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Abstract 

Cerebral palsy (CP) is a common physical disability that results in activity limitation 

and reduced participation in society. Computer mouse accessibility is important for 

participation in work and educational settings. This thesis investigates making use of 

movement planning ability to improve mouse-based target acquisition for people with 

CP. 

Initial experiments studied CP’s effects on movement planning. For reaching tasks 

across different planning conditions, temporal coordination (eye-hand movement onset 

asynchrony) was generally similar between participants with and without CP. Notably, 

movement durations were significantly longer for the group with CP. This suggests 

that movement execution difficulties are making a greater contribution to activity 

limitation than any movement planning deficits. 

A mouse-based target acquisition method (the expansion cursor) was then devised that 

aimed to allow users to plan around difficult movements and improve small target 

acquisition. To make use of planning ability, users must have choice when planning an 

interaction. The expansion cursor is a zoom lens that users can choose to utilise or 

ignore at every individual click. The zoom can be utilised by holding down the mouse 

button for an extended period when clicking. The zoom function can also be ignored 

by clicking quickly as per typical computer use. In a user evaluation, using the zoom 

functionality improved accuracy for small targets. 

The expansion cursor effectively allowed users to replace one movement to a small 

target with two movements to larger targets, but this increased acquisition times. In the 

final experiment, the potential for two movements to larger targets to be more efficient 

than a single movement was evaluated. Results suggested that two movements are only 

faster when the smaller single target requires many corrective movements. 

In conclusion, using movement planning ability has great potential to improve 

accessibility of acquiring small targets without segregating users. However, 

introducing choice is unlikely to improve speed, and it is difficult for this choice to be 

readily available to the user without affecting typical use in some small way. 
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Glossary 

1-D: One-dimensional. 

2-D: Two-dimensional. 

A: The amplitude of a movement. This is generally from the centre of a start location to the 

centre of the target. AL is the amplitude of a movement starting from the left of the target, and 

AR is the amplitude of a movement starting from the right of the target. 

a:An empirically determined constant that depends on the participant as part of Fitts’s Law. 

acquisition: Acquiring a target involves both selecting it (as per the selection criteria) and 

confirming that selection (as per the confirmation criterion). 

Ave MTA: Average movement time across all possible amplitudes to a specific target. 

Ave MTc: Average movement time across all possible target columns and all possible 

amplitudes (i.e. for a randomised starting cursor location). 

b: An empirically determined constant that depends on the participant as part of Fitts’s Law. 

bandwidth: The finite range of possibilities for a communication channel. For example screen 

space is a form of bandwidth since it is finite, and displaying icons/targets uses screen space. 

buttons: Physical buttons that complete or break a circuit (e.g. on a mouse). For ‘buttons’ on a 

screen, the word ‘target’ or ‘icon’ is used. 

c: The number of target columns for one movement layer. 

C-D gain: Control-display gain. The gain between the control (selection input/mouse 

movement) and the display (selection representation/cursor). 

channel: A means of conveying information. For example, a mouse button is the channel for 

meeting a confirmation criterion. 

confirmation criterion: The criterion used to confirm the acquisition of the currently selected 

target. In most cases this is clicking the mouse button. I.e. when the confirmation criterion is 

met (clicking occurs), an icon/target is acquired. 

CP: Cerebral palsy. 
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CT: Completion time. 

CRT: Choice reaction time. 

current target: In relation to the movement where onset asynchrony is being considered, the 

current target is the target that the movement onsets are being made towards. 

DCD: Developmental coordination disorder. 

direct pointing: Pointing where the hand comes directly into contact with the target and is not 

represented by any other graphic (such as a cursor) or physical device. As per ISO 9241-9, this 

can still include cases where a stylus is used as well. 

DOF: Degrees-of-freedom. How many dimensions are required to specify a movement. 

double-step task: A semi-reciprocal task where there are two distinct steps. Note that the first 

target must be acquired as well as the second one. 

effector: The element being controlled to act on the environment, i.e. eye, hand, or an indirect 

representation of the hand (such as a cursor). Whilst eyes do not actuate anything in a strict 

sense, the movement of the eye ball is considered in the systematic review in subsection 3.2 as 

an effector from a control perspective. 

efficacy: Similar to throughput. Increased interaction efficacy indicates that it is both fast and 

accurate. 

entropy: The amount of uncertainty of which outcome will occur. 

GUI: Graphical user interface. 

H: Change in entropy. 

HCI: Human-computer interaction. 

HCP: Hemiparetic cerebral palsy. 

icon: Graphical representation of a target. 

ID: Index of difficulty. A value used when calculating MT according to Fitts’s Law. 

ISO: International Organization for Standardization. 

l: The number of movement layers. 



Glossary 

xxv | P a g e  

 

L: This is used in two different instances. In chapter 3 it is used to represent the total number 

of movement layers. In chapter 8 it is used to represent the distance from the centre of the 

target to the left edge of the screen. 

MACS: Manual Ability Classification System. 

magnification level: The multiplier used when increasing a target width via a zoom or added 

movement layer. For example, a 10 pixel wide target will become 30 pixels wide is a 

magnification level of 3 is used. Note that the magnification level is for the target width, not 

its area. 

MHP: Model Human Processor. 

motor space: The physical space in which a target can exist. For example, a target that is large 

in motor space can be selected via a large range of physical mouse locations. Whereas a target 

that is small in motor space will require fine motor control to select. This is distinct from 

visual space. 

ms: milliseconds. 

MT: Movement time. 

n: This is used in two different instances. In chapter 4 it is used to represent the nth data point 

of a set. In chapter 8 it is used to represent the total number of possible outcomes. 

next target: When onset asynchrony is being considered, the next target is the target following 

the one that the movement onsets are being made towards. I.e For MOAx, this is target x+1. 

There may or may not be a next target for any type of trial; it is assumed that the next target 

has little to no effect on the onset asynchrony. 

offset: The point in time at which an effector arrives at the current target. Similarly to with 

onset measurements, the strict definition of how this is measured varies slightly from paper to 

paper depending on the experiment set-up. 

onset: The point in time at which an effector leaves the start point and starts to move towards 

the current target. Note that the strict definition of how this is measured varies slightly from 

paper to paper depending on the experiment set-up. 

p: The probability of a difference not existing. 
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previous target: In relation to the movement where onset asynchrony is being considered, the 

previous target is the target that the movement onsets are being made away from. There is only 

a previous target for reciprocal and semi-reciprocal movements, but not for discrete 

movements. 

primary sub-movement: The initial ballistic movement towards a target. 

R: The distance from the centre of the target to the right edge of the screen. 

RT: Reaction time. 

selection criteria: The logical criteria used to determine whether an icon/target will be 

acquired when a confirmation event occurs. E.g. for a normal icon, the selection criteria is 

whether the cursor position matches the icon position. In other words, whether the cursor is 

over the icon. 

semi-reciprocal: A general term for a task or movement that is not purely discrete or 

reciprocal. As such, there must be a previous movement to a target (or the target must jump), 

but movements are not made repetitively back and forth between two known locations. Note 

that the first movement of a semi-reciprocal task is considered to be a discrete movement since 

there was no prior movement. 

significant: The word ‘significant’ is used when there is a statistical significance. Generally 

this means p<0.05. The only exception is for the Wilcoxon signed-rank tests in chapter 8 

where a Bonferonni correction has not been applied to the reported p-values. Instead a 

Bonferroni correction is used in interpreting those p-values, hence significance is set at 

p<0.017. For all other evaluations of significance, a Bonferroni correction was applied to 

reported p-values by SPSS as part of the syntax used. 

start point: The specific point at which the eyes and hands start a trial. Note that this may be a 

separate point for each effector. Also, for reciprocal and semi-reciprocal movements the start 

point is usually considered to be the previous target. 

SW: Screen width. 

target: A user-interface element that can be acquired with a cursor (when using a computer). 

The physical location that is the goal end point of a pointing movement (when discussing 

reaching movements). 



Glossary 

xxvii | P a g e  

 

target size: This is used interchangeably with target width (W). Note that target size is not the 

target area. 

target-jump task: A semi-reciprocal task where there is only one target but it changes location 

after trial start, generally whilst the eyes are making a saccade. 

throughput: A measure of information per time. 

unused space: Screen space where mouse button events have no consequences. I.e. there are 

no icons there (as in GUI targets). 

visual space: The visual space in which a target can exist. For example, a target that is large in 

visual space occupies a large area of a user’s visual field. Whereas a target that is small in 

visual space is visually smaller and more difficult to see. This is distinct from motor space. 

W: Target width. The width is parallel to the direction of a movement. 

W/o CP: Without cerebral palsy. 



  
 

xxviii | P a g e  

 

Co-Authorship Forms 

  



Co-Authorship Forms 

xxix | P a g e  

 

 

  



Co-Authorship Forms 

xxx | P a g e  

 

 

  



Co-Authorship Forms 

xxxi | P a g e  

 

 

  



Co-Authorship Forms 

xxxii | P a g e  

 

 

 

 

 



  
 

1 | P a g e  

 

1. INTRODUCTION 

Cerebral palsy (CP) is relatively common physical disability. Estimates vary, but it occurs in 

approximately 3 per 1000 births (Lin 2003, Yeargin-Allsopp, Van Naarden Braun et al. 2008). 

Cerebral palsy is damage to the brain at or around birth that results in motor impairment. It is 

an umbrella term in several senses. Its causes can vary, and the effects it has on people’s lives 

and the symptoms they experience can vary greatly as well. For some people, it can affect 

their ability to control most of their body. For other people, the effects are less discernible and 

it may not even be diagnosed until several years of age. 

A common and defining feature of CP is that it results in activity limitation (i.e. a reduced 

ability to perform functional activities). Since CP begins from birth, activity limitation can 

have developmental consequences. For example, if a computer is more difficult to use, then it 

may be more difficult to practice spelling and written expression. So, activity limitation can 

lead to reduced participation in society. 

Reduced participation in society is also a defining aspect of disability as a social concept. 

According to the social model of disability, “disability is something imposed on top of our 

impairments, by the way we are unnecessarily isolated and excluded from full participation in 

society” (Union of Physically Impaired Against Segregation 1975). 

Computers are an integral part of participating in society, so computer accessibility is 

important. Computers are used for learning, socialising, working, and independence. Desktop 

computers with a mouse are particularly prevalent in educational and work environments. The 

main purpose of the mouse is target acquisition, i.e. clicking icons on the screen. Improving 

target acquisition and accessibility should lead to improved opportunity to participate. 

A lot of research has gone into improving target acquisition although often solutions are 

essentially forced upon users in a ‘take it or leave it’ manner. For example, the mouse speed 

(gain) can be adjusted and set to the slowest option. This improves accuracy when acquiring 

small targets, but the rest of the time it interferes with usability. Likewise, an input device such 

as a trackball requires less dexterity to use than a mouse does, but it will never be as 

ubiquitous. Both trackballs and regulating cursor speed are useful. However they primarily 
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aim to adapt a user to the environment. The onus is on the user to purchase different hardware, 

and to persist with using a cursor speed that will be a compromise one way or another. 

Instead of adapting the user to environment, what if it were possible to facilitate the user 

having ongoing control over their environment? To extend the user’s freedom in the way that 

they interact with computers? To make use of their ability to make choices for themselves 

based on context? To plan their actions based on what is best for them? 

This thesis approaches accessibility and target acquisition from a new perspective: can user 

choice and movement planning abilities be leveraged to allow control over the environment 

and improve target acquisition for people with CP? 

Planning ability is required for control to be useful. If a user has several ways of interacting 

with a computer to achieve a single goal, movement planning ability is required to select the 

best way of achieving the task goal based on the context. Movement planning is the ability to 

assess the actions required to get from a current state (or position) to a desired future state and 

achieve an extrinsic task goal (Wolpert 1997). 

Little work examines CP and movement planning. Even less work openly considers movement 

planning as part of assistive technology use. This thesis investigates both. As will be explored, 

leveraging movement planning ability has great potential, but also many considerations and 

fine details that need to be explored. 

