicating that the tool has features that promote good usability. Additionally 

the participant’s answers for the open ended questions were mostly positive. There were 

comments regarding improving the tool-tips and the language of the task steps. These 

recommendations were taken into consideration and Prototype 1 was further refined before 

carrying out the next experiment which is discussed in Chapter 6. 

Specifically changes were made for improving the visibility of the tool tips by increasing the 

font, changing the location so that it doesn’t overlap task steps and increasing the display time. 
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The other change done was to simplify the instruction for the tasks and make them more 

straightforward. 

Next, in Chapter 6 the results of the analyses conducted on Prototype 1 are described.  
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Chapter 6. ThinkInk Prototype 1 – Experiment 

After improving the Prototype 1 based on the feedback from the usability study (5.7 – 5.9) a 

technology acceptance and learning gain evaluation was conducted. In this chapter after 

describing the methodology, first the technology acceptance evaluation is discussed, followed 

by the learning gain evaluation. 

6.1. Methodology 

In this section the process used to conduct the technology acceptance and learning gain 

evaluations of Prototype 1 are described. 

6.1.1 Experiment session 

The participants were recruited and compensated as described in Section 3.1. Each participant 

was first administered a pre-test learning gain questionnaire. Then Prototype 1 was 

demonstrated to them along with how to use the stylus. Next, the participant was given time to 

familiarise themselves with the software. Once the participant was ready, they were asked to 

start performing the tasks described in Section 5.8.  

At this point screen video capture was started. Participants started with the fundamental level 

tasks, then worked through the intermediate level tasks and finally performed the advanced 

task. A participant could perform any task more than once if they wanted to do so. Once they 

had practiced the tasks to their satisfaction they were given the acceptance survey and post-test 

learning gain questionnaire. Additionally, demographic data was collected. The questionnaires 

are present in the Appendix A & B. 

6.1.2 Sampling and Population 

The participants for this evaluation were students who were new to programming and had just 

been introduced to 1D arrays. They were expected to know the concepts being taught in the 
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‘Array Fundamental’ tasks (5.8.1) and have some knowledge of the concepts in the 

‘Intermediate Level’ tasks (5.8.2). However, they were not expected to be aware of the 

advanced task- Selection Sort (5.8.3).  

In total, there were 45 participants who successfully completed the study. 29 were male and 16 

were female. A majority of the participants were novice programmers with 30 of them having 

1-5 months of programming experience. Six of them had sporadic programming experience of 

between 1-2 years, Table 7 summarises the demographic details.  

Table 7. ThinkInk Prototype 1 Participant Demographics 

Total Participants 45 

Male 29 

Female 16 

Programming Experience/Number of participants 

1-5 months 30 

>5months – 1 years 9 

1- 2 years 6 

 

In this experiment, both technology acceptance analysis and learning gain analysis is being 

performed. The statistical requirement for the technology acceptance analysis is more 

demanding than that for the learning gain evaluation because a research model (6.2.1 -6.2.5) is 

being analysed. The number of required participants for the experiment was therefore decided 

based on the analysis technique (3.5.1) for the technology acceptance analysis. 

To determine the minimum sample size for the evaluation the following rules developed by W. 

Chin (1998) and Hair et al. (2011) were used – 

1. Minimum sample size = 10 times the total items in the largest formative construct OR 

2. Minimum sample size = 10 times the largest number of paths that affect a dependent 

variable OR 
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3. In case both condition 1 and 2 are true then the largest of the two is selected 

The constructs (6.2.1 - 6.2.5) in the research model are all reflective and not formative 

according to the rule of Jarvis et al. (2003). So, as, only rule number 2 is applicable, the sample 

size is calculated to be 30 (see Figure 36 in 6.2.5). However, a total of 45 participants were part 

of the experiment and valid responses were collected from all of them. PLS-SEM with small 

sample size have been used in many studies, for example - 45 participants were used in the 

study by Van Raaij and Schepers (2008), 47 participants were analysed in the work of Abedin 

et al. (2011), Lu and Lin (2012) analysed the results of 43 participants and Venkatesh and Davis 

(2000) used data from participants numbering between 36 – 41 in the various experiments they 

conducted in their research. 

6.2. Prototype 1 - Technology Acceptance Evaluation  

In section 3.5 the theoretical background of technology acceptance was described. In this 

chapter the technology acceptance evaluation of Prototype 1 is discussed. 

First, the hypothesis and research model creation is explained followed by the methodology, 

analysis and results. 

6.2.1 Hypotheses and research model development 

To construct the research model, TAM (Davis, 1989) (3.5) was used as the base and other 

constructs (6.2.1 -6.2.5) were added to extend the model. TAM has been extended in many 

studies including those in the education domain as its constructs – perceived ease of use, 

perceived usefulness and attitude on its own have been found to be insufficient in explaining 

the intention to use a system (Imtiaz & Maarop, 2014; Padilla-MeléNdez et al., 2013; Terzis et 

al., 2012; Venkatesh & Davis, 2000). 

Next, the constructs, hypotheses, and the research model are explained. 
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6.2.2 TAM Constructs 

TAM as a base model has been used in the majority of the technology acceptance studies 

conducted in the education domain for example -  Fathema et al. (2015) and Padilla-MeléNdez 

et al. (2013). In this study the construct ‘Attitude’ from the TAM was dropped as researchers 

have found it to be unsatisfactory in predicting intention to use a product (Chow et al., 2012). 

Based on this the following was hypothesised. 

1. H1: Perceived Ease of Use (PEOU) will have a significant positive affect on Perceived 

Usefulness (PU). 

2. H2: Perceived Usefulness (PU) will have a significant positive affect on Behavioural 

Intention (BI) to use ThinkInk. 

3. H3: Perceived Ease of Use (PEOU) will have a significant positive affect on 

Behavioural Intention (BI) to use ThinkInk. 

6.2.3 Perceived Playfulness (PP) of System  

This construct was introduced by Moon and Kim (2001). They define it as “The extent to which 

the individual perceives that his or her attention is focused on the interaction with the system; 

is curious during the interaction; and finds the interaction intrinsically enjoyable or interesting” 

(Moon & Kim, 2001)(p.3). The importance of playfulness in promoting the system is supported 

by several studies in the education domain like – Moridis et al. (2018), Terzis et al. (2012) and 

Sørebø et al. (2009). Moon and Kim (2001) originally studied the relationships between 

playfulness, usefulness, attitude and behavioural intention. However, with studies leaving out 

the Attitude construct in TAM, the relationship between playfulness and ease of use has also 

been studied (Terzis & Economides, 2011a; Terzis et al., 2012). 

The following was therefore hypothesised: 

4. H4:  Perceived Playfulness (PP) will have a significant positive affect on Behavioural 

Intention (BI) to use ThinkInk 
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5. H5: Perceived ease of use (PEOU) will have a significant positive affect on Perceived 

Playfulness (PP) 

6.2.4 System Interactivity (SIT) 

Interactivity has been an important feature of the discussion in the preceding chapters (chapter 

2, 4 and 5 primarily). It is described as an important requirement for a successful data structure 

tutoring system (2.4 and 2.5). Hence, it was important to get a clearer understanding of the role 

it plays in forming a user’s intention to use the system. Previous studies (Abbad et al., 2009; 

Pituch & Lee, 2006) have evaluated the relationships between system interactivity, ease of use 

and usefulness.  Hence, the following was hypothesised for this study. 

6. H6: System Interactivity (SIT) will have a significant positive affect on perceived 

usefulness (PU). 

7. H7: System Interactivity (SIT) will have a significant positive affect on perceived ease 

of use (PEOU). 

6.2.5 User Interface Design (UID) 

This construct explores the importance of a well-designed user interface for the successful and 

continued use of a system. Studies (Cho et al., 2009; Cyr et al., 2006; I.-F. Liu et al., 2010; S.-

K. Wang & Yang, 2005) show a positive relationship between interface design, usefulness and 

ease of use, so in this study the following was hypothesised. 

8. H8: User Interface Design (UID) will have a significant positive affect on perceived 

ease of use (PEOU). 

9. H9: User Interface Design (UID) will have a significant positive affect on perceived 

usefulness (PU). 
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Based on the above described hypotheses the research model depicted in Figure 36 was created. 

The survey related to these constructs is present in the Appendix A. 

 
Figure 36. Research model – Prototype 1 
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6.2.6 Data Analysis Results 

Table 8 presents a summary of the averaged raw user responses for the constructs. It shows the 

number of users for each construct and their corresponding Likert scale answers. The Likert 

scale was from 1 to 5 with 5 indicating strongly agree and 1 strongly disagree. 

Table 8. Construct averaged responses 

Construct Strongly 

Agree 

Agree Neutral Disagree Strongly 

Disagree 

Behavioral 

Intention 

(BI) 

16 24 5 0 0 

Perceived 

Usefulness 

(PU) 

29 15 1 0 0 

Perceived 

Ease of Use 

(PEOU) 

27 17 1 0 0 

Perceived 

Playfulness 

(PP) 

16 25 4 0 0 

User 

Interface 

Design 

(UID) 

15 29 1 0 0 

System 

Interactivity 

(SIT) 

17 25 3 0 0 

 

Overall there was no negative feedback for any of the constructs, although there were a few 

users who were undecided about the tool. In the case of Behavioural Intention (BI) five out of 

forty five participants were not sure if they intended to use such a tool in the future or not. 

Similarly four users were not very confident about the playfulness or the fun aspect of 

ThinkInk. Lastly, three users also appeared to be undecided about the interactivity and feedback 

techniques of the software. 
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In the next sections, the PLS-SEM analysis (3.5.1 – 3.5.5) of the research model (6.2.1 -6.2.5, 

Figure 36) is discussed. The software used for the analysis is SmartPLS3 (Ringle et al., 2010). 

6.2.7 Measurement Model Validation - Convergent Validity 

As discussed in Section 3.5.1 first the convergent validity was calculated followed by 

discriminant validity (Section 6.2.8) for validating the measurement model. 

Internal Consistency Reliability 

As discussed in Section 3.5.2 composite reliability was calculated for checking the internal 

consistence of the measurement model. Table 9 shows the composite reliability results for each 

of the constructs.  

Table 9. Composite Reliability 

Construct  Composite Reliability 

Behavioral Intention (BI) 0.828 

Perceived Ease of Use (PEOU) 0.847 

Perceived Playfulness (PP) 0.889 

Perceived Usefulness (PU) 0.880 

System Interactivity (SIT) 0.864 

User Interface Design (UID) 0.801 

All the constructs had composite reliability values of more than 0.7 (refer 3.5.2.), hence proving 

the internal consistency of the constructs. 
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Indicator Reliability (Factor Loading) 

Figure 37 shows the factor loading of the individual items of the constructs. On the X axis are 

the constructs and on the Y axis are the individual construct items. Three items UID3, UID4 

and UID6 were found to have factor loadings of less than 0.6 and were removed as items can 

be deleted from a reflective construct (refer 3.5.3). The other items all had factor loading of 

more than 0.6 and hence acceptable and closer to the more ideal value of 0.7 (refer 3.5.3). 

 
Figure 37. Factor Loading 
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Average Variance Extracted (AVE) 

All the constructs had average variance of more than the recommended value of 0.5 (refer 

3.5.4). Table 10 shows the AVE values for each of the constructs. 

Table 10. Average Variance Extracted (AVE) 

Construct  AVE 

Behavioral Intention (BI) 0.621 

Perceived Ease of Use (PEOU) 0.584 

Perceived Playfulness (PP) 0.618 

Perceived Usefulness (PU) 0.786 

System Interactivity (SIT) 0.681 

User Interface Design (UID) 0.575 

 

As can be seen from the above calculations, all the validations for convergent validity were 

satisfied.  Next the results for the discriminant validity is discussed. 
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6.2.8 Measurement Model Validation - Discriminant Validity 

As described in Section 3.5.5 a cross loading matrix was used to check the discriminant 

validity. Figure 38 shows the matrix, on the X axis are the constructs and on the Y axis are the 

individual construct items. The highlighted values show the items’ loading with their own 

construct. It is evident all construct items were appropriately cross-loaded and hence satisfied 

the discriminant validity. 