One possible problem with making use of planning ability is that previous work has suggested 

that CP affects planning ability (Steenbergen, Gordon 2006). However, the extent to which 

any deficits in movement planning ability contribute to activity limitation is not well 

understood. Furthermore, it is not known whether any planning deficits apply to the simple 

goal-directed reaching movements that are involved in computer interaction. Part of the reason 

for this is that movement planning cannot be measured directly. Previous work has primarily 

measured grip placement in object reorientation tasks (Steenbergen, Meulenbroek et al. 2004, 

Mutsaarts, Steenbergen et al. 2005, Mutsaarts, Steenbergen et al. 2006), and anticipatory 

fingertip force regulation when lifting objects (Eliasson, Gordon et al. 1991, Duff, Gordon 

2003, Gordon, Charles et al. 1999, Gordon, Charles et al. 2006a, Rosenbaum, Meulenbroek et 

al. 2001). Neither of these measures or tasks relate particularly well to computer use. 

One research group (Verrel, Bekkering et al. 2008, Steenbergen, Verrel et al. 2007) has used a 

measure which can be adopted to investigate goal directed pointing. Eye-hand movement 

onset asynchrony (onset asynchrony for short) is the difference in timing between one’s eye 
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starting to move to a target, and one’s hand starting to move. They measured onset asynchrony 

during an object transportation task, and they primarily assessed visual monitoring of the hand. 

A key contribution of this thesis is furthering the understanding of what onset asynchrony 

means, and using this understanding to assess planning behaviour during goal-directed 

pointing tasks (of people with and without CP). 

As I will show, potential deficits in movement planning are not the main problem for people 

with CP when acquiring targets. Therefore movement planning ability can be leveraged to 

develop a better interaction. 

Planning ability can be used to improve target acquisition by facilitating ongoing control over 

target size. This control would allow users to adjust difficulty based on their own judgement of 

context. If a user has continuous control over target size then they can choose to make a target 

bigger when they decide it is too small. The act of making a target bigger necessitates an extra 

input or movement from a user. As such, they are effectively replacing one difficult movement 

to a small target with two easier movements. Since this is a choice, and not forced upon the 

user, it also means the user can choose to make a single movement to a target when they 

decide it is not too small. Thus, this choice between one or two movements would allow 

ongoing control over difficulty at the user’s discretion. If users are able to take into account 

this range of options when planning their movements, it should improve computer 

accessibility. 

As well as improved accessibility, a positive aspect of using planning and discretionary choice 

is that it should avoid the negative social aspects of assistive technology. The goal of assistive 

technology is to improve participation in society. However, the act of using assistive 

technology can mark users as being different (Shinohara, Wobbrock 2011). So even if 

assistive technology is functionally useful, it can have unintended negative social 

connotations. For example, people are often assumed to be helpless without their assistive 

technology (Shinohara, Wobbrock 2011). If users have continuous choice and control over 

how they interact, they can choose to use the alternative method based on their situation. 

Hence they will not be segregated into groups of ‘people who need help’ and ‘people who do 

not need help’. Particularly if an interaction method can be devised that is useful for people 

without CP as well. 

There is a negative aspect of allowing users to replace one movement with two easier ones. 

Two movements are likely to take longer than one. As such, the user is presented with a speed-

difficulty trade-off. Also of concern is whether this speed cost is practically unavoidable for 
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any interaction method that adds a movement layer. That is, for a given bandwidth, does the 

increase in target size associated with adding a movement layer ever counteract the time 

penalty of making an extra movement? Can two movements communicate faster than one? 

 RESEARCH QUESTIONS 

The primary goal of this thesis is: 

To investigate the use of movement planning ability to improve mouse-based target 

acquisition for people with cerebral palsy (CP) whilst avoiding negative social aspects 

of assistive technology. 

To achieve this goal, three key questions were considered: 

Q.1 How does cerebral palsy affect movement planning for people who use a mouse? 

Q.2 How can movement planning abilities be used to improve target acquisition? 

Q.3 Does using movement planning necessarily reduce target acquisition efficacy? 

Answers to these questions are the main contributions of this thesis and all are the subject of 

chapters containing experiments. The story of how all of the questions relate to one another 

will now be outlined. 

A key aspect of Q.1 is that this thesis focuses on improving mouse-based target acquisition for 

people with CP who would usually use a mouse. This limits the scope to a sub-category of the 

general population of people with CP; generally levels I and II on the Manual Ability 

Classification System (MACS) scale (Eliasson, Krumlinde‐Sundholm et al. 2006). The 

reasons for focusing on this population, and the decision to focus on the mouse as an input 

device, are discussed in background subsection 2.4 Cerebral Palsy and Computer Access. 

Essentially, people who can use a mouse choose to use a mouse (Davies, Chau et al. 2010). 

Several chapters of research in this thesis are focused on Q.1. Movement planning ability is 

difficult to measure and has many facets. An in depth understanding of people’s planning 

abilities and limitations is required to investigate leveraging these abilities to improve target 

acquisition. The experiment in chapter 6 (Eye Movements Show Similar Adaptations in 

Temporal Coordination to Movement Planning Conditions in Both People With and Without 

Cerebral Palsy) aims to answer Q.1. That experiment uses eye-hand movement onset 

asynchrony as a measure to assess movement planning behaviour. Aside from using onset 

asynchrony to improve understanding of movement planning and CP, a major contribution of 
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this thesis is improving understanding of onset asynchrony itself. Onset asynchrony factors are 

systematically reviewed in subsection 3.2 (Review: An Analysis of Eye-Hand Movement 

Onset Asynchrony Adjustments), and an experiment in chapters 5 (Repeatability of Eye-Hand 

Movement Onset Asynchrony Measurements and Cerebral Palsy: A Case Study) investigates 

its repeatability. They both support the experiment in chapter 6. That experiment suggests that 

movement planning can be utilised to avoid difficult to execute movements. 

Once it was established that movement planning abilities could be used, research focused on 

how to make use of it (Q.2). It is argued that the most important aspect of improving target 

acquisition is improving target accessibility. That is, a user should be able to achieve all 

possible task goals. To ensure this, planning ability can be leveraged via implementing a 

method of recourse to accurately acquire small and difficult targets. This method of recourse 

must also be adoptable. For it to be adoptable, it cannot socially segregate anyone who uses it, 

and it must become commonly available. As such, it is important that it is useful to both 

people with and without CP, and that it does not interfere with typical interaction. In terms of 

functional improvements to target acquisition, a taxonomy of possible changes is developed in 

related work subsection 3.1. Based on this line of thought, a prototype implementation was 

designed and evaluated with an experiment in chapter 7 (Expansion Cursor: A Zoom Lens that 

can be Voluntarily Activated by the User at Every Individual Click). The implementation is a 

user-initiated zoom lens called the expansion cursor. It allows the user to replace a difficult 

movement to a small target with two easier movements to larger targets. This improves 

accuracy when acquiring small targets. It should be reasonably adoptable since it seems to not 

segregate users, and does not prevent typical interaction. 

However, the expansion cursor did result in increased completion times. That result lead to the 

third and final research question of (Q.3) ‘Does using movement planning necessarily reduce 

target acquisition efficacy?’ The underlying assumption is that using movement planning 

necessarily involves adding a choice. In turn, a choice necessitates adding a movement layer 

since an additional input must be made to signify that the alternative choice has been made. 

The implications of adding a movement layer are addressed theoretically and via an 

experiment in chapter 8 (How can Adding a Movement Layer Improve Interaction Efficacy?). 

 ORGANISATION OF THESIS 

This thesis presents the path taken to developing and evaluating a novel mouse-based target 

acquisition method aimed at leveraging user’s movement planning ability to avoid difficult to 

execute movements. 
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The research experiments in this thesis can be divided into two main topics: CP and movement 

planning (chapters 5 and 6), and improving target acquisition (chapters 7 and 8). The section 

about CP and movement planning works toward answering Q.1. The section about improving 

target acquisition aims to answer Q.2, & Q.3. 

These two research sections are prefaced by introductory chapters (chapters 1, 2, 3, and 4) and 

followed by a general discussion and conclusion (chapter 9). Finally, supplementary material 

is provided (chapters 10 and 11). 

Here is a summary of the contents and purpose of each chapter: 

Introductory Chapters: 

Chapter 1 is a brief introduction to the purpose of this research, the layout of this document, 

and the related publications. 

Chapter 2 is an overview of the literature and theoretical background that the experiment-

based research of this thesis is based upon. It summarises the nature of cerebral palsy and how 

it generally affects hand-eye coordination. It then looks at the specifics of how CP is thought 

to affect the planning of hand movements. That is followed by the implications of the 

condition regarding computer access. Lastly, an overview of design philosophies of assistive 

technology is provided. 

Chapter 3 provides extensive overviews of related work in two key areas. First is a thorough 

review into related work aiming to improve target acquisition. A taxonomy of target 

acquisition mechanics is developed that is then used to highlight what can be changed, along 

with common design opportunities and issues. The second main subsection of this chapter 

introduces the key measure that is used to investigate movement planning in this thesis: eye-

hand movement onset asynchrony (onset asynchrony for short). This subsection is a systematic 

review into factors affecting onset asynchrony. Based on this review a model is put forward of 

why people vary the timing of their eye movements when making goal-directed hand 

movements. This model is used as the theoretical basis for the design and interpretation of the 

onset asynchrony experiments in chapters 5, and 6. 

Chapter 4 provides an insight into the methodology of the experiment-based research. The 

specific methods of data collection and verification are given. This is done for both movement 

planning experiments, and target acquisition experiments. Ethical considerations are also 

discussed. 
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Research Section 1: CP and Movement Planning 

Chapter 5 is a two participant case study investigating the repeatability of onset asynchrony 

measurements. The systematic literature review completed as part of chapter 3 revealed that 

despite a significant number of research papers performing analyses with this measurement, 

no-one had investigated if the measurements are repeatable. This chapter also serves as a pilot 

study for the following chapter. 

Chapter 6 presents a complete experiment comparing onset asynchrony changes of 

participants with and without CP in response to different planning conditions. This is a 

relatively novel method of investigating the effects of CP on movement planning. This work 

builds on existing literature by further exploring different aspects of movement planning 

ability. The task is also designed to be as simple as possible, and focuses on goal-directed 

pointing similar to using a computer. 

Research Section 2: Improving Target Acquisition 

Chapter 7 introduces a novel mouse-based interaction method, the expansion cursor. The 

design is detailed and a user evaluation is performed. The main goal was to help people with 

and without CP accurately acquire small targets in a way that did not prevent acquiring targets 

in a typical manner. 

Chapter 8 investigates the trade-off of adding an extra movement layer. First, a theoretical 

model is construction and the implications are predicted. Then, a controlled throughput 

experiment evaluates whether the expansion cursor could possibly improve interaction 

efficacy. A drawback of the expansion cursor that is predicted by the model, and observed in 

chapter 7, was that adding a movement layer increased target acquisition durations. 

Discussion and Conclusions 

Chapter 9 discusses the overall implications of all experiments presented in the thesis. It 

considers the potential, benefits, and costs of using movement planning to improve target 

acquisition. Finally, the contributions of this thesis are mentioned along with the future work 

that will hopefully arise from it. 

Supplementary Material 
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Chapter 10 contains the supplementary material. The most notable is Table 10-1 in Appendix 

A which summarises related work that aims to improve target acquisition. There are also 

forms relating to ethics, and some maths related to the throughput experiment. 

Chapter 11 is a list of references. 

 PUBLICATIONS ARISING FROM THIS THESIS 

Herewith a list of publications resulting from work detailed in this thesis. Several chapters are 

adaptations of these publications. 

ACCEPTED FOR PUBLICATION J. BIOMEDICAL ENGINEERING & BIOSCIENCES - A 

Systematic Review Based Analysis of Eye-Hand Movement Onset Asynchrony Adjustments 

(Payne, Plimmer et al. in press) 

PUBLISHED FROM CHINZ ’15 - Repeatability of Eye-Hand Movement Onset Asynchrony 

Measurements and Cerebral Palsy: A Case Study (Payne, Plimmer et al. 2015) 

PRESENTED AT AACPDM ’16 - Eye and hand onsets show similar adaptive changes in 

temporal coordination for people with and without cerebral palsy (Payne, Plimmer et al. 