 
Figure 38. Cross loading matrix 

From the preceding calculations it can be observed that both convergent validity (6.2.7) and 

discriminant validity were satisfied, hence validating the measurement model. Next the 

structural model validation is discussed. 

6.2.9 Structural Model Validation 

Firstly R2 was calculated for the endogenous constructs (PU, PEOU, PP and BI) for measuring 

the goodness-of-fit for the research model developed (6.2.1 – 6.2.5, Figure 36 ) (Hulland, 1999; 
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Terzis & Economides, 2011b). Next, to estimate predictive relevance of the research model, 

Stone-Geisser's Q² (Geisser, 1975; Stone, 1974) was calculated for the same endogenous 

constructs.  

The research model can explain 63% of the variance in Behavioural Intention (R2=0.634), 51% 

in Perceived Usefulness (R2=0.517), 28% in Perceived Ease of Use (R2=0.281) and 13% in 

Perceived Playfulness (R2=0.134) (Table 11).  

For assessing predictive relevance the criteria defined by W. W. Chin (2010) was used. 

According to this Q² of around 0.35 and above is considered large, values between 0.35 to 

around 0.15 are considered medium and around 0.02 is considered small. PU and BI were found 

to have strong predictive relevance in the model (Table 11). Whereas PEOU leans more 

towards a medium predictive relevance. PP tends more towards small predictive relevance.  

Table 11. Goodness of Fit (GoF)/predictive relevance 

Endogenous Construct R2 Q2 

Perceived Usefulness 

(PU) 

0.517 0.348 

Perceived Ease of Use 

(PEOU) 

0.281 0.137 

Behavioral Intention (BI) 0.634 0.353 

Perceived Playfulness 

(PP) 

0.134 0.068 
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6.2.10 Hypothesis validation and bootstrapping 

An important part of PLS-SEM causal analysis is measuring the path between the constructs 

which helps in understanding the role these constructs play in the research model (W. Chin, 

1998; Hair et al., 2011).  Table 12 shows the results after running the PLS and bootstrapping 

algorithm in SmartPLS3. The path coefficients were generated from the PLS algorithm and 

then bootstrapping was performed with 2000 subsamples to check the statistical significance 

of those paths. 

Table 12. Hypotheses Validation Result 

Hypothesis Path Path 

Coefficient 

T-value Significance 

H1 PEOU   PU 0.546 3.775* Significant 

H2 PU  BI 0.359 2.73* Significant 

H3 PEOU  BI -0.029 0.212 Not Significant 

H4 PP  BI 0.556 5.463* Significant 

H5 PEOU  PP 0.365 3.173* Significant 

H6 SIT  PU 0.343 2.346* Significant 

H7 SIT  PEOU 0.168 1.143 Not Significant 

H8 UID PEOU 0.414 2.407* Significant 

H9 UID  PU -0.057 0.317 Not Significant 

*p<0.05, PEOU(Perceived Ease of Use), PU(Perceived Usefulness), BI(Behavioural Intention),           

PP(Perceived Playfulness), SIT(System Interactivity), UID(User Interface Design)  

 

All the hypotheses except H3, H7 and H9 were supported. Figure 39 shows the research model 

with the R2 values (inside the circle) and the path coefficients. 
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Some of the constructs affected another construct directly as well as indirectly, for example 

PEOU has a direct effect on BI but also affects it indirectly mediated through PU and PP 

(Figure 39). Table 13 shows the direct effects, indirect effect and total effects between such 

constructs.  

Table 13. Total effects through mediation 

Path Direct 

Effect  

Indirect 

Effect 

Total 

Effect 

Significance 

PEOU  BI -0.029 0.399 0.370** Significant 

SIT  BI 0 0.185 0.185** Significant 

SIT PP 0 0.061 0.061 Not Significant 

SIT  PU 0.343 0.092 0.435** Significant 

UID BI 0 0.133 0.133 Not Significant 

UID  PP 0 0.151 0.151*** Weakly Significant 

UID  PU -0.057 0.226 0.169 Not Significant 

**p<0.05, ***p=0.05, PEOU(Perceived Ease of Use), PU(Perceived Usefulness),BI(Behavioural  Intention), 

PP(Perceived Playfulness), SIT(System Interactivity), UID(User Interface Design) 

 

 
Figure 39. PLS-SEM Analysis Result 

Next the learning gain evaluation of the prototype is discussed. 
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6.3. Prototype 1 - Learning Gain Evaluation 

A learning gain evaluation (3.6) of Prototype 1 was carried out to measure the tool’s 

effectiveness in promoting actual learning. In the following sections, the details and results of 

the questionnaire are discussed. 

6.3.1 Questionnaire Details 

The pre-test and post-test questionnaires were closely related to the participants’ curriculum. 

They were developed by referencing common data structure course books like - Cormen et al. 

(2009), Knuth (1997), Goodrich et al. (2014) and Tenenbaum (1990) along with Teague and 

Lister (2014)’s work. An expert teacher at the university with several years of teaching 

experience in programming courses additionally verified them. The questionnaires were not 

identical but had variants of the same theoretical components. They consisted of 10 questions 

each. Eight of the questions were multiple choice, while the other two required explanatory 

answers. The questions were categorised into three levels based on the learning goals they 

tested. The questions and levels relate directly to the task levels described in section 5.8.  

Fundamental level questions tested factual knowledge about arrays that the students should 

have learnt during their introduction to 1-D arrays. They covered the core concepts of declaring 

and defining an array, array length and array indexes. Intermediate level questions covered 

basic manipulation concepts, e.g. copying and shifting array elements. The students were 

expected to have some knowledge of these tasks. Lastly, the advanced questions dealt with a 

sorting algorithm that was new to the majority of the students. Some of the questions are 

presented in Table 14. The complete pre and post-test questionnaires have been included in the 

appendix. 
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Table 14. Sample questions Prototype 1 Learning Gain 

Question Level Example 

Basic Level (4 Qs) Given an array int A[] = {1,0,2,9,5} choose 

the correct length of the array and the 

maximum array index 

Intermediate Level (3 Qs) Given an array int A[] ={9,5,3,2}, choose 

the option depicting the correct process that 

can be used to insert the number 1 at index 

location 0 such that the elements are shifted 

and only the number 2 is deleted from A[] 

Advanced Level (3 Qs) Choose the intermediate steps from the 

following options that represent sorting the 

elements of the array int A[] = 

{15,20,10,18} with Selection Sort 

 

6.3.2 Results and Analysis 

The average time taken to complete the entire study was 45 minutes. As the learning gain 

evaluation uses a repeated measures design with only one group, the appropriate statistical test 

is a paired-samples t-test (Colt et al., 2011; Zimmerman, 1997). For the learning gain 

calculations the formulas described in Section 3.6.1 were used. 

6.3.3 Overall scenario 

The mean test scores of all the participants for all the questions together improved from 66.66% 

to 86.22% (p<0.05). The percentage absolute gain was 19.55%. 40/45 participants (i.e. 88.88% 

of the participants) achieved learning gain. Figure 40 shows a jittered scatter plot between 

percentages scored in pre-test and percentage gain (refer 3.6.1 for the formula).  

Overall, the relative gain was 29.35%. The participants’ average normalised learning gain - 

<g> was 0.5867. The average of individual single student normalised learning gain was 60%. 

The distribution of individual single student normalised learning gain which varying from 0 to 

1 is shown in Figure 41. 40 out of 45 students achieved learning gains between 0.3 to 1, where 

0.3 is the lower bound of medium normalised gain as defined by Hake (Hake, 1998). 
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Figure 40. %Gain vs %Pre-test 

 

 
Figure 41. Individual single student learning gain distribution 
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6.3.4 Fundamental Level Questions 

Most of the students got the fundamental level questions correct for both the pre-test and the 

post-test. 34 students got all the questions correct in both the pre and post-test, 3 achieved no 

learning gain and 8 achieved learning gain (Figure 42). The participants’ mean test score 

improved from 92.77% to 96.66% (p<0.05). The percentage absolute gain for the participants 

was 3.89% whereas the relative gain was 4.18%. The participants’ average normalised learning 

gain was 53.80%. The average of individual single student normalised learning gain was 

14.40%. 

 
Figure 42. Type of questions and learning gain 

6.3.5 Intermediate Level Questions 

For the intermediate level questions, more students made mistakes and achieved learning as 

compared to the fundamental level questions. 19 students answered correctly for both the pre 

and post-tests. 2 didn’t achieve any learning gain whereas 24 achieved learning gain (Figure 

42). The mean test scores of the participants improved from 69.63% to 91.11% (p<0.05). The 

percentage absolute gain for the participants at 21.48% was higher than that of fundamental 

level questions. The relative gain was 30.96%. The participants’ average normalised learning 
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gain was a high 70.73%. The average of individual single student normalised learning gain was 

45%. 

6.3.6 Advanced Level Questions 

As expected, most students did not know the advanced level question. Consequently, the 

number of students achieving learning gain was higher than the other question types. Just 3 

students answered both the pre-test and post-test correctly, 8 of them didn’t achieve any 

learning gain and a majority 34 of them achieved learning gain (Figure 42). The mean test 

scores of the participants’ improved from 28.89% to 67.41% (p<0.05). The percentage absolute 

gain for advanced level tasks at 38.52% was highest amongst all the question types. The relative 

gain was 133.37%. The participants’ average normalised learning gain was a high 54.17%. The 

average of individual single student normalised learning gain was 53%. Table 15 summarises 

the results discussed in this section. 

Table 15. Overall results learning gain Prototype 1 

Question 

Level 

Mean pre-test 

scores 

Mean post-test 

scores 

p- value % absolute 

gain 

All 66.66% 86.22% < 0.05 19.55% 

Fundamental 

level questions 

92.77% 96.66% < 0.05 3.88% 

Intermediate 

level questions 

69.63% 91.11% < 0.05 21.48% 

Advanced 

level questions 

28.89% 67.41% < 0.05 38.52% 

6.4. Observations and participant comments 

The following observations were made while the participants were using Prototype 1. These 

were considered important from the user experience perspective and hence were addressed in 

the development of Prototype 2 (7.2). 
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1. Barring 2 participants all the other participants were right handed and this caused most 

of them to cover the PseudoCode panel (5.6.1) while trying to sketch. This caused slight 

irritation as they always had to move their elbow to see the displayed pseudocode. 

2. The error and help messages (5.6.3, Figure 34, 35) in Prototype 1 were displayed in the 

status bar and by using Windows notification. Such mechanisms are common to many 

windows applications and popular IDEs like eclipse and visual studio. However, 

despite using both these alerting mechanisms, at least half of the participants missed 

out these messages for the first time. Unawareness of the notifications made them repeat 

their errors until after some time they eventually saw the help/error notifications. Many 

of these participants verbally commented that a popup message would be more efficient 

for this purpose. For example one of the participant’s that faced such an issue 

commented – 

“The error message could not be seen initially, it did not attract my attention”  

      Another participant commented – 

“Error message was not upfront, popup would have been more direct” 

6.5. Summary 

In this experiment Prototype 1 was evaluated for technology acceptance as well as learning 

gain. Technology acceptance evaluation was carried out to find out if the participants intend to 

use the prototype as well as the role played by the constructs in shaping their decision. The 

learning gain evaluation was done to find out if learning is achieved by the participants after 

using Prototype 1. The outcome of the evaluation was positive, as the majority of the students 

liked using the software and also learnt the data structures topics during the process. 

The responses (6.2.6, Table 8) to the questions related to the technology acceptance evaluation 

constructs were mostly positive. Nine hypotheses were proposed (6.2.1 – 6.2.5) and based on 

this a research model was developed that showed the relationship between the different 

constructs promoting behavioural intention to use Prototype 1. 



 

143 
 

The research model was found to be significant and could explain 63% of variance in 

Behavioural Intention to use Prototype 1 (6.2.9). Additionally the predictive ability of the 

model is good as Behavioural Intention was found to have a strong predictive relevance (6.2.9, 

Table 11). Hypotheses H1, H2, H4, H5, H6 and H8 were supported whereas H3, H7 and H9 

were rejected based on the results from the PLS-SEM analysis (6.2.10).   