2016a) 

PUBLISHED IN EXP BRAIN RES - Eye movements show similar adaptations in temporal 

coordination to movement planning conditions in both people with and without cerebral palsy 

(Payne, Plimmer et al. 2017b) 

PUBLISHED FROM OZCHI ’16 - Expansion Cursor: User Adjusted Target Size for Mouse-

Based Target Acquisition (Payne, Plimmer et al. 2016b) 

TO BE PUBLISHED FROM INTERACT ’17 – How can Adding a Movement Improve 

Target Acquisition Efficacy? (Payne, Plimmer et al. 2017a) 

The ensuing background chapter provides the relevant literature and concepts that the later 

research chapters are based upon. 
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2. BACKGROUND – CEREBRAL 

PALSY 

To answer the key research questions as contained in the previous chapter, additional 

background information is required. This information will be discussed within this chapter. 

This chapter presents the background knowledge and literature required to contextualise the 

following research chapters. The research chapters are split into two areas of research: cerebral 

palsy’s effects on movement planning (chapters 5 and 6), and improving small target 

acquisition with a mouse (chapters 7 and 8). This background chapter reflects the structure of 

the research chapters. Subsections 2.1, 2.2, and 2.3 relate to cerebral palsy and/or movement 

planning. Subsections 2.4 and 2.5 discuss computer accessibility, and the broader philosophies 

of assistive technology design. 

 WHAT IS CEREBRAL PALSY 

Cerebral palsy (CP) is a common childhood physical disability with an incidence rate of at 

least 2 – 2.5/1000 live births in developed countries (Lin 2003) or possibly higher (Yeargin-

Allsopp, Van Naarden Braun et al. 2008). 

Cerebral palsy was first defined in 1861 by Little and originally called ‘cerebral paresis’ 

(Rosenbaum, Paneth et al. 2007). It is an umbrella term that is based on evident symptoms 

(mainly relating to disorders of motor control) rather than a common cause. Possibly due to 

this, CP as a concept is difficult to define, as evidenced by continual refining of its definition 

over time. Long standing definitions of CP include that it is “a disorder of movement and 

posture due to a defect or lesion of the immature brain,” (Bax 1964) and non-progressive 

(Ingram 1966). Characteristic symptoms are spasticity, movement disorders, muscle weakness, 

ataxia, and rigidity (Koman, Smith et al. 2004), although according to the World Health 

Organisation, a movement disorder can only be defined as CP if it causes activity limitations 

(Steenbergen, Verrel et al. 2007). In 2004, a forum at an international workshop was used as 

the basis for A Report: The Definition and Classification of Cerebral Palsy, April 2006. This 

included a more complete definition of CP that brings many of the above concepts together: 
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<< Cerebral palsy (CP) describes a group of permanent disorders of the development 

of movement and posture causing activity limitation, that are attributed to non-

progressive disturbances that occurred in the developing fetal or infant brain. The 

motor disorders of cerebral palsy are often accompanied by disturbances of sensation, 

perception, cognition, communication, and behaviour, by epilepsy, and by secondary 

musculoskeletal problems. >>  

(Rosenbaum, Paneth et al. 2007) 

There are three main subcategories used as classifiers of CP, they are spastic, dyskinetic, and 

ataxic. They generally focus on the muscle behaviour symptoms (e.g. constant contraction or 

paresis) and relate this to the area of the brain lesion. 

Spastic cerebral palsy is the most common type (about 90% of cases) and results in constant 

muscle contraction, muscle weakness and pathological reflexes (Smorenburg 2013). It is 

associated with damage to cortical motor areas (Cheney 1997). 

About 6% of CP cases are dyskinetic. Dyskinetic CP (or athetoid) results in recurring, 

uncontrolled and involuntary movements (Smorenburg 2013), and it is associated with damage 

to the basal ganglia (Cheney 1997). 

The remainder of cases are ataxic CP. Ataxia results in movements being performed with 

abnormal force, rhythm and accuracy (Smorenburg 2013), and it is associated with lesions to 

the cerebellum (Cheney 1997). 

Despite these distinct classifications and reports of incident percentages, often people with CP 

exhibit symptoms that suggest a mixture of all three subcategories (Cheney 1997). 

Cerebral palsy is also often classified by which limbs are most affected. In this regard, 

common classifications are hemiparetic, diplegic, and quadriplegic. Hemiparetic CP affects 

the arm and the leg on the same side of the body. Diplegic CP primarily affects both legs, and 

quadriplegic CP affects all four limbs. All of these diagnoses are generally associated with 

lesions to different areas of the brain as well. 

As with the categorisations based on evidence of muscle behaviour, the distinctions based on 

affected limbs are not always clear cut or comprehensive (Rosenbaum, Paneth et al. 2007). For 

example, the involvement or otherwise of the trunk is not considered. The use of the word 



2. Background 

 

Doctoral Thesis 

Alexander R. Payne  11 | P a g e  

 

diplegia can vary from ‘only the legs are affected’ to ‘the legs are more affected than the 

arms.’ Hence, in some cases a person may be categorised as diplegic or quadraplegic with 

equal validity. 

In practical terms, cerebral palsy is normally classified by its effects on activity performance. 

The Gross Motor Function Classification System (GMFCS) is used to classify ambulation 

abilities of people with cerebral palsy (Palisano, Galuppi 1999). Abilities vary greatly from 

Level I, “Walks without restrictions” to Level V, “Self-mobility is severely limited even with 

the use of assistive technology” (i.e. people at Level V use a powered wheelchair and are often 

assisted). 

As the name suggests, GMFCS is based on gross motor skills. However, fine motor skills are 

more relevant to hand movements. As will be discussed in the following subsection, the 

severity of manual activity limitation arising from CP can also vary greatly. 

 HOW CEREBRAL PALSY GENERALLY AFFECTS EYE-HAND 

COORDINATION 

The Manual Ability Classification System (MACS) aims to classify the level of manual 

activity limitation for performing everyday tasks (Eliasson, Krumlinde‐Sundholm et al. 

2006). It ranges from Level I, “Handles objects easily and successfully,” to Level V, “Does 

not handle objects and has severely limited ability to perform even simple actions” (see Table 

2-1 for all levels). This system is used to classify the participants with CP in this thesis. 

However, this classification system does not focus on the cause of the limitations. 

MACS 

Level 
Descriptor 

I Handles objects easily and successfully. 

II 
Handles most objects but with somewhat reduced quality and/or speed of 

achievement. 

III Handles objects with difficulty; needs help to prepare and/or modify activities. 

IV Handles a limited selection of easily managed objects in adapted situations. 

V 
Does not handle objects and has severely limited ability to perform even simple 

actions. 

Table 2-1 Descriptions of each level of the manual ability classification system, MACS (Eliasson, 

Krumlinde‐Sundholm et al. 2006). 
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Activity limitation can be summarised as a combination of movements a) taking longer, b) 

being less accurate, or c) not being achievable unless specific preconditions are met. These 

limitations are caused by disorders relating to planning movements as well as disorders 

relating to movement execution (Steenbergen, Gordon 2006). 

Disorders of movement execution generally relate to differences in muscle behaviour. For 

example, goal-directed movements with the effected hand (of children with spastic 

hemiparetic CP) take longer than movements by people without CP (Smits-Engelsman, 

Rameckers et al. 2007). Smits-Engelsman et al. (2007) attribute the increased movement time 

(MT) to a loss in force generation, or more specifically increased variability in force output 

and a reduction in maximum force output of muscles. 

Spasticity is also commonly associated with a reduced range of motion of joints in people with 

CP. The reduced range of motion of joints can reduce the range of possible hand positions (i.e. 

a reduced workspace). This potentially makes carrying out tasks more difficult or not possible. 

However, Smits-Engelsman et al. (2007) noted for their simple reaching task that “spasticity 

does not seem to be an important explanatory factor for movement speed or accuracy, since no 

significant correlations emerged between the spasticity measures and any of the kinematic 

variables.” However, their task was relatively simple and range of motion may not have been 

important. 

Reduced postural stability can also contribute to activity limitation. Varying levels of postural 

support has been shown to affect movement times and accuracy during reaching tasks in 

children without CP (Saavedra, Woollacott et al. 2007). Varying postural support has also 

been shown to affect hand reaction time in children with CP (Saavedra, Joshi et al. 2009). 

However, the same study found that postural support did not affect movement times for 

participants with and without CP. 

Activity limitation may also result from disturbances of sensation, particularly disturbances to 

proprioception (Smorenburg 2013). Proprioception is the sense of joint angles and limb 

movements. It is how we still know what position our body is in without seeing it. Movement 

planning is likely to use this sense, since a key element of planning a movement is knowing 

what position you are starting from. So, regardless of whether CP directly affects movement 

planning, planning is likely to be more difficult due to other factors such as proprioception, 
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and increased variability in force output of muscles. The next subsection goes into more detail 

about what movement planning entails, and how CP affects it. 

 CEREBRAL PALSY AND MOVEMENT PLANNING 

In The Definition and Classification of Cerebral Palsy, April 2006 (Rosenbaum, Paneth et al. 

2007), disorders of movement planning were not specifically mentioned. However, at a similar 

time a discussion article was published suggesting associations between hemiparetic CP and 

disorders of movement planning (Steenbergen, Gordon 2006). 

 WHAT IS MOVEMENT PLANNING 

Movement planning is the ability to assess the movements required to achieve an extrinsic task 

goal. If we step back from the planning of individual limb movements, it is clear that an 

element of movement planning involves predicting that a series of movements can lead to the 

realisation of an overall goal. For example, if I decide that I want to go to the kitchen to make 

myself a tasty beverage, I will most likely choose to walk there. In choosing to do so, I may 

even formulate a path to take given certain constraints, such as I cannot walk through walls. 

Planning on this level seems to occur separately from the planning of individual limb 

movements since a) I may be conscious of my plan, and b) I still need to plan each of the 

specific individual movements (i.e. steps) much closer to when they actually occur and there is 

sufficient context to form the boundary conditions. 

Furthermore, even for a simple movement of a limb, movement planning has many levels. 

These levels range from a task goal to neural motor commands (see Table 2-2). Between any 

two levels, there is an increase in the number of possible ways of achieving the level below. 

For example, for one given set of joint kinematics, many combinations of muscle activations 

are possible. Due to the infinite number of ways of achieving one task goal, movement 

planning is necessary to select a single solution (Wolpert 1997). Movement planning is also 

important since purely feedback control is not practical due to its inherent time delays 

(Kawato 1999). 



2. Background 

 

Doctoral Thesis 

Alexander R. Payne  14 | P a g e  

 

Movement Planning Level 

1 Extrinsic Task Goal 

2 Hand Path 

3 Hand Trajectory (Velocity Profile) 

4 Joint Kinematics 

5 Muscle Activations 

6 Neural Commands 

Table 2-2 Levels of movement planning (Wolpert 1997). For each level, there are many possible solutions 

for the previous level. E.g. there are many hand paths (level 2) possible to achieve one extrinsic task goal 

(level 1). 

Whilst it is relatively clear that the input of movement planning is the extrinsic task goal, it is a 

little less clear what constitutes the output of a single movement specification. Much research 

has gone into how the plan of an arm movement is chosen. Generally, experiments have 

shown movement selection is based on optimising hand kinematics (e.g. minimum jerk and as 

smooth as possible (Flash, Hogan 1985)), but dynamics based information is thought to be 

important as well (e.g. inertial stability (Wolpert 1997)). Harris and Wolpert (1998) refined 

these concepts and introduced the minimum variance theory. They propose that movements 

are planned either to minimise the amount of end position variance for a given movement 

duration (as the name of their theory suggests), or likewise to minimise the movement duration 

given a specified accuracy requirement. Based on this criteria, and on the constraint that motor 

command signal noise (and therefore positional variance) increases with the mean magnitude 

of the motor command signal, a movement can be selected. This constraint in particular 

explains the importance of a smooth movement and agrees with the well-known speed-

accuracy trade off that is described by Fitts’s Law (see subsection 3.1.1 for Fitts’s Law). 

Other processes that are related to, but distinct from, motor planning are: motor learning, 

motor prediction, and state estimation (Wolpert 1997). Motor learning is important since 

internal models need to be able to cope with change (of internal or external properties). Motor 

prediction is used to maintain stability and control during a movement. State estimation is the 

use of motor commands and sensory feedback (e.g. proprioception and vision) for robust and 

timely recognition of the current position. 

 HOW CP AFFECTS MOVEMENT PLANNING. 

In a discussion article, Steenbergen & Gordon (2006) concluded that CP does affect 

movement planning. They mention two main experiment paradigms used for investigating 
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disorders of movement planning; anticipatory grip force regulation, and anticipatory grip 

placement choice. 

Some studies look at the anticipatory fingertip force regulation when picking up an object. 

That is, the amount of pressure applied by the fingers when picking up an object in 

anticipation of its weight. This highlights movement planning abilities since an internal 

representation of the object’s weight must be used predictively to apply the appropriate grip 

strength and grasp the object smoothly. Based on five studies in this area (Eliasson, Gordon et 

al. 1991, Duff, Gordon 2003, Gordon, Charles et al. 1999, Gordon, Charles et al. 2006a, 

Rosenbaum, Meulenbroek et al. 2001), Steenbergen & Gordon (2006) suggest that 

anticipatory fingertip force control in children with hemiparetic CP is only impaired when 

using experience gained from the affected hand to regulate the forces of the affected hand. 

Whereas the same experience can be used to anticipate force with the less-affected hand, and 

experience from the less-affected hand can be used to regulate anticipatory forces for either 

hand. Based on this, Steenbergen & Gordon (2006) suggest disturbed sensation of the affected 

hand in combination with a limited ability to integrate this information with the motor output 

of the affected hand is resulting in impaired anticipatory force regulation. 

Other studies investigate grip placement for manipulating objects. This highlights movement 

planning abilities since people will generally grasp an object (sometimes in a way that is 

initially uncomfortable) such that their hand will be in a comfortable position when they have 

finished moving it. This is known as the ‘end-posture comfort effect’ (Rosenbaum, Vaughan et 

al. 1992). To achieve this, the end state of the movement needs to be predicted along with how 

to get to that end state. 

Several grip placement studies (Steenbergen, Meulenbroek et al. 2004, Mutsaarts, Steenbergen 

et al. 2005, Steenbergen, Van Der Kamp 2004) have investigated participants with hemiparetic 

CP using their less-affected hand. Often movement planning is not directed towards the final 

goal but an intermediate stage; step-by-step planning occurs as the movement is progressing. 

Since this was demonstrated with the less-affected hand, it suggests that this type of movement 

projection planning disorder is more global in people with CP regardless of which limbs are 

affected (Steenbergen, Gordon 2006). However, there are two apparent ways of maintaining 

stability during movements despite sensory delay; intermittency (i.e. multiple sub-

movements), and predictive control (Wolpert 1997). Predictive control, or motor prediction, 

involves comparing the predicted action to the desired action. So, this step-by-step planning 
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may be done in order to maintain stability of movements and be partially reflective of a deficit 

in motor prediction rather than movement planning itself. 

More recently, Mutsaarts et al. (2006) performed a knob rotation task (that involved grip 

placement) and found that participants with hemiparetic CP produced failure patterns that 

participants without hemiparetic CP did not. Tasks were not completed since grip selections 

resulted in the task becoming biomechanically impossible. Mutsaarts et al. suggest a deficit in 

anticipatory planning, especially since the angle of knob rotation had a less consistent effect 

on grip selection. Furthermore, the participants with hemiparetic CP appeared to make use of 

spurious visual clues when they were provided, suggesting that they were not planning their 

grip placement based on the end goal, but guessing based on context. 

Again based on a grip placement task, and using end-state comfort as measure, Craje et al. 

(2010) found that anticipatory planning skills of children without CP improved between age 

groups (end-state comfort improved). But, this did not occur in children with hemiparetic CP. 

However, they did find that an intervention (constrained induced movement therapy & 

bimanual training) improved end-state comfort for children with CP. 

Another study examined the motor imagery ability of participants with hemiparetic CP. 

According to Steenbergen & Gordon (2006), Mutsaarts and colleagues measured reaction 

times for a task where participants had to mentally rotate an image of a hand to decide whether 

it was pointing left of right (there is no reference for this in Steenbergen & Gordon’s paper). 

For participants with hemiparetic CP arising from right hemisphere lesions, and for 

participants without CP, reaction times varied linearly with the amount of rotation required to 

determine the response. For participants with left hemisphere lesions, no correlation was found 

which suggests that deficits in motor imagery are specific to lesions to that side of the brain 

(and therefore right sided hemiparesis). Similarly, Craje et al. (2009) suggested that right-sided 

hemiparesis is related to deficits in action planning but left sided hemiparesis is not. Craje et 

al. (2010) also suggest that reduced motor imagery occurs in parallel with the movement 

planning effects of hemiparetic CP. They suggest visual imagery is used instead of motor 

imagery for a mental rotation task. However, it is possible that images of hands were presented 

in positions that were impossible for the participants to physically perform, which could 

potentially have an effect. Regardless, Steenbergen et al. (2013) also propose that motor 

imagery therapy may help with motor planning since neural structures overlap. 
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The role of vision in motor planning is the last area of research that Steenbergen & Gordon 

(2006) discuss. Increased visual monitoring of the affected side has also been observed in 

bimanual movements (Steenbergen, Hulstijn et al. 1996), although it was reported that this 

monitoring was unlikely to increase task accuracy. It has also been suggested that visual 

monitoring might be detrimental to movement planning and even result in reduced accuracy of 

movements since attention is taken away from the target (Steenbergen, Gordon 2006). In work 

published since their discussion article, Verrel and colleagues (Verrel, Bekkering et al. 2008, 

Steenbergen, Verrel et al. 2007) have shown that for a one handed object transportation task, 

participants with hemiparetic CP do not move their eyes as far in advance of their hand when 

using their affected hand. However, when using their less-affected hand, participants displayed 

similar gaze patterns to other participants without CP. This is further evidence of increased 

visual monitoring of the affected hand. (To make these observations, eye-hand movement 

onset asynchrony (onset asynchrony) was measured. That is the difference in time between 

eye onset and hand onset for a reaching task. See chapter 3.2 for more details on this 

measurement and a review of factors that affect it.) 

Most of these studies, particularly the grip placement ones, appear to relate better to the larger 

scale of movement planning. By contrast, the studies relating to anticipatory grip force 

regulation involve a smaller time scale in line with planning a single movement. This brings 

up a question: is long term planning ability actually affected by CP? Or do other factors such 

as impaired proprioception and increased variability of muscle outputs reduce the viability of 

long term plans? Generally, it is very difficult to establish if movement planning of a simple 

movement is affected by cerebral palsy since the boundary conditions of planning such a 

movement are inherently subject specific. 

 ELEMENTS OF MOVEMENT PLANNING THIS THESIS WILL 

INVESTIGATE 

This thesis investigates three elements of movement planning and how cerebral palsy may 

affect them. They are: pre-planning movements based on spatial information, the coupling of 

the eye and the hand systems, and changes in muscle-effector mapping. 

Pre-planning a movement involves developing a movement strategy before it is required, and 

then acting it out when it becomes required. Knowing where a target will appear prior to trial 

start makes pre-planning possible (Rosenbaum 1980) and is associated with a reduction in 
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hand reaction times based on the number of pre-cued parameters (Olivier, Bard 2000). Two 

studies have shown that making a target direction predictable reduces onset asynchrony (eye 

onset does not occur as far in advance of hand onset) in populations without CP (Deconinck, 

Van Polanen et al. 2011, Wilmut, Wann 2008a). Wilmut & Wann (2008a) found that this 

effect was diminished for participants with developmental coordination disorder. However, 

previous research does not investigate whether CP affects the ability to make use of this 

information. 

The coupling of eye and hand movements and the potential sharing of information between 

systems has been the subject of much research. Decoupling the direction of eye and hand 

movements potentially makes movement planning more complex and should also affect onset 

asynchrony. A simple way of decoupling the movements is by starting the eye and hand in 

different locations (Adam, Buetti et al. 2012). When Adam et al. (2012) investigated starting 

eye movements away from the hand, they found onset asynchrony increased compared to 

when they started together. They suggested this was due to looser coupling of the control of 

each system. Another way of decoupling movement directions is by changing the relationship 

between hand movements and effector (e.g. a cursor) movements. Gorbet & Sergio (2009) 

mapped cursor movements to the reverse, or mirror, of hand movements, ensuring the 

direction of eye and hand movements would not be the same. In contrast to Adam et al. 

(2012), Gorbet & Sergio found decoupling the movements in this way reduced onset 

asynchronies. This change was due to significantly increased eye reaction times which Gorbet 

& Sergio suggest resulted from additional planning requirements. No research has compared 

interaction effects of decoupling movements and neurological conditions on onset asynchrony 

measurements. However, Saavedra et al. (2009) suggest that children with CP have more 

difficulty isolating control of eye and hand systems. Isolated control of each system would be 

beneficial when coordinating decoupled movements. 

When movement planning takes place, the muscle-effector mapping between muscle 

recruitment and visual feedback of effector kinematics must be accounted for. Planning for 

novel mapping requires extra calculation and affects onset asynchrony. Gorbet & Sergio’s 

(2009) experiment required participants to plan for novel mapping between hand and effector 

movements. White et al. (2012) also investigated onset asynchrony under novel mapping 

conditions. They compared onset asynchronies for movements under altered gravity and 

movements under normal gravity. Similar to Gorbet & Sergio (2009), onset asynchrony 
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decreased under novel mapping conditions for both hypergravity and microgravity compared 

to normal mapping under normal gravity. They suggested that eye onset is driven by providing 

visual feedback for the deceleration phase of a reaching movement. Since hand acceleration 

took longer under novel gravity conditions, onset asynchrony decreased. 

 BRIEF OUTLINE OF EYE MOVEMENTS 

Since movement planning will be investigated by observing eye movements and measuring 

onset asynchrony, this subsection provides a brief outline of the different types of eye 

movements. 

Onset asynchrony measurements are calculated using a hand onset time, and an eye onset 

time. The eye onset time represents the beginning of a saccade towards the target. A saccade is 

a rapid eye movement from one point of fixation to another. When the eye is in motion during 

a saccade, visual signals are not processed by the brain. This is can result in change blindness 

where changes to an image during a saccade are not noticed (Simons, Levin 1997). 

Before and after a saccade, the eye fixates on specific points of interest. Whilst the eye may 

appear to be stationary whilst fixating, it actually makes small subconscious movements to 

maintain vision (Martinez-Conde, Macknik et al. 2004). These movements are called 

fixational eye movements and can appear in eye recordings (see Figure 4-2). To determine 

onset asynchrony, saccades must be distinguished from these movements. 

Likewise, saccades must be distinguished from tracking movements. Tracking movements 

may have a similar amplitude to saccades, but their velocity is lower and visual acuity is 

maintained during the movement. Tracking movements may be used to track a physical object 

(e.g. a car driving past), or they may be used to maintain fixation whilst the head moves. 

Lastly, it is worth noting the difference between foveated vision and peripheral vision. 

Foveated vision is the central area of a field of vision. It is generally in focus and higher 

resolution than peripheral vision. Peripheral vision refers to the outer areas of a field of vision. 

Attention is generally directed at foveal vision although it can be directed towards peripheral 

vision. 

Eye movements and onset asynchronies are investigated in this thesis as a means of examining 

the effects of CP on movement planning. This approach was taken since movement planning is 

essential to perform everyday activities and interactions, such as accessing computers.  
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 CEREBRAL PALSY AND COMPUTER ACCESS 

This subsection aims to justify why mouse-based interaction is the focus of improving 

computer access in this thesis. 

People with cerebral palsy are faced with barriers in education, vocational training, and 

communication with peers which can lead to social isolation (Davies, Mudge et al. 2010). 

Independent and efficient access to computers could ameliorate this. However, in the U.S. it 

has been reported that children with disabilities are less likely to use a computer than children 

without disabilities (DeBell, Chapman 2006). This is possibly due to reduced accessibility. 

Many alterations have been made to computers in attempts to improve accessibility such as 

novel pointing devices, keyboard modifications, screen interface options, speech and gesture 

recognition software, and algorithms and filtering mechanisms (Davies, Mudge et al. 2010). 

However, there are various reasons why these assistive technologies are not adopted by people 

with disabilities. In the school environment for example, Copley and Ziviani (2004) found 

that: 

<< Barriers.... include lack of appropriate staff training and support, negative staff 

attitudes, inadequate assessment and planning processes, insufficient funding, 

difficulties procuring and managing equipment, and time constraints.>> 

Vanderheiden (1998) mentions that assistive technologies always add cost (even more so, the 

more bespoke they are) and the release of assistive technologies always lags behind that of 

technologies to which they are supposed to enable access. These problems are not new, 

Vanderheiden (1998) references a book from 1992 in stating that only a small portion of the 

intended user-base of assistive technologies ever actually gain access to the assistive 

technologies. Possibly due to barriers such as these, the vast majority of people with MACS 

level I or II cerebral palsy use a standard mouse and keyboard; Davies, Chau et al. (2010) 

reported that 33 of the 35 people they surveyed use a mouse. This suggests interaction 

improvements should ideally be universal, and not be a separate technology.  