Perceived Usefulness was found to have a significant direct effect on Behavioural Intention to 

use the prototype (6.2.10). It also had strong predictive relevance (6.2.9, Table 11). System 

Interactivity was found to have a significant effect on Perceived Usefulness (6.2.10). Perceived 

Playfulness was found to have the highest direct effect on Behavioural Intention to use the 

prototype (6.2.10), however the predictive relevance was the lowest (6.2.9, Table 11). 

Perceived Ease of Use did not have a significant direct effect on Behavioural Intention, 

however it had a significant indirect and total effect on Behavioural Intention (6.2.10, Table 

13). Additionally, User Interface Design had a significant effect on Perceived Ease of Use 

(6.2.10, Table 12). 

With regards to learning gain, 88% of the participants achieved learning gain after using 

Prototype 1 (6.3.3). The tool was successful in promoting learning for factual information like 

those presented in the fundamental level tasks (6.3.4) and for more applied tasks like those 

presented in the intermediate level tasks (6.3.5). Unsurprisingly, the highest learning gain was 

achieved for the advanced tasks of which most participants didn’t have any prior knowledge 

(6.3.6). 

The results from the user experience and learning gain analysis showed that a digital-ink tool 

can not only be liked by users for learning but it can actually help them learn. ThinkInk is not 

just a well-liked tool but also a tool that meets its purpose of learning. 
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In the next two chapters the design and development of Prototype 2 (Chapter 7) and the 

comparative evaluation between Prototype 2 and a keyboard & mouse tool is discussed 

(Chapter 8). 
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Chapter 7. Design and Development of ThinkInk Prototype 2 

In the previous chapters Prototype 1 and the evaluations conducted on it were discussed. The 

findings from these evaluations were: 

1. A majority of the users liked Prototype 1 of ThinkInk and would like to use it in the 

future.  

2. The learning gain study showed that Prototype 1 can be used to learn simple linear data 

structures like 1D arrays 

3. There were a number of comments and observations for possible improvements to the 

UI of Prototype 1.  

The aim of Prototype 2 is to understand how a digital-ink tutoring tool compares to a keyboard 

& mouse tool. A secondary aim is to evaluate whether such a tool can be used for learning the 

more advanced concepts of non-linear data structures like trees. In order to do this, Prototype 

1 needs to be extended to include tasks that matched with the selected keyboard & mouse tool. 

This chapter includes the details of Prototype 2’s task processing algorithm (7.1) key 

differences between prototypes 1 and 2 (7.2) and a walkthrough of this prototype (7.3). The 

comparative study is reported in Chapter 8.   

7.1. Binary tree task processing 

Prototype 2 has three tasks for binary tree traversals, namely – 

1. Inorder traversal – in this task a tree is given and the user has to select the nodes in the 

inorder traversal sequence. 

2. Preorder traversal - in this task a tree is given and the user has to select the nodes in the 

preorder traversal sequence. 

3. Postorder traversal - in this task a tree is given and the user has to select the nodes in 

the postorder traversal sequence. 
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There is another task for binary search tree (BST) insertion in which the user is given a set of 

nodes and they have to create a correct BST. Refer to Appendix C for the images of all the 

tasks with their steps. 

In the subsequent paragraphs Prototype 2’s algorithm to process these tasks is explained. 

7.1.1 Recognising the tree structure  

Since all the above mentioned tasks are related to trees, firstly Prototype 2’s tree recognition 

approach is discussed.  A tree data structure is represented in the form of a hierarchical tree 

like structure. The root node is the top most node and there can be many subtrees made of 

children with corresponding parent nodes. Figure 43 shows the generic representation of a tree 

data structure.  

 
Figure 43. Generic tree data structure 

 

The process to detect a tree in ThinkInk is explained in the subsequent paragraphs.  

Recognising the node and its value  

Recognition of a complete node is broken down into two parts, firstly recognition of the node 

(i.e. the circle) and secondly the node value. The same stroke recognition method as discussed 

in section 5.2 is used.  
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To create a tree, the user needs to draw a circle which represents a node and then sketch the 

node value inside the node, for the case of simplicity the node value has been restricted to 

numbers. After drawing the parent node and its value the user can then draw a straight line (the 

edge) connecting to a child node. The same process can be repeated to draw the entire tree with 

children node becoming the parent node for subsequent children nodes.  

The node value, being a character is recognised using Microsoft Ink Dll (Jarrett & Su, 2009) 

in the manner described earlier in section 5.2.2. As for the node which is represented using a 

circle the recognition is done using RATA as described in section 5.2.1. 

Checking if the node value is inside the node 

Before sending the node value for recognition to Microsoft Ink Dll it is confirmed whether the 

node value stroke is enclosed inside the node circle. If at least the top left point coordinates of 

the bounding box of the node value are enclosed within the bounding box of the node circle 

then the value is considered to be inside the node.  After this confirmation the value is sent to 

Microsoft Ink Dll for character recognition.  

Verifying the correct location of nodes 

In a tree, a parent node can have children node on either their left side or their right side or on 

both the sides. Also trees are represented in a top down order with the root node being the first 

node and the other nodes are below it. The general rule is that the child node is depicted below 

the parent node and on one or both their sides. ThinkInk maintains the parent child relationship 

of the entered nodes and also makes sure that the nodes are being sketched visually in the top-

down order.  

A data table is used to maintain the correct order of the node values and their relationships. To 

check if the parent child relationship is being visually represented in the correct order, the 
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bounding box coordinates of the node circles are used to detect displacement.  For detecting a 

right child, the x-coordinate of the top-left point of the bounding box of the child node should 

be greater than the x-coordinate of the top-left point of the bounding box of the parent node. 

As for the y-coordinate of the top-left point of the bounding box of the child node, it should be 

greater than the y-coordinate of the top-left point of the bounding box of the parent node. 

Satisfying these conditions indicate that the child node is below and towards the right side of 

the parent node (Figure 44).  

Similarly, for detecting a left child, the x-coordinate of the top-left point of the bounding box 

of the child node should be less than the x-coordinate of the top-left point of the bounding box 

of the parent node. The y-coordinate of the top-left point of the bounding box of the child node, 

should be greater than the y-coordinate of the top-left point of the bounding box of the parent 

node. The fulfilment of these criteria indicates that the child node is below the parent node and 

towards the left. Figure 44 shows the node coordinates with respect to the axis. 

 
Figure 44. Tree nodes in x-y coordinate system 

To connect two nodes a line formally known as an ‘edge’ is drawn. First RATA is invoked to 

detect if the edge drawn is close to a straight line or not. Upon confirmation from RATA the 

next step is to check if the edge is connecting the correct nodes or not. For this purpose a point 

sampling of the edge stroke is taken. The first and last points of the edge stroke are checked 
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for overlap or intersection or closeness with both the immediately drawn parent and child 

nodes. If any of the conditions are true then it indicates that the edge is connecting the correct 

parent and child nodes. 

In the tasks one key interaction is selection of the nodes. In the next section the method used 

to attain this is explained. 

7.1.2 Selection of nodes 

In the tree traversal tasks one key factor is traversing nodes in the order defined by the traversal 

algorithm. The way to start traversing in ThinkInk is to select a node by encircling it and then 

selecting other nodes in the order defined by the traversal algorithm (Figure 45). 

 
Figure 45. Selection of nodes 

When a user encircles a node to select it, two checks are performed. Firstly, it is checked if the 

user has drawn a circle, this is done with the help of RATA. Next, if the user has indeed drawn 

a circle then it is checked if it encloses or intersects the existing node. This is done by verifying 

if the bounding box of the selection circle contains or intersects the bounding box of the node.  

To check the correct order of traversal, once the user selects to practice a particular traversal 

algorithm, ThinkInk in the background runs a process to continuously verify the user’s traversal 

Selection 
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steps. Upon start of the task, the correct traversal of the tree to be traversed is saved by 

ThinkInk. Next, this pre-traversed tree is used as a pattern to verify if the user is selecting the 

nodes in the appropriate order, i.e. traversing the tree according to the algorithm. If the user 

traverses a node in the wrong order, ThinkInk displays appropriate help messages to guide the 

user.  

7.2. Key differences between Prototype 1 and Prototype 2 

Both Prototype 1 and Prototype 2 utilize machine learning in the same way to recognise shapes 

and characters (5.2). However, the key differences between them are as follows – 

1. Tasks related to binary trees and binary search trees have been added to Prototype 2  

2. Some changes have been made to the UI of Prototype 2 based on the feedback and 

observation made during the experiments conducted on Prototype 1 (Chapter 6). The 

changes to the UI are explained in the subsequent sections. 

7.2.1 Redesigning the pseudocode panel 

The ‘PseudoCode’ panel was shifted to the left side from the right side of the window (Figure 

46). This was done based on the observation that most of the participants who were right 

handed in the earlier experiments (6.4) obscured the pseudocode panel (5.6, Figure 29) with 

their elbow. Either they had to keep lifting their hand to see the latest pseudocode or a few of 

them didn’t see the pseudocode being displayed at all. As most people are right-handed 

changing the location of the panel is a better design choice. To further improve the visibility of 

the pseudocode being displayed in Prototype 2 whenever a line of pseudocode is displayed the 

panel blinks and highlights the latest line. 
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Figure 46. Redesigned UI of ThinkInk – Prototype 2 

7.2.2 Direct display of error and help messages: 

In Prototype 1 error and help messages were shown in the status bar or through Windows 

Notifications. From the participant’s comments and observations (6.4) it was obvious that even 

though the way to show help and error messages in Prototype 1 was neat, it dampened the 

purpose of the messages. Hence, in Prototype 2 help/error messages are displayed using the 

standard ‘Message Box’ in Windows, Figure 48. If a user does some mistake a help/error 

message using the message box was displayed at the centre of ThinkInk’s GUI. The message 

box forced the users to read the message because they had to click the ‘OK’ button to enable 

sketching again and therefore to continue the task. Though not as neat as the approach in 

Prototype 1, this direct way of communicating with the user achieved the purpose very well. 

In the experiments with Prototype 2 there were no complaints or observations made relating to 

the ignoring of help/error messages. 
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7.2.3 Anchoring memory using coloured drawing canvases  

In Prototype 2 there are three tasks in succession, they are inorder, preorder and postorder 

traversals. During the informal usability studies of Prototype 2 often the participants 

complained that they could not remember the order of performing the traversal tasks and they 

got confused between the three traversals which affected the answers to the pre and post-test. 

The reason for the confusion could be their inability to form consistent mental models of the 

traversals as the three traversals are similar and they could have confused them with each other. 

This issue also affected their post-test answers. To mitigate this problem it was decided to 

associate three different colours to the drawing canvases associated with the three traversals. 

Associating colours with objects or activities enhances retention of those tasks in the memory 

(Dzulkifli & Mustafar, 2013; Spence et al., 2006). Consequently the background colour of the 

screens for the three tasks namely – inorder, preorder and postorder traversals were given three 

distinct colours (Figure 46). During the main evaluations none of the participants complained 

about getting confused between the three traversals or having difficulty in remembering the 

order of the tasks.  

7.3. Prototype 2 walkthrough 

In this section the usage of Prototype 2 with the binary search tree insertion task as an exemplar 

is explained. Figure 46 (7.2.1) shows the general layout of Prototype 2. The left hand side 

shows the generated pseudo code and the panels besides it shows the task’s aim and the task’s 

steps. The large panel after that is the sketching area, where the user sketches following the 

task’s steps. Below it is the status bar which has been retained from Prototype 1 and can be 

used for showing the current status as well error/help messages.  
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The aim of the task is – “To create a Binary Search Tree (BST) from the following list off keys 

{2,6,9,8,3}”. To start the user first sketches a root node by drawing a circle and then sketches 

the number ‘2’ inside it (Figure 47).  