This century, touchscreens have become a common method for interacting with devices. 

However, in the desktop PC setting, prolonged use of touchscreens has been associated with 

significant increase in subjective discomfort of the user (Shin, Zhu 2011). Therefore 

touchscreens are not ideal for education or work. Furthermore, it has been shown that mouse 
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pointing performance is less vulnerable to deteriorating with very small targets (Sears, 

Shneiderman 1991). So again, it seems that ideally interaction with a standard mouse and 

keyboard should be the focus for improving accessibility. 

ISO guideline 9241-9 (2002) exists for the evaluation of pointing movements on a computer, 

although it has seldom been used to evaluate attempts at improving computer accessibility 

(Davies, Mudge et al. 2010). Regardless, these guidelines only provide testing methods and 

not a deeper understanding of how to improve human computer interaction. 

Irrespective of how computer accessibility is improved, the design process will come under 

the umbrella of assistive technology design. The next subsection provides background on 

suggested methods of designing assistive technology. 

 ASSISTIVE TECHNOLOGY DESIGN PARADIGMS 

In this thesis, ‘assistive technology’ is being used as a broad term to include additional devices 

(for example a wheelchair is an additional device) as well as design paradigms that aim to 

avoid the need for additional devices and design exclusion. 

In this subsection, a variety of philosophies on assistive technology will be discussed. These 

design paradigms will be used to discuss how the need of assistive technology can be defined 

(2.5.1), the possible bases and methodologies for addressing this need (2.5.2), and the possible 

ways of evaluating how successfully a need was responded to (2.5.3). These paradigms 

informed the design process of the expansion cursor (which is in chapter 7). 

However, before addressing those elements of the design process, it is important to introduce a 

model that acts as a framework to fully elucidate all of the aspects that assistive technology 

interacts with: the Comprehensive Assistive Technology (CAT) model (Hersh, Johnson 2008). 

This model is a tree of possible design considerations related to assistive technology. 

On a primary level this model asserts that assistive technology must take into account the 

person performing the action, the context of the action, and the action itself. These four 

aspects (person, context, activities, and assistive technology) then branch out into further areas 

of consideration. The most useful part of this model is that it aids assistive technology design 

from a holistic viewpoint. For example, the ‘person’ branch of aspects shows that we not only 

need to take into account a person’s physical characteristics, but also their attitudes and social 

situation. 
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 WHAT IS THE ‘NEED’ OF ASSISTIVE TECHNOLOGY? 

Traditionally, assistive technology has been based on the medical viewpoint of disability 

(Frauenberger 2015). From this viewpoint, disability is an inherent part of an abnormal 

person’s body; their ability falls outside an accepted range of normality. For example, a person 

without legs is disabled because they cannot walk, and they cannot walk because of their body. 

Assistive technology then perceives this abnormal level of ability as a need and the aim of the 

assistive technology is to help the disabled person have normal abilities. So, the ideal scenario 

is that the person without legs would be able to walk with the help of assistive technology. 

From a purely functional perspective, this is fine if the ideal assistive technology were 

realisable. 

However, defining the need in this way is inherently segregating people in to groups of normal 

and abnormal people, and this is socially problematic (for example, see the quote at the end of 

3.1.6). This segregation of people and the goal of normality are even inherent in the name 

‘assistive technology’. Isn’t all technology supposed to be assistive? So why the word 

‘assistive’? To quote Hersh & Johnson (2008), “assistive technology is generally provided for 

disabled people.” Therefore, instead of the name, ‘assistive technology’, we could equally use, 

‘technology generally provided for disabled people’. This uncovers that ‘assistive’ does not 

refer to helping achieve a task goal, it really refers to helping people be ‘normal’. 

A simple way of deconstructing this normal/abnormal dichotomy would be to assume that 

there is no such thing as normal or not normal. But if we assume everyone is just different, 

then there appears to be no need for assistive technology at all, which clearly is not true. 

Furthermore, ability is valued. This is not just in a social and practical sense, but also in a 

moral sense. As Frauengerer (2015) paraphrases: 

<< If we are all just different, why do we find it amoral to painlessly alter a baby so 

that they could no longer see? >> 

This leads us to the problem of how can a need for assistive technology exist, without 

segregating people into groups of those who need it, and those who do not? Possibly, that 

paradigm of user groups needs to be eschewed altogether. Ideally people would fit along a 

continuum of frequency of use (glasses are a good example of this). For this to occur, 

technology would need to be designed for a specific situation, rather than a specific group of 

people. For example, something should be designed to be used without vision, rather than for 
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blind people specifically (as suggested by Vanderheiden (2000) when discussing Universal 

Usability). 

So far, the need of assistive technology has been discussed in terms of the need to react to a 

specific user group, or a specific situation. The opposite approach is to avoid creating these 

needs in the first instance. Inclusive Design frames this in terms of avoiding design exclusion 

(Keates, Clarkson et al. 2000). However this seems to imply designs should not make use of 

all of human ability, and Wobbrock et al. (2011) suggest completely avoiding design exclusion 

is practically impossible. Again, this supports the idea that the need of assistive technology is 

to be useful for a person in a specific situation, rather than for a specific person or for 

everybody. Designing technology to be used by a wide range of people at varying frequencies 

of use may avoid the issue of segregation which can lead to social problems. 

In essence, the true need of assistive technology is to facilitate participation in society. In the 

past half a century, the social model of disability has construed disability as a social construct 

rather than an impairment that affects ability (Hersh, Johnson 2008). The Union of Physically 

Impaired Against Segregation (1975) stated that “Disability is something imposed on top of 

our impairments, by the way we are unnecessarily isolated and excluded from full 

participation in society.” Clearly assistive technology will not facilitate full participation in 

society if the need it is based upon inherently segregates users from non-users. 

 HOW TO ANSWER THE NEED? 

In this subsection, how to answer the need of assistive technology is discussed in terms of the 

concepts design can be based upon, as well as possible design methodologies. 

Functionally, assistive technology aims to help people interact with an environment to achieve 

a goal. So functionally it appears the user, the interaction, the environment, or the goal can be 

changed. (It should be noted this is not a holistic view. It is missing many elements of the 

CAT model (Hersh, Johnson 2008) such as the context branch. This branch includes elements 

like the wider social context, and government policy.) 

Wobbrock et al. (2011) describe the traditional assistive technology approach as adding in an 

element/adaptor between user and environment. This adding of an element creates a new 

problem; people need to be able to obtain this new element/adaptor. Vanderheiden (1998) 

references a book from 1992 in stating that only a small portion of the intended user-base of 

assistive technologies ever actually gain access to the assistive technologies. 
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Hersh & Johnson’s (2008) definition of modern assistive technology does mention 

environmental modifications (along with technologies, equipment, devices, apparatus, 

services, systems, and processes) to facilitate independence and participation in society. 

Similarly, User Interfaces for All advocates a choice of environment (Wobbrock, Kane et al. 

2011), and is focused on providing multiple environments to suit the user (Stephanidis 2001). 

Wobbrock et al.’s (2011) Ability-Based Design paradigm suggests that the environment 

should adapt (continuously) to the user. Ability-Based Design suggests these adaptations 

should be based upon a user’s abilities. 

In contrast to using an individual user’s abilities, Design for All is based on the question “what 

can everyone do?” (Wobbrock, Kane et al. 2011). However, Harper (2007) mentions this is 

not realisable. He suggests that answering “what can everyone do?” requires generalisations, 

and these generalisations inherently lead to design exclusion. This Design for All approach 

contradicts the concept of Extra-Ordinary HCI, which suggests HCI (Human-Computer 

Interaction) should be designed for varying abilities and varying contexts (Wobbrock, Kane et 

al. 2011). Similarly, Universal Usability suggests design should be based on the widest range 

of people being able to operate a product in the widest range of situations as practical 

(Vanderheiden 2000). 

I think a positive way of answering the ‘need’ is to facilitate user control over the 

environment. If a user has control over their environment, the user should be able to adapt to 

their context. Furthermore, assistive technology should aim to extend the range of possible 

ways a user can interact with their environment. The critical point here is that the aim should 

not be for all users to achieve the task goal in the same way. For example, if a device is 

designed to be held in numerous ways, the user can hold it in such a way that suits their 

abilities. 

When it comes to methodologies of designing assistive technology, Rehabilitation Engineering 

has adopted engineering design principles of quantifying and measuring human performance 

(Smith, Leslie Jr 1990). However, User-Sensitive Inclusive Design suggests that the process of 

developing a prototype, and then reactively modifying the design based on testing with 

disabled people can be avoided with a more participatory design methodology (Newell, 

Gregor et al. 2011). Likewise, Frauenberger (2015) argues from a critical realist perspective, 

that design goals and realisation should be driven by the disabled experience, and hence be a 

participatory process. I think the participatory process sounds ideal, although it should be 
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noted that it demands a lot (time, effort, etc.) of the participants. Participatory design also 

requires planning and organisation which may negate any time benefits relative to a typical 

iterative design cycle. 

 HOW DO WE KNOW WE ANSWERED THE NEED? 

In this subsection assistive technology evaluation will be discussed, including what is 

evaluated, when it is evaluated, and what constitutes success or failure. 

Given assistive technology’s history with a biological/function view of disability, a 

rudimentary evaluation of assistive technology is whether it is ‘usable’ or not. The word 

‘usable’ can be seen to carry connotations of functional assessment, and a binary outcome of 

being ‘usable’ or ‘not usable’ by any particular person. Universal Design is the concept that a 

product (or building) should be usable by everybody (Vanderheiden 1998). This is a laudable 

ideal to strive for, although aiming to achieve this has costs. Vanderheiden (1998) states this 

flexibility can add to the production costs, increase complexity, and have negative effects on 

performance. As mentioned previously, Universal Usability suggests a design is successful if 

it is “usable by the widest range of people operating in the widest range of situations as is 

commercially practical” (Vanderheiden 2000). This suggests cost should be evaluated as well 

as usability. 

Further to cost and usability, Shinohara and Wobbrock (2011) suggest that social acceptability 

must be assessed. In a similar vein, Pullin (2009) suggests aesthetics must be evaluated. Both 

of these considerations are generally focused on the social cost of using a device or not. 

Therefore, as Shinohara and Wobbrock suggest, these evaluations are not necessary if 

accessibility is built into mainstream technologies. 

If we take another look at the CAT model (Hersh, Johnson 2008), it is clear assistive 

technologies interact with a person in many ways outside of being usable or not, or even 

socially acceptable or not. For example, it could be useful to assess how do the national 

contexts of infrastructure and legislation affect the use of a new assistive technology? The 

number of possible aspects to evaluate makes a thorough evaluation of a design very difficult 

to carry out. However, these types of non-functional assessments are important because they 

have an actual effect on people’s lives, and presumably relate to rates of adoption and 

abandonment of an assistive technology. 



2. Background 

 

Doctoral Thesis 

Alexander R. Payne  26 | P a g e  

 

Aside from the breadth of possible design evaluations, the different times at which evaluation 

could take place makes thorough evaluation very difficult. A common design problem is that 

evaluation occurs immediately after production, which may lead to misrepresentative data 

since ease of use, user opinions, and social context can change with time. In the long term, 

technologies may be abandoned for reasons which manifest over a period of time, such as 

difficulty managing equipment (Copley, Ziviani 2004). 

Lastly, it seems that most evaluations are centred around evaluating a specific design, whereas 

the need should be evaluated as well: was the problem the problem we thought it was? As with 

the initial design, there is also a myriad of ways that the need could be evaluated. It could be 

viewed through different prisms such as the functional need or the social need. It could also be 

evaluated over different time frames. 

Ultimately, not all types of evaluation are possible since resources and time are finite. 

Furthermore, evaluating many hypotheses with the same data set reduces the statistical power 

of the evaluation. So, despite all its shortcomings, I think that evaluations should primarily 

assess whether the original goal was achieved. For example, if the aim is to improve accuracy, 

measure accuracy. Side-effects such as user-comfort are also important but they only become 

relevant once it has been established that the primary design goal was achieved.  