 
Figure 47. Creation of root node 

As in Prototype 1, in Prototype 2 too shape formalisation is used to indicate a correct sketch, 

once the user sketches an appropriate circle it gets formalized. Additionally, for correct 

sketches, ThinkInk displays the appropriate pseudocode and highlights the applicable line of 

code too. Otherwise, ThinkInk displays a help message (Figure 48) to guide the user and 

automatically erases the wrong sketch. 
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Figure 48. Error/Help message popups 

The next step of the task is to sketch the node value ‘6’ in the correct position. If the user 

sketches it correctly, i.e. as a child of ‘2’ and on the right hand side, ThinkInk allows it be 

rendered (Figure 49) and displays the pseudocode, else the wrong sketch is automatically 

erased and a help message guiding the user to perform the step correctly is shown. The same 

process is followed till the completion of the entire task. 
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Figure 49. Sketching the tree 

In the next chapter the evaluation of Prototype 2 in comparison with a keyboard & mouse based 

data structures tutoring tool is discussed.  
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Chapter 8. ThinkInk Prototype 2 - Experiment 

Prototype 1 was assessed with the help of technology acceptance evaluation and learning gain 

evaluation. The acceptance study showed that Prototype 1 was well liked and students would 

like to use it in the future too. Additionally, the learning gain study showed that Prototype 1 

can be used for learning linear data structures. These results are similar to the evaluation of 

CSTutor (Buchanan & Laviola Jr, 2014).  

However, the evaluation of Prototype 1 or those of the other digital ink data structure tutoring 

tools (Adamchik, 2011; Buchanan & Laviola Jr, 2014; Sabisch, 2014) do not answer the 

question - how digital-ink tools compare to keyboard & mouse tools for teaching data 

structures? For this purpose, Prototype 2 was evaluated with respect to a keyboard & mouse 

tool JSAV (Karavirta & Shaffer, 2013). In the subsequent sections the details of the study and 

the results are discussed. 

8.1. Methodology 

The study followed the process mentioned in Section 3.1, specific details different to the study 

are given in this section. A between groups multivariable A/B testing approach (3.7) was used 

for this study.  

8.1.1 Aims of the study 

1. To find out the participant’s user experience of a digital ink and a keyboard & mouse 

data structure tutoring tool 

2. To analyse the effect tools with different modalities have on learning data structures. 
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8.1.2 Tools under study 

In this study Prototype 2 (Chapter 7) of ThinkInk and JSAV (2.5.1, last paragraph) a keyboard 

& mouse data structure tutoring tool were compared. JSAV was used because of its similarity 

to ThinkInk compared to the other keyboard & mouse tools available.  

There are many keyboard & mouse tools and the project AlgoViz (Shaffer et al., 2011) 

catalogued approximately 500 keyboard & mouse data structures and algorithm tutoring tools 

(2.5.1). However, in 2018 AlgoViz was shut down and due to the obsoleteness of most of the 

catalogued projects a new project called OpenDSA was started (Shaffer, 2016). OpenDSA is 

not a data structures and algorithm tutoring tool per se but is an interactive eTextbook that 

integrates JSAV for algorithm visualisation exercises (Farghally, 2016; Shaffer, 2016). 

Even though OpenDSA is the more popular implementation of JSAV, it was not selected for 

the comparative study because it provides textbook like detailed information along with the 

facility to interactively practice data structures and algorithms examples.  

Since, the primary aim was to discover the differences between a digital-ink and keyboard & 

mouse tool and not their usage in an eTextbook context, a standalone implementation of JSAV 

publicly available online was used (JSAV).  Modification of the tool was avoided to minimise 

experimenter bias and the tool was used as it is. 

8.1.3 Questionnaire and data analysis details 

To meet the study aims (8.1.1) two kinds of analyses were used. Firstly pre-test/post-test 

learning gain questionnaires were used in the same way as it was done for Prototype 1 (6.3). 

The only difference being that two tools, Prototype 2 of ThinkInk and JSAV were evaluated 

by randomly assigning different participants to the groups. Since, binary tree traversal and BST 

tasks were added in Prototype 2 (7.1), the learning gain questionnaires (refer Appendix B) had 
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questions only related to these topics. The questions were developed in the same manner as 

was done for Prototype 1 (6.3.1). 

Next a survey having questions related to technology acceptance constructs detailed in section 

6.2 was used. The purpose was to understand the user experience with the two tools. The survey 

was similar to the questionnaire used in the evaluation conducted in section 6.2 except some 

minor changes. This survey was also administered to both groups of participants. The survey 

is presented in Appendix A. 

The data analysis for the learning gain questionnaire for both the ink and keyboard & mouse 

tools was conducted in a similar manner as done in Section 6.3 by using the formulas mentioned 

in Section 3.6.1. To differentiate the two tools an independent sample t-test was used. 

For the analysis of the survey on technology acceptance constructs, in this study PLS-SEM 

could not be used because the number of participants was less than the minimum requirement 

for the analysis (3.5.1 and 6.1.2). Since the technology acceptance construct questionnaire uses 

a Likert scale, the resulting data cannot be normal and hence, a parametric test like independent 

sample t-test was not used. For differentiating the two groups the non-parametric Mann 

Whitney U test was used (Sheskin, 2003). 

8.1.4 Session details 

The participants were randomly assigned to either the control group (JSAV) or the treatment 

group (ThinkInk). The study took 45 minutes for most participants to complete. 

Next the participants were given a pre-test questionnaire that contained questions related to 

binary tree traversals and binary search tree insertion. After answering the questionnaire they 

were shown how to use the applicable tool. After finishing the tasks in the tool they were 



 

160 
 

immediately given a post-test questionnaire which was similar to the pre-test questionnaire 

(Appendix B).  

For both the tools the participants performed tasks related to inorder traversal, preorder 

traversal, postorder traversal and binary search tree insertion in the same order. 

Additionally they were given another questionnaire which measured qualitative aspects of their 

experience while using the tool. The questions were based on the technology acceptance 

constructs (8.1.3) (Appendix A).  

8.1.5 Participant Characteristics  

To reduce bias participants were randomly assigned to the control group in which they used 

JSAV and to the treatment group in which they used Prototype 2 of ThinkInk. The participants 

were new to the concepts of binary tree traversals and binary search trees (BST). Most of them 

were novice programmers. Additionally, they were enrolled in a data structure and algorithms 

course and had recently attended a class related to the binary tree traversals and BST but hadn’t 

mastered the topics.  

There were a total of 36 participants. Each group had 18 participants. For ThinkInk Prototype 

2 there were 18 participants who successfully completed the study. 10 were male and 8 were 

female. A majority of the participants were novice programmers with 13 of them having 1 year 

or less of programming experience. Five of them had sporadic programming experience 

between 1-2 years.  

For JSAV there were 18 participants who successfully completed the study. 9 were female and 

9 were male. A majority of the participants were novice programmers with 15 of them having 

1 year or less of programming experience. Three of them had irregular programming 

experience between 1-2 years. Table 16 shows the demographics summary. 
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Table 16. ThinkInk Prototype 2 Participant Demographics 

Total Participants 36 

ThinkInk Participants 18 

Male - ThinkInk 10 

Female -ThinkInk 8 

Programming Experience/Number of participants - ThinkInk 

1-6 months 9 

6 months – 1 years 4 

1- 2 years 5 

JSAV Participants 18 

Male - JSAV 9 

Female -JSAV 9 

Programming Experience/Number of participants - ThinkInk 

1-6 months 7 

6 months – 1 years 8 

1- 2 years 3 

8.2. Learning gain evaluation results 

Users of both Prototype 2 and JSAV achieved overall learning gains. The mean test scores of 

all the participants for all the questions together for Prototype 2 improved from 50% to 82.70%. 

Whereas for JSAV the mean test scores of all the participants for all the questions together 

improved from 54.44% to 80.55%. 

However, there was no statistically significant difference in the average of individual actual 

learning gain between the two groups (t=1.06, p = 0.14). Table 17 shows the overall results for 

the two tools. Although, there was a significant difference in the learning gain for inorder and 

BST related questions. In the next section the results from the individual question types is 

discussed. 
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Table 17. Overall learning gain Prototype 2 vs JSAV 

 ThinkInk Prototype 2 JSAV 

Participants achieving 

learning Gain  

17/18 16/18 

Overall mean pretest score 

(%) 

50 54.44 

Overall mean posttest score 

(%) 

82.7 80.55 

Average of individual actual 

learning gain, gi 

3.27 2.61 

Average of percent absolute 

learning gain  

32.70 26.10 

Overall relative gain (%) 65.40 48 

Participants’ average 

normalised learning gain - 

<g> (%) 

65.40 57.31 

Average of individual single 

student normalised learning 

gain (%) 

60 50 
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8.2.1 Inorder Traversal  

For this question there was a statistically significant difference at p<0.1 in the average of 

individual actual learning gains between the two groups (t= 1.46, p=0.07). The mean test scores 

of all the participants for all the inorder traversal questions for Prototype 2 improved from 

47.22% to 83.33%. Whereas for JSAV the mean test scores improved from 63.88% to 80.55%. 

Table 18 shows the comparison of the results for the two tools for the Inorder traversal task. 

Table 18. Inorder traversal learning gain Prototype 2 vs JSAV 

 ThinkInk Prototype 2 JSAV 

Participants achieving 

learning Gain  

8 4 

Participants achieving no 

learning Gain 

4 5 

Participants who got all 

correct for pre and post tests 

6 9 

Mean pretest score (%) 47.22 63.88 

Mean posttest score (%) 83.33 80.55 

Average of individual actual 

learning gain, gi 

0.72 0.33 

Average of percent absolute 

learning gain  

36.11 16.66 

Relative gain (%) 76.27 25.98 

Participants’ average 

normalised learning gain - 

<g> (%) 

68.42 46.15 

Average of individual single 

student normalised learning 

gain (%) 

41 22 
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8.2.2 Preorder Traversal 

For this question there was no statistically significant difference in the learning gains between 

the two groups (t= 0.22, p=0.41). The mean test scores of all the participants for all the preorder 

traversal questions for Prototype 2 improved from 52.78% to 77.78%. Whereas for JSAV the 

mean test scores improved from 75% to 97.22%. Table 19 shows the comparison of the results 

for the two tools. 

Table 19. Preorder traversal learning gain Prototype 2 vs JSAV 

 ThinkInk Prototype 2 JSAV 

Participants achieving 

learning Gain  

7 5 

Participants achieving no 

learning Gain 

6 1 

Participants who got all 

correct for pre and post tests 

5 12 

Mean pretest score (%) 52.78 75 

Mean posttest score (%) 77.78 97.22 

Average of individual actual 

learning gain, gi 

0.5 0.44 

Average of percent absolute 

learning gain  

25 22.22 

Relative gain (%) 47.62 29.33 

Participants’ average 

normalised learning gain - 

<g> (%) 

52.94 88.88 

Average of individual single 

student normalised learning 

gain (%) 

22 17 
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8.2.3 Postorder Traversal 

For this question there was no statistically significant difference in the learning gains between 

the two groups (t= -0.48, p=0.31). The mean test scores of all the participants for all the 

postorder traversal questions for Prototype 2 improved from 66.67% to 97.22%. Whereas for 

JSAV the mean test scores improved from 41.67% to 77.78%. Table 20 shows the comparison 

of the results for the two tools. 

Table 20. Postorder traversal learning gain Prototype 2 vs JSAV 

 ThinkInk Prototype 2 JSAV 

Participants achieving 

learning Gain  

8 12 

Participants achieving no 

learning Gain 

1 1 

Participants who got all 

correct for pre and post tests 

9 5 

Mean pretest score (%) 66.67 41.67 

Mean posttest score (%) 92.22 77.78 

Average of individual actual 

learning gain, gi 

0.61 0.72 

Average of percent absolute 

learning gain  

30.56 36.11 

Relative gain (%) 45.86 86.75 

Participants’ average 

normalised learning gain - 

<g> (%) 

91.66 61.91 

Average of individual single 

student normalised learning 

gain (%) 

44 50 
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8.2.4 Combined traversal 

These questions required the students to use their combined knowledge of the three traversals 

(refer to Appendix B for the questions).  For this question there was no statistically significant 

difference in the learning gains between the two groups (t= -0.45, p=0.32). The mean test scores 

of all the participants for these questions for Prototype 2 improved from 44.44% to 72.22%. 

Whereas for JSAV the mean test scores improved from 36.11% to 69.44%. Table 21 shows the 

comparison of the results for the two tools. 