 CHAPTER SUMMARY 

This chapter began (2.1) with a definition of CP (Rosenbaum, Paneth et al. 2007) and an 

introduction to some of the subcategories and classifications (spastic, dyskinetic, ataxic, 

affected limbs, GMFCS). 

In 2.2, the broad effects of CP on hand movements were discussed. Activity limitation often 

means movements: take longer, are less accurate, or are not possible. These limitations are 

often due to muscle properties (loss of force generation, variability of output), range of 

motion, and disturbances of sensation. The system used to classify participants’ manual ability 

(MACS) was also introduced. 

Next (2.3), the underpinnings of the relationship between CP and movement planning were 

outlined. Movement planning was defined along with the concepts of levels of movement 

planning, and how a movement plan is selected. Previous work considering grip placement 

and grip force regulation was reviewed. There appear to be different results for different 

classifications of CP (affected hand, less-affected hand) but these are not that clear. Since 
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there are many aspects of movement planning that could be investigated, the three elements 

considered in this thesis are detailed: pre-planning based on spatial information, coupling of 

eye and hand systems, and changes in muscle-effector mapping. The research in later chapters 

uses eye movements to investigate planning, so an overview of types of eye movements was 

also provided: saccades (used for eye onset), fixational eye movements, tracking movements. 

Subsection 2.4 is the first time computer access is related to CP. Aside from the technical and 

medical aspects of CP, the underlying motivation of improving computer access is social. 

People with disabilities have less access to computers, which is part of the wider problem of 

barriers to participation. Mouse pointing is a key element of computer use. Drastic alterations 

to mouse pointing, such as novel hardware, have adoption problems. Furthermore, the mouse 

is commonly used by people with CP. This logic motivates why improving mouse-based 

interaction is the focus of this thesis. 

The last subsection of the chapter (2.5) considered the philosophies of designing assistive 

technology. This is an important reminder that even a task as trivial as acquiring a target on a 

computer has a much wider context than just a person using a computer. There may be social, 

financial, and political factors that a designer should try to appreciate as well as just 

functionality. Furthermore, the actual goal of assistive technology is complex and difficult to 

fully comprehend. Especially if one, such as myself, has no real life experience of having a 

disability. 

In chapter 3, detailed literature reviews of two areas of related work are presented. First, 

related research into improving mouse-based target acquisition is explored. This forms the 

basis of the research section of this thesis which aims to improve target acquisition (chapters 7 

and 8). Second, related research that measures onset asynchrony is assessed to form an 

understanding of why onset asynchronies change. This is the basis of the research section 

using onset asynchrony to investigate CP and movement planning (chapters 5 and 6). After 

chapter 3, the methodology of the novel research in this thesis is detailed. 
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3. RELATED RESEARCH 

The previous chapter presented a broad overview of the background areas of knowledge that 

this thesis is based upon. This chapter more specifically delves into the research that relates to 

the experiments in this thesis. 

There are two pertinent areas of related work. The first review (3.1) explores how mouse-

based target acquisition has previously been improved. Based on this related work, common 

design opportunities and issues are identified. Most relevantly, a user-activated zoom lens has 

not been investigated in the context of improving small target acquisition for people with 

motor impairments using a mouse. This is surprising since this type of control over target size 

has been shown to improve small target acquisition in other contexts. This type of interaction 

method also seems to leverage users’ movement planning abilities. Therefore, my attempt at 

improving target acquisition (the expansion cursor in chapters 7 and 8) aims to build on this 

related work. 

Movement planning and CP have not been investigated in the context of computer use before. 

The experiments in chapters 5 and 6 investigate the effects of CP on movement planning for 

simple pointing movements that are relevant to target acquisition. Onset asynchrony is used in 

these experiments since it varies with planning conditions. So, the second review (3.2) seeks to 

compile a list of factors which affect onset asynchrony. Furthermore it aims to understand why 

onset asynchronies change. This is used to inform the experiment design in the research 

section investigating CP and movement planning (chapters 5 and 6). 

 REVIEW: IMPROVING MOUSE-BASED TARGET ACQUISITION 

Before considering all of the previous work into improving target acquisition, it is important to 

develop a theoretical understanding of what target acquisition entails. This understanding will 

guide how the related work is classified. First (in 3.1.1), target acquisition will be discussed 

using the framework that was originally developed for pointing movements (Fitts’s Law). This 

framework is very robust and accurately describes how long it takes to make a movement. 

Second (in 3.1.2), a new framework is introduced that considers target acquisition in terms of 

the goal of communicating with a computer. This includes the mechanics of how 

communication takes place and the purpose of each of these components. These mechanics are 
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used (in 3.1.3) to develop a taxonomy of interaction design decisions that can then be used (in 

3.1.4) to analyse how the previous work in this field relates to one another, and classify what 

they do. Based on these examples, the common opportunities (3.1.5) and pitfalls (3.1.6) of 

improving mouse-based target acquisition will be discussed. 

 TARGET ACQUISITION AS POINTING MOVEMENTS 

Pointing movements with a computer mouse can be thought of as goal-directed pointing (or 

reaching) movements made with the arm and hand. Outside of human computer interaction, 

goal-directed pointing has been empirically studied for over half a century (e.g. (Fitts 1954, 

Woodworth 1899)). Fitts’s Law (Equation 3-1 and Equation 3-2) sought to describe how 

quickly (movement time, MT) movements could be made in relation to their distance 

(amplitude, A) and the size of the target (width, W). In Equation 3-1, the amplitude of the 

movement and the width of the target are summarised by an index of difficulty, ID. These 

equations were based on the concept of pointing as information processing. 

𝑀𝑇 = 𝑎 + 𝑏 × 𝐼𝐷 

Equation 3-1 Fitts’s Law (Fitts 1954). MT=movement time, a and b are empirically determined constants, 

ID is the index of difficulty. 

Equation 3-2 is the Shannon Formulation (MacKenzie 1992) of ID, which was developed 

based on communication theory of Shannon (Shannon, Weaver 1949). It is in common use, 

and is recommended for evaluating computer pointing devices (Soukoreff, MacKenzie 2004). 

𝐼𝐷 = log2 (
𝐴

𝑊
+ 1) 

Equation 3-2 Shannon formulation (MacKenzie 1992) of index of difficulty (ID). A=amplitude of the 

movement, W=width of the target. 

These two equations are valid for pointing tasks with a computer mouse (Card, English et al. 

1978). Their use is widespread and is recommended for assessing the information throughput 

of pointing devices (ISO 2002). Fitts’s Law was originally developed based on a 1-

dimensional movement. The effects of 2-dimensions have also been considered (Wobbrock, 

Shinohara et al. 2011). 

Given the long proven robustness of Fitts’s Law, it is often used as a theoretical starting point 

when it comes to improving computer interaction with pointing devices. This is based on the 
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reasonable assumption that interaction is better if it takes less time. As such, people have 

looked into ways of artificially reducing the index of difficulty of selecting targets. In a review 

by Balakrishnan (2004), pointing facilitations were classed as attempting to either a) reduce 

the effective amplitude of a movement, b) increase the effective width of a target, or c) a 

combination of the two. 

Despite its undoubted credibility, Fitts’s Law is not a holistic way of considering pointing 

interaction with a computer. For example, it really only applies to a standard behaviour of 

moving a mouse rapidly to a target and clicking it; it does not take into account other 

bahaviours such as pauses mid movement, overshooting the target, or misclicking outside of 

the target area (Almanji, Payne et al. 2014). Many of these behaviours can be common in 

people with cerebral palsy. Not surprisingly, it appears that Fitts’s Law is less effective at 

modelling the behaviour of people who do not perform the behaviour the law expects (Davies, 

AlManji et al. 2014, Almanji, Davies et al. 2014). 

The next subsection aims to build on the application of Fitts’s Law to computing by 

considering the purpose of why people make mouse movements. 

 TARGET ACQUISITION AS COMMUNICATION 

If we consider the purpose of the goal-directed pointing involved in computer interaction, then 

a separate theoretical framework is possible. Self-evidently, computer interaction is about a 

user interacting, or communicating, with a computer. On a fundamental level, the user is 

communicating their intentions or desires to a computer. This is done via the input peripherals 

(e.g. mouse and keyboard) that act as the computer’s sensors of the outside world. In response, 

the computer is communicating back to the user via channels that the user can sense; generally 

a visual display, but other means such as auditory tones are possible. 

As with Fitts’s Law, communication inherently involves the transfer of information. If we 

ignore the temporal aspects for now, the amount of information being transferred is defined by 

two key parameters. The first is what is being communicated, and the second is what is being 

omitted. In Fitts’s Law these parameters correspond to the width of the target, and the 

amplitude of the movement. In terms of computing, any bit of information contains both a 

value that is being used, and since it is part of a finite set (in this case a set of size two), a 

value that is implicitly not being used. When ordered combinations of bits make bytes, there is 

still only one specific value being used, but the number of values implicitly not being used 
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increases exponentially. Hence, it is the number of possible values being rejected that 

increases the amount of information contained within the specified value. 

If we assume the ultimate goal of improving pointing interaction with a computer to be 

maximising the rate of communication, then this should correlate with maximising the rate of 

rejecting possible inputs. This rate of rejection can be summarised as the amount of 

information being conveyed per unit of time. Continuous input requires a series of discrete 

movements, therefore the rate of rejection can be summarised as the amount of information 

per movement, by the number of movements per time period (Equation 3-3). 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛

= 𝐼𝑛𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑀𝑜𝑣𝑒𝑚𝑒𝑛𝑡 (≈ 𝐼𝐷)

× 𝑀𝑜𝑣𝑒𝑚𝑒𝑛𝑡𝑠 𝑝𝑒𝑟 𝑇𝑖𝑚𝑒 (≈ 𝑀𝑇−1) 

Equation 3-3 Rate of information rejection (bits/s). 

More commonly, this rate of rejection is known as throughput, TP. To assess pointing devices 

(Soukoreff, MacKenzie 2004), this has been formulated as: 

𝑇𝑃 =
1

𝑦
∑ (

1

𝑥
∑

𝐼𝐷𝑖𝑗

𝑀𝑇𝑖𝑗

𝑥

𝑗=1

)

𝑦

𝑖=1

 

Equation 3-4 Throughput (TP, bits/s) for assessing pointing devices. The value, y, represents the number of 

participants, x is the number of movement conditions. 

For a movement to contain more information, the movement must generally have an increased 

ID. However, increasing the ID also increases the amount of time a movement will take as per 

Fitts’s Law. Hence, increasing the ID will trade off with the rate of movements per time 

period. 

These equations can be used to describe a rate of ongoing/constant communication. However, 

this is not how people normally use a mouse. A more practical formulation (akin to Fitts’s 

Law) would describe how long it takes to communicate a set amount of information. Fitts’s 

Law does this for one-off movements (even though it was originally formulated based on 

ongoing reciprocal movements), but often users achieve a goal via a series of different actions, 
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e.g. clicking on ‘File’, then ‘Print’, then the ‘Print’ icon. If we wanted to compare this to 

directly clicking on a ‘Print’ icon, we can use the following equation: 

𝑇𝑜𝑡𝑎𝑙 𝑇𝑖𝑚𝑒 ≈ ∑ 𝑀𝑇𝑙

𝐿

𝑙=1

 

Equation 3-5 Total time taken to achieve a goal as a sum of individual movements. The value, L, is the total 

number of movement layers to achieve the goal. The approximately equals sign is used to indicate that the 

total time is not just the sum of Fitts’s Law movement times; this equation does not take into account 

additional processes such as the user searching for the target. 

For the first method of printing, L=3 since there are three actions, so the total time taken 

would equal the sum of the times of each action. For the directly clicking ‘Print’ method, L=1 

and the time taken would simply equal the time of that action. 

In any case, we can surmise that making more difficult movements more quickly will result in 

a high rate of information transfer, but what does that mean for interface design? The above is 

useful for describing rate of information transfer, but it does not detail the processes that 

compose target acquisition. With an understanding of these processes along with rate of 

information transfer, we can evaluate what interaction mechanics can be changed, and 

estimate what effects these changes may have on rate of communication. 

One model of viewing human-computer interaction is GOMS (Card, Newell et al. 1983). It is 

an acronym for Goals, Operators, Methods, and Selection. 

 Goals are the intrinsic task goals of the user. 