Table 21. Combined traversal learning gain Prototype 2 vs JSAV 

 ThinkInk Prototype 2 JSAV 

Participants achieving 

learning Gain  

7 10 

Participants achieving no 

learning Gain 

5 4 

Participants who got all 

correct for pre and post tests 

6 4 

Mean pretest score (%) 44.44 36.11 

Mean posttest score (%) 72.22 69.44 

Average of individual actual 

learning gain, gi 

0.55 0.66 

Average of percent absolute 

learning gain  

27.78 33.33 

Relative gain (%) 62.50 91.67 

Participants’ average 

normalised learning gain - 

<g> (%) 

50 52.17 

Average of individual single 

student normalised learning 

gain (%) 

17 28 
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8.2.5 Binary Search Tree (BST) 

For this question there was a statistically significant difference in the average of individual 

actual learning gains between the two groups (t= 1.82, p<0.05). The mean test scores of all the 

participants for all the preorder traversal questions for Prototype 2 improved from 38.89% to 

83.33%. Whereas for JSAV the mean test scores improved from 55.56% to 77.78%. Table 22 

shows the comparison of the results for the two tools. 

Table 22. BST learning gain Prototype 2 vs JSAV 

 ThinkInk Prototype 2 JSAV 

Participants achieving 

learning Gain  

10 8 

Participants achieving no 

learning Gain 

3 4 

Participants who got all 

correct for pre and post tests 

5 6 

Mean pretest score (%) 38.89 55.56 

Mean posttest score (%) 83.33 77.78 

Average of individual actual 

learning gain, gi 

0.89 0.44 

Average of percent absolute 

learning gain  

44.44 22.22 

Relative gain (%) 114.29 39.64 

Participants’ average 

normalised learning gain - 

<g> (%) 

72.72 50 

Average of individual single 

student normalised learning 

gain (%) 

47 36 

 

In the next section the results from the analysis of the technology acceptance construct survey 

to understand the user experience is presented. 
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8.3. User experience evaluation result 

The user experience was evaluated against 6 constructs – Perceived Ease of Use (PEOU), 

Perceived Usefulness (PU), Perceived Playfulness (PP), System Interactivity (SIT), 

Behavioural Intention (BI) and User Interface Design (UID).  The details of these parameters 

have been discussed in section 6.2. To differentiate between the two tools Mann-Whitney U 

test (8.1.3) was used. Since the sample size is small, the critical value of 109 for U for 18 

samples at p<0.05 was used as the criteria for significance (Milton, 1964). 

Based on this criteria statistically significant difference between the tools was found for items 

of System Interactivity (SIT), User Interface Design (UID) and Perceived Ease of Use (PEOU). 

Table 23 shows the summary of the analysis. A Likert scale was used to record the data, 5 

indicating strongly agree and 1 indicating strongly disagree. The questions related to each item 

are present in the appendix.  

Table 23. User experience analysis summary 

Construct Items ThinkInk 

Prototype 2 (Avg) 

JSAV (Avg) Statistically 

significant 

difference 

SIT-1 

SIT-2 

SIT-3 

SIT-4 

4.38 

4.44 

4.66 

4.5 

4.11 

4.33 

4.44 

4.0 

No 

No 

No 

Yes* 

SIT (average) 4.49 4.22  

UID-1 

UID- 2 

UID- 3 

UID- 4 

UID- 5 

UID- 6 

4.27 

4.22 

4.5 

3.94 

4.4 

4.5 

3.83 

3.66 

4.27 

3.83 

4 

4.05 

No 

Yes* 

No 

No 

Yes* 

No 
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UID (average) 4.30 3.94  

PP-1 

PP- 2 

PP- 3 

PP- 4 

PP- 5 

4.5 

4.61 

4.33 

4.16 

4.27 

4.11 

4.38 

4.0 

3.94 

4.05 

No 

No 

No 

No 

No 

PP (average) 4.37 4.09  

PEOU-1 

PEOU- 2 

PEOU- 3 

PEOU- 4 

4.66 

4.72 

4.66 

4.55 

4.38 

4.22 

4.16 

4.55 

No 

Yes* 

No 

No 

PEOU (average) 4.64 4.32  

PU-1 

PU- 2 

4.5 

4.72 

4.38 

4.5 

No 

No 

PU (average) 4.61 4.44  

BI-1 

BI- 2 

BI- 3 

4.11 

4.22 

4.5 

3.94 

3.90 

4.22 

No 

No 

No 

BI (average) 4.27 4.02  

*p<0.05, PEOU(Perceived Ease of Use), PU(Perceived Usefulness), BI(Behavioural Intention),           

PP(Perceived Playfulness), SIT(System Interactivity), UID(User Interface Design)  

The items and the corresponding question for which there was statistically significant 

difference between the two tools is presented in Table 24. Each of these favour ThinkInk. 
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Table 24. Items and questions which had statistically significant difference 

Item Question 

SIT4 I believe the feedback provided by the 

application is helpful and effective 

UID2 The graphical user interface is intuitive 

UID5 I believe the graphical user interface is 

suitable for the software’s tasks 

PEOU2 Interacting with the software is easy as it 

does not require much mental effort 

8.4. Participant comments and observations 

Common comments for both the tools from many participants was that they wanted to practice 

for more time and many different tasks. Another comment from three participants was that they 

wanted the software to be more game like, with more colours, reward system and levels. Here 

are some of the comments - 

“Need more time and practice to learn” 

“I want to practice more, give some reward like games at the end of each task, make some 

challenges like games” 

“Could have some more colour then it would be more enjoyable” 

A comment from 2 participants specific to the ThinkInk Prototype 2 was that they would like 

some more explanation for the pseudocode. They suggested that an additionally window could 

be used for showing the detailed explanation. Here is one of the comments – 

“The software was fun to use, I would like to see more help to understand the pseudocode, 

overall great GUI and great experience, would use again” 

Four participants using JSAV did not achieve learning gain for the BST (8.2.5), out of these 3 

didn’t fully practice the BST task till finish, however they still did the post test. They stopped 

during the BST task saying that the task is too complex. Comments from 2 of these users show 
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that they found the user interface for the BST task difficult to use. Here is a comment from one 

of them – 

“New BST data structure keep going down the page, makes it confusing, the model answer 

pane cannot be resized which is annoying, help guide would be better” 

Four JSAV participants also mentioned that steps for solving the tasks (not specific to BST but 

overall) should be present. Here is a comment from one of them - 

“Put some steps and/or explanation for the solution so users can learn the correct steps to 

solve the problem” 

As described in section 2.5.1, JSAV users could view feedback through the model answer 

panel. However, the feedback was not visible on the same panel as the one in which the 

participants were performing the task.  Conversely, in ThinkInk the feedback is on the same 

panel in which the user sketches. It was observed that at least a third of the JSAV users would 

open then model answer panel and use it to verify their task steps in a step by step fashion by 

constantly checking the correctness of the step they performed. Some these users were getting 

visibly irritated by the constant changing of windows. 

8.5. Summary 

This experiment was conducted with the aim of finding the difference between the two tools in 

terms of user experience and learning gain. The learning gain evaluation shows (8.2) that both 

these tools are effective for learning binary tree and BST. For most of the tasks there was no 

significant difference between the two tools. However, Prototype 2 was statistically significant 

in providing more learning for the inorder traversal and binary search tree tasks. 

Upon analysing the user experience survey (8.3) the results were mostly positive for most the 

constructs for both the tools.  Except for User Interface design (UID) and Behavioural Intention 

(BI) where some items were lower than 4. The Likert scale was from 1 to 5 with 5 indicating 
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“strongly agree” and 1 “strongly disagree”. However, the user experience for ThinkInk 

Prototype 2 was significantly better than JSAV in terms of aspects related to system 

interactivity, ease of use and user interface design (8.3, Table 23). This feedback from the 

survey matches with some of the observations and comments regarding JSAV (8.4). 

The analyses conducted on Prototype 2 revealed that modality of a tool might not have a major 

impact on learning. Factors related to task design and user interface design can overcome the 

modality factor.   

In the next section the entire project is discussed and the thesis research questions (1.2) are 

answered along with highlighting the key contributions and future work. 
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Chapter 9. Discussion 

This chapter discusses the results presented in the previous chapters in relation with the 

research questions. The main objective of this research was to develop an alternative way of 

tutoring data structures using digital-ink and then evaluate its effectiveness. 

The research questions proposed for this research were - 

1. How can a digital-ink based interactive data structure tutoring tool help students in 

learning data structures? 

a. What are the main design decisions to ensure such tools are liked by users and 

also provide real learning? 

b. Will students be interested in using such a tool and how can their rationale of 

use be explained? 

2. What is the impact of tool modality on an interactive data structure tutoring tool? 

This chapter is arranged as follows. Firstly a brief recap of the findings in the previous chapters 

is presented. This is followed by discussion of the findings in relation with the research 

questions. After this the limitations and the contributions of the research is discussed. Lastly 

the future work emanating from this study is presented. 

9.1. Recap of project 

After forming the research questions and objectives (Chapter 1) a literature review (Chapter 2) 

was carried out to better understand the research domain. Before directly studying data 

structure tutoring tools, it seemed necessary to study how people learn data structures and 

algorithms. So, the initial part of the literature review deals with the importance and challenges 

faced by learners while learning data structures and algorithms. A better understanding of the 

learning process was achieved after studying publications related to the explanation of learning 

programming and algorithms in terms of mental models and notional machines. It helped to 
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understand the difference between the learning and problem solving approaches of novices and 

experts.  

Theories of learning were also studied in order to understand the different approaches a learner 

might adopt to learn data structures. Theories of constructionism and constructivism (2.3.1) 

promote an exploratory method of learning whereas cognitive load theory, guided instructions 

and worked examples (2.3.2) promote a guided way of learning. Publications describing 

engagement and visualisation as vital components for successfully learning a topic were also 

studied (2.4).  

The literature search revealed only three digital-ink data structures tutoring tools (2.5.2). To 

get a more complete idea of data structures and algorithm tutoring tools popular studies related 

to keyboard & mouse tools were also examined (2.5.1). Studies like those of Oviatt et al. (2006) 

and Anthony et al. (2012) showed that digital-ink can provide a natural, fluid and less 

cognitively demanding modality to create interactive visualizations. Since, diagramming is 

commonly used while learning data structures so digital was selected as better alternative than 

keyboard & mouse.  

Additionally, to get an understanding of the different ways a digital-ink tool is used for teaching 

STEM subjects, a systematic literature review of digital-ink tutoring tools in STEM areas was 

conducted (2.6). The review highlighted information related to the different educational 

purpose of such tools, like for assessment, teaching or marking. Additionally the different 

interaction and visualisation techniques used by such tools was also understood. 

Based on the study of published literature a mental picture of a useful digital ink tool was 

formed. However, things still being theoretical, it was decided to create an exploratory 

prototype to see the concepts in a tangible form and to better understand the requirements. The 

exploratory prototype (Chapter 4) was developed and then in order to economically evaluate 
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it, cognitive dimensions was used (4.2). Discussing the exploratory prototype in terms of the 

13 cognitive dimensions helped understand the features that were important for the subsequent 

prototypes, those that needed to be removed and those that needed to be added (4.3). 

After this Prototype 1 of ThinkInk (Chapter 5) was built. Before actually starting to code 

Prototype 1 with the risk of encountering major issues during the actual experiment sessions, 

a more economical approach in terms of paper prototyping and Wizard of Oz study was adopted 

(5.1).  This approach helped in evaluating different prototypes without coding. It worked out 

very well and a paper prototype was selected for actual development. Prototype 1 was 

developed with the aim of testing whether a user would like the tool and be able to learn a 

simple data structure, hence 1D arrays was selected for the prototype. 

Several factors related to recognition and user interaction became apparent during the cognitive 

dimensions and Wizard of Oz experiments. However, the studies were still not conducted on 

the prototype that would be used for the experiments, hence after the development of Prototype 

1 (5.2 – 5.6) a usability study was conducted. 

Another reason to conduct a usability study on Prototype 1 was to reduce the experimenter’s 

bias because the previous evaluation conducted on a working prototype (i.e. the exploratory 

prototype) was by me, the developer of the software. Hence the usability study was conducted 

with 5 participants. The usability study showed good results in terms of the usability factors 

evaluated using a SUS; the SUS score being 75.5. It also revealed some areas in which the 

prototype needed to be tweaked before carrying out the main experiments (5.7 – 5.9).  