 Operators are actions the user performs, such as moving a mouse, clicking a mouse 

button, or reading some text.  

 Methods are the representative actions the user performs, such as acquiring a ‘save’ 

icon directly, or opening a menu and choosing ‘save’ from a list. 

 Selection, in the context of GOMS, is the process of the user choosing which method 

to use to achieve their goal. 

Below, I have modelled the semantics of an individual method of communicating a goal with a 

computer via two operators (Figure 3-1). The two operators are a key element of this model; 

one operator is used to select an option (e.g. cursor position), and one operator is used to 
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confirm the selection (e.g. mouse button). On a basic level, the human/user makes inputs 

through two input channels, based on these inputs the computer determines an outcome, and 

the outcome is then communicated back to the user. 

Human with Goal

Operator (Confirmation)

Computer

Operator (Selection)

Feedback

 

Figure 3-1 Basic model of goal communication between human/user and computer. This is done via two 

distinct operators to select an option, and to confirm it. These operators are both controlled by the user 

with feedback that the computer communicates back to the user. 

Generally speaking the selection occurs first, and is followed by the confirmation. However 

this is not strictly sequential, e.g. moving a cursor and clicking the mouse button are not 

mutually exclusive. Likewise, it should be noted the processes are all occurring more or less 

concurrently; the user is thinking at the same time as the computer is processing, inputs are 

being made at the same time as feedback is being displayed. 

I have also made a more detailed model of this interaction (Figure 3-2), along with a practical 

example; ‘saving’ work via mouse-based target acquisition (Figure 3-3). These detailed 

models will later be used as a basis for highlighting the design elements that have been 

explored to improve target acquisition. Note the detailed models are not intended to be all-

encompassing; many of the finer details could be disputed, and it would be possible to go into 

further detail as well. Hence, it must be stressed that these models are merely a means of 

gaining an understanding of the types of processes that are occurring in such a simple action as 

clicking on a target. 
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Figure 3-2 Detailed model of goal communication between human/user and computer. As with the basic 

model, communication is done via two distinct operators to select an option, and to confirm it. These 

operators are both controlled by the user with feedback that the computer communicates back to the user.  
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The grey block is the starting goal, and the blue blocks are the possible outcomes. The orange blocks are 

key elements of interaction that the designer can change, these are discussed in 3.1.3. 
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Figure 3-3 Detailed example of using mouse-based target acquisition to ‘save’ a document. Communication 

is done via operation of the mouse to select the ‘save’ icon with the cursor, and operation of the mouse 

button to confirm this selection. These operations are both controlled by the user with feedback from the  
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graphical user interface that the computer displays. The grey block is the starting goal, and the blue blocks 

are the possible outcomes. The orange blocks are key elements of interaction that the designer can change, 

these are discussed in 3.1.3. 
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The ‘Human’ component of this single method model is based on Norman’s (1986) seven 

stages of user activities involved in the performance of a task. The seven stages are: 

1) Establishing the goal. 

2) Forming the intention. 

3) Specifying the action sequence. 

4) Executing the action. 

5) Perceiving the system state. 

6) Interpreting the state. 

7) Evaluating the system state with respect to the goals and intentions. 

In the model presented here, once a user has a goal in mind, they need to determine what 

needs to be done to achieve it. This was derived from the first two stages of user activity. The 

user assesses what needs to be done based on an evaluation of the system state (i.e. the seventh 

stage). This evaluation occurs after sensory information has been perceived and interpreted 

(i.e. stages five and six). Sensory information is used to assess what the user’s body, and what 

the computer is doing. Once what needs to be done is established, actions can be planned (i.e. 

stage three) that in turn actuate (i.e. stage four) input operations. 

In the saving work example, the user receives sensory information regarding the position of 

their hand, the position of the cursor, where the ‘save’ icon is, and what else is on the screen. 

Note that once this information has been perceived it still needs to be interpreted. For example, 

the eyes convert light into neural inputs, although those inputs have no inherent meaning until 

they are processed by the brain. This is why people can have a visual impairment with 

perfectly functioning eyes (i.e. cortical visual impairment, CVI, for more information see 

(Roman-Lantzy 2007)). With this information, the user can determine whether they have not 

clicked on any icon, saved their work already, or clicked on the wrong icon. In conjunction 

with that evaluation, knowing that they want to save their work, and previous experience of 

how their hand position relates to the cursor position (i.e. an internal model of C-D gain), the 

user can then determine what needs to be done to save their work. This would most likely lead 

to planning hand movements to move the cursor to the ‘save’ icon and to click once the cursor 

it there. These movements are then carried out by the hand. 

The ‘Human’ component of the model presented here also has some similarities to Card et. 

al’s (1983) Model Human Processor (MHP). The MHP models the processes that take place 

inside a user’s head when interacting with a computer. It can be divided into three subsystems: 
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the perceptual system, the cognitive system, and the motor system. These subsystems have 

parallels in Figure 3-2: the ‘Senses’ and ‘Interpretation of Sensory Information’ boxes are 

similar to the perceptual system; the ‘Goal Achieved?’, ‘What Needs to be Done to Achieve 

Goal?’ and ‘Plan Actions’ boxes are similar to the cognitive system; and the ‘Actuators’ box is 

similar to the motor system. A key difference between these models is that the MHP focuses 

on the timing of events, whereas the single method model presented here is a means to 

analysing the possible software-based alterations to target acquisition with a mouse. Even 

though Card et. al (1983) described the MHP as “a model so simple (it) does not… do justice 

to the richness and subtlety of the human mind,” the ‘Human’ component of the single method 

model is even simpler. 

In the ‘Operators’ component of the model, the two input channels convert the user’s actions 

into a format the computer can process. These channels have a fixed number of input 

dimensions. For saving, hand movements are converted into cursor inputs and a mouse button 

state. Cursor inputs have two dimensions (an x and y value), and a mouse button state is one 

dimensional. 

In the ‘Computer’ component of the model, selection channel input is then interpreted by the 

computer and transformed into a representation which can be communicated back to the user. 

Likewise, the confirmation channel input is interpreted by the computer in terms of events 

occurring. However, these events are not generally communicated back to the user. For the 

saving example, the cursor inputs are transformed into a cursor position via the C-D gain 

(Control-Display gain, although perhaps C-D transfer function would be more apt (Casiez, 

Roussel 2011)). Likewise, the mouse button state is converted into events such as 

MouseDown() and MouseUp(). 

The next key step is determining whether the inputs interpreted by the computer, match pre-

existing selection and confirmation criteria. The selection criteria are what constitute a target 

being selected, and the confirmation criterion is what constitutes a confirmation event being 

initiated. Note that if a screen contains c number of possible targets, each one of those targets 

will have distinct selection criteria but generally the same confirmation criterion. If and only if 

the confirmation event occurs whilst the a target is selected, then that target will be acquired. 

If the confirmation event does not occur, or nothing is selected, then no outcome will occur. If 

the confirmation event occurs whilst the wrong target is selected, then the wrong outcome will 

occur. The computer decides which target was acquired based on the selection channel input 
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matching a specific target’s selection criteria. This logic is not literally how a computer 

functions, but it is what the user experiences. 

In the context of saving a document, we know that the document will only be saved if the user 

performs a click whilst the cursor is over the ‘save’ icon. If they click on the wrong target then 

something completely different will happen. The confirmation event criterion in Microsoft 

Word is MouseUp(), which occurs when the user releases the mouse button. The selection 

criteria are the size and location of the ‘save’ icon. As mentioned, only when the x and y 

positions of the cursor are within the range of the selection criteria can the ‘save’ icon be 

clicked. 

Lastly, in the ‘Feedback’ component of the model, the output of the computer is converted into 

a format the user can process with senses. Generally a display will convert the computer’s 

output into light. In the next subsection, possible alterations to this model that may improve 

communication will be discussed. 

 TAXONOMY OF ACQUISITION MECHANICS 

If we limit ourselves to changes in software, how can computer interaction be altered to 

potentially improve communication between user and computer? 

In the table below (Table 3-1), interaction design is nominally split up into five areas. In the 

model (Figure 3-2) of acquiring a target in the previous subsection, there appears to be four 

key elements that can be specified via software. They are: the selection criteria, the 

confirmation criterion, the function that defines the selection representation based on the 

selection channel inputs, and the feedback channel. Furthermore, that model only considers 

acquiring a single target to achieve a goal. However achieving a goal may involve acquiring 

several layers of targets. So, we can add a fifth software specified variable; the number of 

movement layers (selecting and confirming outcomes) to achieve an end goal. 

The table (Table 3-1) is provided to further clarify what I mean by each of these five 

mechanics. The ‘purpose’, ‘requirements’, and ‘variables’ columns specify design 

considerations of each mechanic. For example, the system designer must choose the selection 

criteria for icons/targets. The ‘variables’ column specifies which variables the selection 

criteria can make use of; the selection criteria must be based on the selection representation 

dimensions as some function of time. The last two columns provide specific and practical 

examples of a mechanic. 
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In the subsection (3.1.4) following the table, the related work will be discussed in terms of 

these five acquisition mechanics. 



 

 

Table 3-1      

Mechanic Purpose Requirements Variables Specific Example Practical Example 

1) Selection Criteria Allows user to 

select an 

outcome. 

- Must be based on selection representation 

dimensions, which are based on selection input 

dimension. 

- Must be predictable to the user. 

- User must be able to meet these criteria and 

the confirmation criterion simultaneously. 

Selection 

Representation 

Dimensions=f(t) 

0<x-cursor position<10 

& 0<y-cursor 

position<10 

Cursor position must be over 

target (a 10 pixel by 10 pixel 

square in the top left corner of 

the screen) 

2) Confirmation Criterion Allows user to 

confirm a 

selection. 

- Must be based on confirmation events, which 

are based on confirmation input dimensions. 

- Must be predictable to the user. (Often it is 

assumed knowledge.) 

- User must be able to meet this criterion and 

the selection criteria simultaneously. 

Confirmation Events MouseUp() Mouse button is released. 

3) Selection 

Representation=f(Selection 

Channel Input) 

Converts the 

user’s selection 

input into a 

representation. 

- Must be predictable to the user. 

- Selection representation must be 

communicated back to the user. 

- Must take into account selection input’s 

signal to noise ratio. 

Selection 

Representation 

Dimensions 

f(t)=f(Selection 

Input Dimensions 

f(t)) 

G-D gain Cursor moves as a function of 

mouse movement. (Can be 

changed via Pointer Speed in 

the Control Panel of a 

Windows OS.) 

4) Feedback Channel Communicates 

states, criteria, 

possible goals, 

and outcomes 

back to the user 

so they can 

control their 

input. 

- Users must be able to determine the current 

state of their inputs to a suitable resolution. 

(Know current state.) 

- Users must be able to determine all the 

possible goals they can achieve and the 

selection criteria to achieve those goals. (Know 

desired state.) 

- Users should be able to predict the outcome 

of their actions. (Know how to get from 

current to desired state.) 

- Users must be able to interpret the outcomes 

of their actions. (Know whether desired state 

has been achieved.) 

Feedback channel 

dimensions (e.g. 

bandwidth) 

Graphical User Interface Seeing where the cursor is, 

seeing where the ‘save’ icon is 

and what it does, seeing how 

to get the cursor to the ‘save’ 

icon, seeing that the document 

has been saved. 



 

 

Table 3-1      

Mechanic Purpose Requirements Variables Specific Example Practical Example 

5) Number of Movement 

Layers 

Defining the 

number of layers 

required to 

achieve the 

intrinsic task 

goal. 

- User should be able to find their way to the 

task goal from every movement layer. 

- User should be capable of achieving each 

individual movement layer. Difficulty of 

achieving the task goal is defined by the 

maximum difficulty of the hardest individual 

movement layer. 

- User should be able to achieve the task goal 

as quickly as possible. Total time taken is the 

sum of each movement layer. 

Number of layers, L L=2  Click ‘File’ (layer 1), then 

‘Save’ (layer 2). 

Table 3-1 Table of acquisition mechanics. 
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 MECHANICS ALTERED IN RELATED WORK 

In this subsection, the design space of improving mouse-based target acquisition will be 

explored. The experiments of 31 papers of related work will be discussed in terms of the 

acquisition mechanics that are altered. Most of this research is from the past 15 years (Figure 

3-4). These 31 papers contain 58 separate experiments of individual ideas (see Table 10-1 in 

10.1 Appendix A). Figure 3-5 presents the number of experiments investigating each of the 

acquisition mechanics. Note that an individual experiment may investigate several mechanics 

(hence the total adds up to more than 58). 