After further tweaking Prototype 1 based on the results from the usability study, the main 

experiments for Prototype 1 were conducted (Chapter 6). The experiments had two evaluations, 

one for measuring the learning gain (6.3) and the other to understand the user experience in 

terms of technology acceptance factors (6.2). The study showed that Prototype 1 can be used 



 

176 
 

to learn 1 D arrays. It also revealed the relationship of the factors in promoting intention to use 

the prototype. Of interest were factors of usefulness with ease of use, interactivity and user 

interaction playing important intermediary roles. Playfulness was found to have a significant 

impact but with low prediction power, hence its role can be downplayed in a user’s intention 

to use Prototype 1 (6.2.6 – 6.2.10). Additionally, observations and user comments were 

recorded during the analyses which revealed some areas of improvement for Prototype 1 (6.4). 

The experiments with Prototype 1 only answered the questions relating to the learning gain and 

user experience of using a digital-ink data structure tutoring tool teaching a simple data 

structure like 1D arrays. However, the experiments didn’t answer the questions about how a 

digital-ink tool compares with a keyboard & mouse tool and can it be used for learning more 

complex data structures like trees. 

For this purpose Prototype 2 was developed. While developing it feedback from the 

experiments on Prototype 1 were incorporated. This prototype had tasks related to inorder, 

preorder, postorder traversals and binary search tree insertion (Chapter 7). JSAV was the 

keyboard & mouse tool against which Prototype 2 was compared. A between groups A/B 

testing experiment was conducted for this purpose (Chapter 8). In this study also, two 

evaluations were performed. One compared the learning gain achieved by using the two tools 

(8.2) and the other compared the user experience of using the two tools (8.3).  

The results showed that both these tools can be used to learn binary trees and BST. The user 

experience was mostly good for both of them except for some issues with the user interface 

and task instructions of JSAV. There was no significant difference found between the overall 

learning gains achieved after using Prototype 2 or JSAV. However, at the individual question 

level, participants using Prototype 2 achieved significantly more learning gain for inorder 

traversal and BST insertion.  
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For the user experience questions overall there was no significant difference between the two 

tools. However, the participants found Prototype 2 significantly better for some aspects of 

system interactivity, user interface design and ease of use. These views were also supported by 

some of the user observations and comments (8.4). 

In this section a summarized version of the entire work done was presented. In the next section 

the research questions are answered in terms of the findings. 

9.2. RQ1: How can a digital-ink based interactive data structure tutoring 

tool help students in learning data structures? 

In order to answer this research question the following two sub research questions were 

answered – 

9.2.1 What are the main design decisions to ensure such tools are liked by users and also 

provide real learning? 

Analysis of the existing literature indicated that the concepts of mental models (2.2), 

construction (2.3), interactive engagement (2.4) low cognitive load and guided instructions 

(2.3.2) to be important factors for a successful data structure tutoring tool.   

Analyses of the interaction style of the digital-ink STEM tools (2.6.6) indicated the importance 

of interactive animations and feedback for the success of such tools. There were almost equal 

number of studies for step wise feedback and non-step by step feedback (2.6.6).   

While designing both Prototype 1 (Chapter 5) and 2 (Chapter 7) the above mentioned factors 

were taken into consideration. So, the prototypes were digital-ink based, had a minimalist one 

panel user interface and were modeless inorder to reduce extraneous cognitive load (Oviatt et 

al., 2006; Sweller, 2011), the tasks were constrained and the user constructed their 
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visualisations based on guided instructions and the tools gave interactive step by step feedback 

to further make the learning engaging and helpful.  

To get an understanding of the user experience both prototypes were analysed on the following 

technology acceptance factors -   PEOU (Perceived Ease of Use), PU (Perceived Usefulness), 

BI (Behavioural Intention), PP(Perceived Playfulness), SIT(System Interactivity) and UID 

(User Interface Design) (7.2 and 9.3).  

The overall results from the analysis of Prototype 1 (6.2.6, Table 8) shows that while the vast 

majority of students were positive about all aspects of the tool, a few were neutral. This could 

be for many reasons: they found the content easy to grasp so did not require any further 

instruction; insufficient time to get used to the tool; novelty of the interaction with a stylus 

based learning tool. No learning strategy is going to be perfect for all students – the sizable 

positive response suggests that the approach works for the majority of students.   

Upon looking at the results from the user experience analysis of just Prototype 2 (8.3, Table 

23) it can be seen that the average response for all the constructs are more than 4.3. This 

indicates a positive view of the software.  

The learning gain results from the analysis of the two prototypes (6.3, 8.2) show that learning 

gain was achieved for all the tasks taught by both the prototypes. The learning gain analysis 

also shows that the prototypes can be used to learn basic concepts like 1D arrays as well as 

more complex topics like tree traversals and BST. Also from the learning gain analysis of 

Prototype 1 it can be seen that the tool can be used for learning topics which the user might 

have some familiarity with and also topics like selection sort of which were new to them. 

Coupling the learning gain results with the user experience results paints a clearer picture of 

the scenario. Two different groups of participants were used in the experiments of Prototype 1 
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and 2. To reduce bias it was made absolutely sure that a person who has done the experiment 

with Prototype 1 does not do the experiment with Prototype 2. However, the results are similar, 

both these groups of unrelated participants rated the prototypes positively and they also 

achieved learning gain even when the complexity of tasks was increased in Prototype 2. 

Based on this reasoning it can be said that the results indicate that the design and development 

process adopted for the prototypes works very well. It indicates that the factors of  ‘cognitively 

less demanding interface and interaction’, ‘constrained task design with guided instructions’, 

‘step by step feedback’ and ‘construction of mentally engaging visualisations’ led to the 

success of the prototypes.  

The design and development process which involved the steps of exploratory prototype 

development, cognitive dimensions analysis, paper prototyping, Wizard of Oz experiments, 

usability testing, learning gain evaluation and technology acceptance based user experience 

evaluation played a role in the constant refinement of the tool and have helped in the 

prototypes’ success. 

9.2.2 Will students be interested in using such a tool and how can their rationale of use 

be explained? 

The results from the analysis of the technology acceptance surveys for both the prototypes (6.2, 

8.3) were largely positive and showed that users would like to use such a tool. 

The analysis of Prototype 1 was done by forming a research model (6.2) and studying the 

relationships between the technology acceptance factors in promoting the use of the software. 

From the PLS-SEM analysis of the research model (6.2.6 – 6.2.10) the following can be 

inferred. 

The participants believed that the usefulness of the system was important for them to use the 

system. This means that the participants expect the software to perform what it is supposed to 
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do in order for them to use it. The high predictive relevance and the significant direct 

relationship between Perceived Usefulness (PU) and Behavioural Intention (BI) confirms this 

belief (6.2.9-Table 11, 6.2.10-Table 12). 

Their idea of usefulness of Prototype 1 was strongly moulded by their belief that a useful 

system should be interactive and provide interactive feedback. This is evident from the 

significant total effect System Interactivity (SIT) has on Perceived Usefulness (PU) (6.2.10, 

Table 13) 

On the other hand they do not prefer using a system just because it is easy to use. This can be 

inferred from the rejection of H3 which states that Perceived Ease of Use (PEOU) will have a 

direct effect on BI (6.2.10, Table 12). However, they think that a useful system must be easy 

to use, this can be seen from the strong direct effect of PEOU on PU (6.2.10, Table 12). This 

expectation strongly but indirectly affects their intention to use the system (6.2.10, Table 13). 

Additionally, their perception of ease of use of the system is effected by a good user interface 

design which is indicated by the significant effect of User Interface Design (UID) on PEOU 

(6.2.10, Table 12). They believe that for a system to be easy to use the user interface design 

needs to be intuitive and clear. 

The participants also believe that playfulness is important for them to use the system, this is 

evident from the significant direct effect on Behavioural Intention (BI) (6.2.10, Table 12). 

However, with a low predictive relevance (6.2.9, Table 11) for playfulness, this effect might 

just be out of chance and not repeatable for a set of different participants. 

The research model analysing the causal paths that explain a user’s intention to use the 

prototype was formed and analysed only for Prototype 1 and not for Prototype 2 due to limited 

number of participants (8.1.3). However, looking at the comparison for the answers to 
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technology acceptance constructs for Prototype 2 and JSAV (8.3, Table 23, Table 24) makes 

three constructs standout. System Interactivity (SIT), User Interface Design (UID) and 

Perceived Ease of Use (PEOU) significantly differentiated ThinkInk Prototype 2 from JSAV.  

Comparing the abovementioned results of the analysis on Prototype 2 with the results of the 

PLS-SEM analysis of Prototype 1 shows that these three factors did play an indirect but 

important role in user’s liking ThinkInk prototypes. Users prefer an interactive interface that 

provides them meaningful and timely feedback. They also prefer a well-designed and intuitive 

user interface. They prefer the system to be usable for its purpose but also want it to be easy to 

use and especially to not be mentally taxing. 

The above questions mainly dealt with the usability and usefulness of the ThinkInk prototypes 

from a standalone perspective only.  However, how do these factors help ThinkInk stack up 

against a keyboard & mouse tool has not been answered yet. The next section deals with this 

question. 

9.3. RQ2: What is the impact of tool modality on an interactive data 

structure tutoring tool? 

There was learning gain achieved for both ThinkInk and JSAV. However, the evaluation (8.2) 

comparing Prototype 2 and JSAV was inconclusive in showing a difference in the overall 

learning gain achieved by the tools. The learning gain results of ThinkInk Prototype 2 were 

significantly better for inorder traversal and BST. This is similar to the findings of Buchanan 

and Laviola Jr (2014), except that in this project there is a comparison with a keyboard & mouse 

tool. 

The user experience analysis using the technology acceptance constructs also shows an unclear 

picture (8.3). There was no significant difference for most of the construct items. However, 

some items of SIT, PEOU and UID showed significantly better results for ThinkInk. 
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Looking at the user comments and observations (8.4) helps shed more light on the scenario. 

There appears to be an issue with the user interface of JSAV which is reflected by the user 

experience ratings for the construct UID and also by observations that 3 users stopped doing 

the BST task as they found it to too complex. Participants also commented about the difficulty 

in using the BST interface. Additionally, some user wanted to have guiding steps to solve the 

tasks. Regarding the feedback, most were satisfied with it, however the observation regarding 

the model answer panel shows that some participants would have preferred to see automatic 

step by step feedback on the same window in which they were practicing the task. 

From the above discussion it can be seen that there is no conclusive evidence to rate one tool 

better against the other. Hence, it cannot be said that a digital-ink data structure tutoring tool is 

better than a keyboard & mouse tool or a digital-ink modality is superior to keyboard & mouse 

interaction modality. 

Nonetheless, it can be said with confidence that a well-designed digital-ink tool can be used 

for learning simple and some complex data structures. It can also be said confidently that such 

a tool will be liked by the users and they would want to use to learn data structures. 

Next the limitations of this work is discussed. 

9.4. Limitations 

There are two main limitations with this work.  

1. In the evaluation of Prototype 2 there were only 18 participants per group (36 in total). 

Having such a small sample size prevented me from performing a deeper analysis of 

the technology acceptance factors. If there would have been enough participants then a 

PLS-SEM analysis would have been done for both the groups, this would have 

explained the reasoning behind using the tools more clearly. Also, with a small 

population it is difficult to say what results the same experiments would yield with a 

different and larger group. 
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2. After completing the experiments and analysis on Prototype 2, now in retrospect it can 

be seen that JSAV and Prototype 2 do not compare perfectly well. In the pursuit of 

minimising the experimenter’s bias no change was done to JSAV but this resulted in 

many differences in the user experience of JSAV as compared to Prototype 2. For 

example there was no guided instructions in JSAV, also the feedback style of ThinkInk 

is automatic and step by step but it is not so for JSAV, the general user interface layout 

is also different from ThinkInk. JSAV has multiple windows whereas ThinkInk is a 

single window application 

Other limitations of the study are – 

1. ThinkInk was not compared against pen and paper as previous works like those of - 

Oviatt et al. (2006) and Anthony et al. (2005) showed the effectiveness of digital-ink 

tools. Moreover, since no previous study had compared a digital ink data structures 

tutoring tool against a keyboard & mouse tool the focus was on such a comparison. 

2. Due to time limitations a longitudinal study was not conducted. 

3. ThinkInk was just compared against a single keyboard & mouse tool 

4. A comparison was made just against a single modality, i.e. keyboard & mouse modality. 

This was chiefly done because the literature review showed that the prevalent modality 

for data structures and algorithms tutoring tools was keyboard & mouse and it made 

sense to compare ThinkInk against a well-studied modality. 

However, irrespective of the limitation a number of important results were achieved by from 

this research. The contributions of this research is discussed in the next section. 

9.5. Contributions  

The key contributions of this research are – 

1. It is amongst the few digital-ink data structure tutoring tools and the first to be compared 

against a keyboard & mouse tool. 

2. The results indicate that rather than modality of a tool the following aspects are more 

important 

a. Constrained task design and guided instructions 
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b. Interface and interaction design. 

3. It can be used as a case study to show the application of educational psychology and 

HCI design and development principles to develop a successful learning tool. 

4. The PLS-SEM validated research model of Prototype 1 can be used as a guidance for 

assessing the success of similar tools. 

9.5.1 Contribution 1 

This study was carried out after finding a lack of research in non-keyboard & mouse based data 

structure and algorithms tutoring tools. Focusing on digital-ink revealed only three data 

structures and algorithm tutoring tools (2.5.2). As of my knowledge ThinkInk is only the 4th 

digital-ink data structures and algorithm tutoring tool. 

Out of these tools only CSTutor (Buchanan & Laviola Jr, 2014; Buchanan et al., 2012) was 

validated and compared with groups using pen and paper to solve data structure problems 

(Buchanan & Laviola Jr, 2014). However, ThinkInk was compared against a keyboard & 

mouse tool which is the only of its kind of study. 

9.5.2 Contribution 2 

Constrained task design and guided instructions more important than modality 

Works of Sweller (2011) show the advantages of guided instructions and worked examples on 

learning. Also the works of Stahovich (Gennari et al., 2005; Stahovich, 2011) have shown the 

importance of domain knowledge on digital-ink recognition. Their work has shown the benefits 

constraining of recognition by limiting it to a domain has on user experience 

The results show the advantages achieved from constraining the user interaction according to 

the task.  Firstly it helped create step by step guided instruction for the users and helped them 

learn the task in a better way. This was evident from the learning gain achieved by both the 

prototypes. The comments from the users of JSAV regarding the need for steps to complete the 
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task is again a good indicator of the importance of guided instructions for learning. This could 

have played a difference in the significantly more learning gain achieved by ThinkInk users as 

compared to the JSAV users for the BST and inorder traversal tasks. 

The constraining of the tasks also helped in improving the recognition of the ink strokes and 

hence increased the user experience of ThinkInk. Since, ThinkInk was aware of what possible 

strokes a user could draw for a step and it drastically reduced the recognition errors. 

Interface and interaction design more important than modality 

Reducing extraneous mental effort is important for learning (Sweller, 2011). Studies like those 

of Oviatt et al. (2006) indicate that digital-ink tools could be a better learning tool than 

keyboard & mouse tools due to low cognitive load. Studies (Anthony et al., 2005; Black, 1990) 

also state that learning could be effected by the large learning curve of keyboard & mouse tools. 

However the results from this study are contrary and do not indicate such a bias against 

keyboard & mouse tools. There were just two tasks for which ThinkInk had significantly more 

learning gain than JSAV but overall ThinkInk did not have significantly higher learning gain 

than JSAV. In the user experience scenario ThinkInk was only significantly better than JSAV 

for some aspects of interactivity, ease of use and user interface design.  

More important than the modality of the tool was a good user interface design that reduces the 

mental load. Assessing from the observation, comments and the answers to the UID constructs 

for JSAV it can be postulated that users would have preferred a single window interface in 

which the feedback is displayed besides the area in which the user is performing the task. The 

users also preferred a more intuitive user interface. 

The works of Shneiderman et al. (2016) have shown that for a good user experience system 

interactivity and in particular direct manipulation of screen elements along with a good user 
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interface are key. Moreover, studies like those of Naps et al. (2002) state the importance of 

engagement and interactivity for the success of data structures and algorithm tutoring tools. 

The results from both the studies indeed indicate system interactivity being important (9.2.2).  

9.5.3 Contribution 3 

Human computer interaction is a field which has always employed concepts and ideas from 

psychology to develop better interactions and systems (Carroll, 1991). The process adopted for 

this research used educational psychology concepts of constructivism, constructionism, mental 

models and active learning as a base to build the prototypes.  

To bring these theories to practice and build a tangible product various software engineering 

and HCI design practices were used. Firstly, the whole development was engineered in an 

incremental way by developing and improving prototypes. Testing of the prototypes was given 

high importance in order to refine them. Various testing approaches like cognitive dimensions, 

informal/formal usability tests, pilot testing, Wizard of Oz were used. 

The final outcome of such a process were the successful prototypes of ThinkInk which not only 

were highly liked by the users but also provided real learning gains across a variety of data 

structures topics. This study can be used as a case study and a successful exemplar or template 

for researchers and practitioners building education tools specifically those in the Computer 

Science area. 

9.5.4 Contribution 4 

A research model (6.2) was developed based on technology acceptance constructs and was 

validated using a PLS-SEM approach for Prototype 1. The model predicts intention to use 

Prototype 1 based on the relationships of different psychometric constructs. Researchers 

building similar tools can use this model to predict the success of their already built tools. 
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Additionally, such models can also be used before actually building the system hence allowing 

the researcher to understand what factors could play an important part in the success of their 

future product, thus helping them build a better tool (Imtiaz & Maarop, 2014). 

9.6. Conclusion and Future Work 

This research was conducted seeing the presence of just three digital-ink data structures 

tutoring tools. A detailed software engineering and HCI research and design process was 

adopted to develop the ThinkInk prototypes. Each prototype was developed after multiple 

evaluations and refinements. The results from the analyses conducted on Prototype 1 showed 

that it was well liked by most of the users and a majority of them achieved learning gain. The 

analysis also brought forward the factors that promoted the effectiveness of Prototype 1. 

The comparative study between Prototype 2 of ThinkInk and JSAV a keyboard & mouse tool 

showed that users of both the software achieved learning and they were also liked by the users. 

Overall, there was no significant difference in the learning gains of the two groups. However, 

users of ThinkInk performed significantly better for inorder traversal and BST tasks.  Coming 

to user experience, ThinkInk was rated significantly higher than JSAV for some aspects of 

interactivity, user interface design and ease of use. 

This research shows that well-designed tasks and interactions are more important (9.5.2) for a 

tutoring tool and that modality may not make much of a difference. So a digital-ink data 

structures tool might not be superior to a keyboard & mouse one just due to modality. The 

results from the evaluations of both the ThinkInk prototypes attests this conclusion because the 

results from the evaluation of both prototypes for tasks of varying complexities produced 

similar results. ThinkInk was built to teach data structures but education tool researchers in 

computer science and other STEM areas can apply these findings while building their tools. 
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Studies (e.g. (Anthony et al., 2005, 2012; Oviatt et al., 2006)) have stated that digital-ink has 

lower cognitive load than keyboard & mouse and due to this digital-ink tools should be better 

tutoring tools. The results of this study puts this notion into question. Future studies should be 

conducted to compare the cognitive load between digital-ink and keyboard & mouse tools in 

simple to complex scenarios e.g. for learning basic mathematics to advanced topics like 

calculus or for more challenging data structures. This research’s scenario was about 

participant’s learning data structures which is not a simple topic but still there was no 

significant difference between the two tools. Questions arising from these results include: 

Wasn’t the cognitive load different between these tools? If the cognitive load for a digital-ink 

tool is lower shouldn’t there be more learning gain? How does cognitive load related to 

modality change with users getting familiar to the tool? A future study specifically comparing 

the cognitive load between these keyboard & mouse and digital-ink modalities could answer 

such questions. Longitudinal studies also need to be conducted to verify how the results change 

in such a scenario of use. 

The final study had limitations of sample size and not close similarity between JSAV and 

ThinkInk. Future studies should be conducted by making the keyboard & mouse tool almost 

identical to the digital-ink tool so that the role of modality becomes clearer. Also, more 

experiments should be performed with large population size.  

The studies were conducted on a touch enabled device with a stylus, and, even though modality 

was found to not play a crucial difference for learning, future work needs to be done to confirm 

the results on a wide variety of different modalities, e.g. 3D gestures or on touch screens 

without using a stylus. With the ever increasing popularity of touch devices with or without a 

stylus, the successful evaluation of ThinkInk should be an encouragement for people 

developing digital-ink based learning tools.  
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Appendix A: Technology Acceptance Construct Survey 

Items 
 

The technology acceptance construct items used in the analyses in Sections 6.2 and 8.3 were 

adapted from - Terzis and Economides (2011a), Abbad et al. (2009) and I.-F. Liu et al. (2010). 

Survey used for Prototype 1 

 

System Interactivity (SIT) 

SIT1: I believe ThinkInk tasks provide interactive feedback 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

SIT2: I believe the feedback from ThinkInk tasks help in understanding 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

SIT3: I believe the feedback provided by ThinkInk is helpful and effective 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

 

User Interface Design (UID) 

UID1: The graphical user interface is simple and easy to understand. 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 
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UID2: The graphical user interface is intuitive. 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

UID3: The graphical user interface is consistent for all the tasks 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

UID4: I did not need help to learn to use the software’s graphical user interface 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

UID5: I believe the graphical user interface is suitable for the software’s tasks 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

UID6: In general, I am satisfied with the graphical user interface of the software 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

 

Perceived Playfulness(PP) 

PP1: I feel that the software has made my learning enjoyable 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

PP2: I enjoyed doing the data structure tasks 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

PP3: I feel that the tasks were entertaining and fun 



 

205 
 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

PP4: I feel that the software has made me curious about data structures  

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

PP5: The data structure tasks in the software kept me mentally engaged 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

 

Perceived Ease of Use (PEOU) 

PEOU1: The software is easy to use 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

PEOU2: Interacting with the software is easy as it does not require much mental effort 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

PEOU3: It didn’t take me much time to become skillful in using the software 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

PEOU4: My interaction with the system was clear and understandable 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

 

Perceived Usefulness (PU) 
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PU1: The use of this software can help me improve my academic performance in Data structure 

courses 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

PU2: This software is useful for learning the basics of data structures  

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

 

Behavioral Intention (BI) 

BI1: I intend to use this software in the future 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

BI2: I would recommend this software to my friends 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

BI3: I would like to practice other data structures with this software 

5 

Strongly Agree 

4 

Agree 

3 

Neither Or N/A 

2 

Disagree 

1 

Strongly 

Disagree 

 

Survey used for Prototype 2 

 

All the construct items were same as for Prototype 1 except the following – 

SIT2: I believe the graphical feedback from the application’s tasks help in understanding 

SIT3: I believe the task steps provided in the application help in understanding 



 

207 
 

Appendix B: Learning Gain Questionnaires 
 

There were 2 questionnaires (one for pre-test and the other for post-test) for each prototype and 

they were randomly assigned to the participants. The questionnaires for Prototype 1 had 

questions related to 1D arrays and the questionnaires for Prototype 2 had questions related to 

tree traversals and BST insertion. 

Questionnaire 1 for Prototype 1 

 

Q:1 Choose the correct memory representation for the following array – 

       int A [ ] = {1, 0, 2, 9, 5}; 

        

Solution:  

 

(a)  

 

(b)  

 

(c)   

 

(d)  

 

 

Q:2 What is the length of the array A defined in Q:1 

 

Solution:  

 

(a) 4   (b)     5   (c) null (d)    0 

 

Q:3 What is the maximum array index of the array A defined in Q:1 

 

Solution:  
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(a) 9 (b)   5 (c)   4  (d)   2 

 

 

 

 

 

 

Q:4 Choose the correct memory representation for the following array A– 

       int A[4]; 

int A[1] = 0; 

int A[2] = 3; 

int A[0] = 1; 

int A[3] = 2; 

Solution:  

 

(a)  

 

 

(b)  

 

 

(c)   

 

(d)  

 

 

Q:5 Given an array- int A[4] = {100, 3, 2,6}, choose the option depicting the 

correct process that can be used to add number 9 to the end. 

Solution:  

(a) Create a new array, int B[5] 
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Copy elements of A in array B 

 

 

 

 

Insert 9 at the first index location in array B 

 

 

 

 

 

(b) Create a new array, int B[5] 

 

 

 

 

Copy elements of A in array B 

 

 

 

 

Insert 9 at the last index location in array B 

 

 

 

 

(c) Increase the size of array A 

 

 

 

 

Insert 9 at the last index location in array A 

 

 

 

 

 

 

 

Q:6 Given an array - int A[]= {9,5,3,2}  
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Choose the option depicting the correct process that can be used to insert the 

number 1 at index location 0 such that the elements are shifted and only the 

number 2 is deleted from array A.  

 

Solution:  

 

(a)  

Shift 3 to index 3 

 

 

 

 

 

 

 

Shift 5 to index 2 

 

 

 

 

            Shift 9 to index 1 

 

 

 

 

Insert 1 at index 0  

 

 

 

(b) Shift 3 to index 3 
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Shift 5 to index 2 

 

 

 

 

Shift 9 to index 1 

 

 

 

 

Insert 1 at index 0 

 

 

 

(c) Shift 9 to index 1 

 

 

 

 

   Shift 9 at index 1 to index 2 

 

 

 

 

  Shift 9 at index 2 to index 3 

 

 

 

 

  Insert 1 at index 0 
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Q:7 Sort the array int A[5] ={9,2,7,4,5} in the ascending order using selection 

sort showing graphically the intermediate steps using memory representations of 

arrays. 

Q:8 What are the correct intermediate steps of the following data set – 

{15,20,10,18} when it is being sorted with the Selection sort?  

Solution:  

(a) 10, 20,15,18 -- 10,15,20,18 -- 10,15,18,20 

 

(b) 15,20,10,18 -- 15,10,20,18 -- 10,15,20,18 -- 10,15,18,20 

 

(c) 15,18,10,20 -- 10,18,15,20 -- 10,15,18,20 -- 10,15,18,20 

 

(d) 15,10,20,18 -- 15,10,18,20 -- 10,15,18,20 

 

 

Q:9 How many swaps are needed to sort and unsorted array using selection 

sort?  

Solution:  

(a) No. of swaps = Length of array 

 

(b) No. of swaps = (Length of array) *2 

 

(c) No. of swaps = (Length of array) +1 

 

(d) No. of swaps = (Length of array) -1 

 

 

 

Q:10 What is the use of temporary variable in sorting? 
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Questionnaire 2 for Prototype 1 

 

Q:1 Choose the correct memory representation for the following array A– 

       char A [4]; 

char A [1] = ‘a’; 

char A[2] = ’c’; 

char A[0] = ‘d’; 

char A[3] = ‘e’; 

Solution:  

 

(a)  

 

 

(b)  

 

 

(c)   

 

(d)  

 

 

 

Q:2 What is the maximum array index of the array A defined in Q:1 

Solution:  

 

(a) e (b)   3 (c)   c (d)  4 

 

Q:3 What is the length of the array A defined in Q:1 

Solution:  

 

(a) 3 (b)  1  (c)  4 (d) 0 
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Q:4 Choose the correct memory representation for the following array – 

       char A [4] = {‘p’,’e’, ‘v’, ‘h’}; 

        

Solution:  

 

(a)  

 

(b)  

 

(c)   

 

(d)  

 

 

 

Q:5 Given an array- char A[4] = {‘w’,‘x’, ‘y’, ‘z’}, choose the option depicting 

the correct process that can be used to add character ‘a’ to the end. 

 

Solution:  

 

(a) Create a new array, char B[5] 

 

 

 

 

Copy elements of A in array B 

 

 

 

 

Insert ‘a’ at the first index location in array B 

 

 

 

 

 

(b) Create a new array, char B[5] 
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Copy elements of A in array B 

 

 

 

 

Insert ‘a’ at the last index location in array B 

 

 

 

 

(c) Increase the size of array A 

 

 

 

 

Insert 9 at the last index location in array A 

 

 

 

 

 

 

Q:6 Given an array - char A[4]= {‘a’,’b’,’c’,’w’}  

 

 

Choose the option depicting the correct process that can be used to insert 

character 'f' at index location 0 such that the elements are shifted and only the 

character 'w' is deleted from array A.  

 

Solution:  

(a)  
Shift ‘c’ to index 3 
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Shift ‘b’ to index 2 

 

 

 

 

Shift ‘a’ to index 1 

 

 

 

 

 

Insert ‘f’ at index 0  

 

 

 

 

(b)  

Shift ‘c’ to index 3 

 

 

 

 

 

     

 

Shift ‘b’ to index 2 

 

 

 

 

 



 

217 
 

Shift ‘a’ to index 1 

 

 

 

 

Insert ‘f’ at index 0 

  

 

 

(c)  

Shift ‘a’ to index 1 

 

 

 

 

 

 

 

Shift ‘a’ at index 1 to index 2 

 

 

 

 

 

Shift ‘a’ at index 2 to index 3 

 

 

 

 

 

    Insert ‘f’ at index 0  
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Q:7 Sort the array char A[5] ={‘x’,’a’,’w’,’d’,’b’} in the ascending order using 

selection sort showing graphically the intermediate steps using memory 

representations of arrays. 

 

Q:8 What are the correct intermediate steps of the following data set – 

{‘b’,’d’,’a’,’c’} when it is being sorted with the Selection sort?  

Solution:  

(a)  ‘b’,’c’,’a’,’d’ –-  ‘a’,’c’,’b’,’d’ –-  ‘a’,’b’,’c’,’d’  

 

(b)   ‘a’, ‘d’ ,’b’, ‘c’ –-  ‘a’, ’b’ , ‘ d’, ‘c’  –-  ‘a’, ‘b’ , ‘c’, ‘d’ 

 

(c)  ‘b’,’d’,’a’,’c’ –-  ‘b’,’a’,’d’,’c’ –-  ‘a’,’b’,’d’,’c’ –-  ‘a’,’b’,’c’,’d’ 

 

(d) ‘a’,’d’,’b’,’c’ –- ‘b’,’a’,’c’,’d’ –- ‘a’,’b’,’c’,’d’ 

 

 

 

Q:9 How many passes (or "scans") will there be through a list being sorted using 

a selection sort?  

Solution:  

(a)  (Length of array) +1 

 

(b)  (Length of array) *2 

 

(c)  (Length of array) -1 

 

(d)   Length of array 

 

Q:10 What is the use of temporary variable in sorting? 
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Questionnaire 1 for Prototype 2 

 

Q:1 The order of inorder traversal is: 

        

Solution:  

 

(e) LEFT RIGHT ROOT 

 

(f) ROOT LEFT RIGHT 

 

(g) LEFT ROOT RIGHT  

 

(h) ROOT LEFT LEFT 

 

Q:2 For the following binary tree choose the correct inorder traversal 

 

Solution:  

 

(b)  4 5 2 3 1   (b)     4 2 5 1 3   (c) 1 2 4 5 3  (d)   1 2 3 4 5 

_________________________________________________________ 

Q:3 For the following binary tree choose the correct preorder traversal 

 

Solution:  

 

(b) 1 2 4 5 3 7 (b)   4 5 2 7 3 1 (c)   4 2 5 1 3 7   (d)   1 2 3 4 5 7 
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Q:4 The order of preorder traversal is: 

        

Solution:  

 

(a) LEFT RIGHT ROOT 

 

(b) LEFT ROOT RIGHT  

 

(c) ROOT LEFT LEFT 

 

(d) ROOT LEFT RIGHT 

 

 

Q:5 The order of postorder traversal is: 

        

Solution:  

 

(a) LEFT RIGHT ROOT 

 

(b) LEFT ROOT RIGHT  

 

(c) ROOT LEFT LEFT 

 

(d) ROOT LEFT RIGHT 

 

 

Q:6 For the following binary tree choose the correct postorder traversal 

 

Solution:  

(a) 63 40 55 31 22 17 (b)   55 63 40 22 31 17 (c)   55 63 22 31 17 40  (d)   

40 63 31 17 22 55 
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Q:7 The inorder traversal of a tree is – “5 3 9 4 0” and the preorder traversal is – 

“9 5 3 0 4”. From the following choose the correct postorder traversal of the tree- 

 

Solution:  

(a) 3 5 4 0 9 (b)   3 0 4 5 9 (c)   3 5 4 9 0 (d)   3 0 4 9 5 

 

 

Q:8 The inorder traversal of a tree is – “5 6 3 10 4 8” and the preorder traversal 

is – “10 6 5 3 8 4”. From the following choose the correct postorder traversal of 

the tree- 

 

Solution:  

(a) 3 5 6 10 8 4 (b)   5 3 6 4 10 8 (c)   6 3 5 4 8 10 (d)   5 3 6 4 8 10 

 

 

Q:9 For the following keys “9 0 15 5 ”-  choose the correct Binary Search Tree 

(BST) representation 

Solution:  

 

(a)    (b)  (c)  

 

(d)  
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Q:10 For the following keys “30 50 80 5 10 ”-  choose the correct Binary Search 

Tree (BST) representation 

Solution:  

(a)  (b)   

(c)   (d)  
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Questionnaire 2 for Prototype 2 

 

Q:1 The order of inorder traversal is: 

        

Solution:  

 

(i) LEFT RIGHT ROOT 

 

(j) ROOT LEFT RIGHT 

 

(k) LEFT ROOT RIGHT  

 

(l) ROOT LEFT LEFT 

 

Q:2 For the following binary tree choose the correct inorder traversal 

 

Solution:  

 

(c)  10 8 9 2 6    (b)     8 10 2 6 9   (c) 9 10 8 6 2   (d)   10 6 9 2 8 

_________________________________________________________ 

Q:3 For the following binary tree choose the correct preorder traversal 

 

Solution:  

 

(c) 4 5 2 6 7 3 1  (b)   4 2 5 1 6 3 7  (c)   1 2 4 5 3 6 7 (d)   1 2 3 4 5 6 7 
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Q:4 The order of preorder traversal is: 

        

Solution:  

 

(e) LEFT RIGHT ROOT 

 

(f) LEFT ROOT RIGHT  

 

(g) ROOT LEFT LEFT 

 

(h) ROOT LEFT RIGHT 

 

 

Q:5 The order of postorder traversal is: 

        

Solution:  

 

(e) LEFT RIGHT ROOT 

 

(f) LEFT ROOT RIGHT  

 

(g) ROOT LEFT LEFT 

 

(h) ROOT LEFT RIGHT 

 

 

Q:6 For the following binary tree choose the correct postorder traversal 

 

Solution:  

(b) 4 2 5 1 6 3  (b)   1 2 3 4 5 6 (c)   1 2 4 5 3 6 (d)   4 5 2 6 3 1 
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Q:7 The inorder traversal of a tree is – “2 5 9 6 3” and the preorder traversal is – 

“9 2 5 3 6”. From the following choose the correct postorder traversal of the tree- 

 

Solution:  

(b) 9 2 6 3 5  (b)   5 2 6 3 9  (c)   5 3 6 2 9  (d)   5 6 2 3 9 

 

 

Q:8 The inorder traversal of a tree is – “0 9 3 4 2 6” and the preorder traversal is 

– “4 9 0 3 6 2”. From the following choose the correct postorder traversal of the 

tree- 

 

Solution:  

(b) 0 6 9 2 3 4  (b)   9 3 0 2 6 4  (c)   0 3 9 2 6 4  (d)   2 3 9 0 6 4 

 

 

Q:9 For the following keys “10 15 50 1 ”-  choose the correct Binary Search Tree 

(BST) representation 

Solution:  

 

(b)    (b)  (c)  

 

(d)  
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Q:10 For the following keys “9 0 1 10 2 15”-  choose the correct Binary Search 

Tree (BST) representation 

Solution:  

(b)  (b)   

(c)   (d)  
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Appendix C: Screenshot of prototype task steps 
 

Prototype 1 tasks 

 

 
Figure 50. Array Fundamental Tasks 

 
Figure 51. Array Intermediate Tasks 
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Figure 52. Array Advanced Task 
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Prototype 2 tasks 

 

 

 
Figure 53. Inorder and Preorder Traversals 
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Figure 54. Postorder and BST 

  



 

231 
 

Appendix D: Co-Authorship Forms and Ethics Approval 
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