 

Figure 3-4 The number of papers reviewed (n=31) in this related work subsection grouped by the years 

they were published. 

It appears the most common mechanic to change is the selection criteria (Figure 3-5). This 

roughly equates to making targets bigger (increasing W). Some studies also investigated 

changing the confirmation criteria (which involved replacing mouse clicks with another 

action), changing the selection representation as a function of the selection channel input 

(which involved changing the C-D gain under various circumstances), and changing the 

number of select & confirm layers (which involved replacing directly acquiring one target 

with a series of actions). Very few studies sought to improve target acquisition by changing 

the communication from the computer to the user via the feedback channel. This involved 

making targets more visible (either by making them visibly bigger or standing out more) 

without changing the inputs required to acquire them, i.e. enlarging targets in visual space but 

not motor space. 
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Figure 3-5 The mechanics changed in related work. 

Table 10-1 in Appendix A presents the 58 experiments that were reviewed and a brief 

description of how they work. It also presents which input information was used to alter each 

acquisition mechanic. For example, sticky icons (Worden, Walker et al. 1997) reduces the C-D 

gain when the cursor is over a target, so the selection representation as a function of selection 

channel input is altered based on the cursor position. Thus ‘cursor position’ is written in the 

Select Rep.=f(Select Input) column. Now, each mechanic will be discussed in terms of how it 

was changed. 

CHANGING SELECTION CRITERIA 

The most common way of altering the selection criteria was to change the range of viable 

cursor positions (see Figure 3-6 for how selection criteria were changed). This equates to 

increasing the target size (W). The majority of these experiments literally made the target 

bigger; either by expanding it when the cursor was near1, zooming in on the target area2, or 

                                                 
1  Expanding targets (McGuffin, Balakrishnan 2002, Bohan, Scarlett 2003, Lee, Kwon et al. 2012, Hwang, 

Hollinworth et al. 2013), bubble target (Cockburn, Firth 2004), assistance algorithm (Ding, Rodriguez et al. 

2015). 

2 Visual-motor magnifier (Findlater, Jansen et al. 2010), Focus+Context: Ring (Appert, Chapuis et al. 2010), 

delay-activated lens, pressure-activated lens, trailing lens (Ramos, Cockburn et al. 2007), speed-coupled 

flattening (Gutwin 2002). 
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rearranging icon/target sizes3. Several interaction methods did not make the target visually 

bigger, but increased the activation area of the cursor so that the target was effectively bigger 

than it first appears4. Other methods did not make the target bigger in a traditional sense, but 

created duplicate targets for the purpose of reducing the movement amplitude5. Due to these 

duplicates, the range of applicable cursor positions was enlarged, but that range was 

discontinuous. These methods were generally intended for very large displays where screen 

space is not at a premium. 

 

Figure 3-6 Instances of selection criteria changes. The legend describes the input that was used to alter the 

target selection criteria. Note that some interaction methods used more than one variable to change the 

selection criteria. 

Aside from cursor position, selection criteria were also changed based on time derivatives of 

the cursor position, series of values, or just a plain timer. The direction of the cursor velocity 

was used to predict the intended target6, or as part of a flicking interaction mechanism to select 

                                                 
3 Supple++ (Gajos, Wobbrock et al. 2008), adaptive click-and-cross (Li, Gajos 2014). 

4 Bubble cursor (Grossman, Balakrishnan 2005), motor magnifier, visual-motor magnifier (Findlater, Jansen et al. 

2010), area cursor (Worden, Walker et al. 1997), DynaSpot (Chapuis, Labrune et al. 2009). 

5 Ninja cursor (Kobayashi, Igarashi 2008, Quinn, Cockburn et al. 2011), drag-and-pop, drag-and-pick (Baudisch, 

Cutrell et al. 2003), proxy targets (Hwang, Batson et al. 2008). 

6 Object pointing (Guiard, Blanch et al. 2004), drag-and-pop, drag-and-pick (Baudisch, Cutrell et al. 2003). 
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targets7. These flicking actions also used the speed of the cursor. In other experiments cursor 

speed was used to regulate target enlargement8, and as a threshold to unselect targets9. The 

target enlargement mechanism of Gutwin (2002) used cursor speed and acceleration 

magnitude to regulate zoom levels. None of the work reviewed used the direction of the 

acceleration as part of the selection criteria. 

The path of the cursor position was used as the selection criteria for targets, namely in the 

form of goal-crossing10. The path of the cursor velocity was used as an input for Chapuis et 

al.’s (2009) DynaSpot; the activation area of the cursor increased when the cursor was 

moving, but gradually decreased after the cursor speed reduced to zero for a set period of time. 

Several other experiments used a timer to enlarge the target once another event triggered the 

timer11. A timer was also used as the sole selection criterion in Findlater et al.’s (2010) 

scanning area cursor. 

CHANGING CONFIRMATION CRITERION 

Along with the selection criteria, some interaction methods changed the confirmation criterion. 

Most commonly this involved replacing clicking with a cursor speed criterion (see Figure 3-7). 

More specifically, confirmation occurred when the cursor stopped12. Several other studies 

replaced clicking with different button mechanics. Namely dragging and releasing the cursor13. 

A set of experiments on stylus interaction added a second layer of selection and confirmation 

to acquire targets (Ramos, Cockburn et al. 2007). They investigated various confirmation 

events for the first layer of interaction. Dwell time (velocity path), stylus pressure (analogue 

                                                 
7 Ballistic square (Findlater, Jansen et al. 2010), flick gesture (Dulberg, Amant et al. 1999). 

8 DynaSpot (Chapuis, Labrune et al. 2009), speed-coupled flattening (Gutwin 2002). 

9 Stickiness exp.1 (Cockburn, Firth 2004). 

10  Click-and-cross, cross-and-cross (Findlater, Jansen et al. 2010), goal crossing (Cockburn, Firth 2004, 

Wobbrock, Gajos 2007), adaptive click-and-cross (Li, Gajos 2014). 

11 Expanding targets (McGuffin, Balakrishnan 2002, Hwang, Hollinworth et al. 2013), gravity wells (Hwang, 

Keates et al. 2005b). 

12 Click-and-cross, cross-and-cross, ballistic square (Findlater, Jansen et al. 2010), adaptive click-and-cross (Li, 

Gajos 2014), goal crossing (Wobbrock, Gajos 2007), flick gesture (Dulberg, Amant et al. 1999). 

13 Drag-and-pick (Baudisch, Cutrell et al. 2003), goal crossing (Cockburn, Firth 2004). 
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button), and moving the stylus quickly to a trailing zoom lens (cursor position) all confirmed 

the location of the zoom lens to be used for the second layer of interaction. 

 

Figure 3-7 Instances of confirmation criterion changes. The legend describes the input that was used to 

alter the confirmation criterion. 

CHANGING SELECTION REPRESENTATION FUNCTION 

Changing the relationship between the selection representation (the cursor position) and the 

selection input (mouse movements) involves altering the C-D gain. As with the selection and 

confirmation criteria, there are a limited number of input dimensions that can be used to 

regulate the C-D gain. The most common input for changing the C-D gain was the cursor 

position (see Figure 3-8). When the cursor position was over the target14 or near the target15 

the C-D gain would reduce. Lowering the C-D gain like this made targets bigger in motor 

space, but not in visual space. 

                                                 
14 Sticky icons (Worden, Walker et al. 1997), stickiness exp. 2 (Cockburn, Firth 2004). 

15 Semantic pointing (Blanch, Guiard et al. 2004), motor magnifier (Findlater, Jansen et al. 2010), gravity wells 

(Hwang, Keates et al. 2005b), Focus+Context: Ring (Appert, Chapuis et al. 2010), assistance algorithm (Ding, 

Rodriguez et al. 2015). 
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Figure 3-8 Instances of selection input to selection representation relationship changes. The legend 

describes the input variable that was used to alter the relationship (C-D gain). 

All of the other changes to C-D gain were target agnostic (as opposed to target aware). Buttons 

were used to regulate C-D gain in various ways. Findlater et al.’s (2010) motor magnifier 

reduces C-D gain within a local area after a click, whereas Trewin et al.’s (2006) steady clicks 

freezes the cursor (i.e. the C-D gain goes to 0) when the user presses the mouse button down. 

These have contrasting goals. The former aims to allow users to correct their movements, 

whereas the latter aims to avoid unintended movements during a click, but prevents corrective 

movements during a click. Appert et al.’s (2010) Focus+Context: Key is similar to the motor 

magnifier but C-D gain is regulated by a separate channel; the SHIFT key.  

Many target agnostic interaction methods changed the C-D gain according to position and time 

derivatives of the mouse position16 . Like steady clicks, these methods regulate C-D gain 

without allowing the user to explicitly control how this happens. 

One interaction method that does not fit well within my taxonomy is pointer wrapping (Quinn, 

Cockburn et al. 2011). Pointer wrapping allows the cursor to exit one side of the screen and re-

                                                 
16 Focus+Context: Ring (Appert, Chapuis et al. 2010), Focus+Context: Speed (Appert, Chapuis et al. 2010)), 

curvature-index based C-D gain (Al Manji, Davies et al. 2015), angle mouse (Wobbrock, Fogarty et al. 2009), 

adaptive gain control (Worden, Walker et al. 1997), PointAssist (Hourcade, Perry et al. 2008). 
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enter the other. Whilst this does not change the gain of the relationship between selection input 

and its representation, it does change the boundary conditions of this relationship. 

CHANGING VISUAL FEEDBACK 

Few interaction methods reviewed aimed to explicitly improve visual feedback. This reflects 

Chapuis & Dragicevic’s (2011) claim that for small target acquisition: 

<<Motor scale is often seen as the only limiting factor and visual scale has been 

largely ignored. >> 

Hwang et al. (2013) investigated visually expanding targets that enlarged when the cursor was 

nearby. Changing the feedback in this way should make the selection criteria clearer and 

improve the user’s perception of whether their input matches that criteria. Similarly, Appert et 

al. (2010) investigated visual magnifying lenses with Focus+Context: Key and 

Focus+Context: Speed. These latter two both incorporated methods for altering the C-D gain 

as well. There are many other methods that made targets visually bigger, but they only did this 

as part of literally making the target bigger. Therefore, they were not considered as altering the 

feedback channel since the goal was not to improve visual feedback, or to alter the way visual 

feedback works. 

Findlater et al.’s (2009) ephemeral adaptation does not help with feedback control per se, but it 

aims to make targets more visible and easier to spot. Ephemeral adaptation works by greying 

out uncommon targets and gradually fading them to full colour. The benefit is that common 

targets initially stand out when opening a menu. 

ADDING MOVEMENT LAYERS 

When adding additional layers of selection and confirmation movements to target acquisition, 

generally one movement is replaced by two easier movements. This is most commonly done 

with regards to target width (as opposed to movement amplitude); one smaller target is 

replaced by two larger targets. Mouse-based examples are motor magnifier, visual-motor 

magnifier, click-and-cross, cross-and-cross, scanning area cursor (Findlater, Jansen et al. 

2010), adaptive click-and-cross (Li, Gajos 2014), whereas delay-activated lens, pressure-

activated lens, and trailing lens (Ramos, Cockburn et al. 2007) were all designed for stylus 

interaction. There were also two instances where a larger amplitude movement was replaced 

by two smaller amplitude ones: drag-and-pop, and drag-and-pick (Baudisch, Cutrell et al. 

2003). 
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Findlater et al.’s (2010) ballistic square and Gajos et al.’s (2008) supple++ both involve 

variable layers of selection and confirmation movements. The ballistic square starts with a 

larger area divided into quadrants, the user then acquires the quadrant the target is in by 

making a ballistic mouse movement in that direction. This occurs iteratively until there is only 

one target in the quadrant being acquired. Supple++ is rather different. It essentially rearranges 

the target size, type and layout based on user performance and preferences. It engenders a 

variable number of layers since targets may be directly accessible, or accessed via a separate 

tab and scrolling. 

In the following two subsections both common design opportunities and issues will be 

highlighted. 

 COMMON DESIGN OPPORTUNITIES 

From reviewing the related work, it is apparent that there are certain properties of user 

interface environments that can be leveraged, even if they cannot be optimised themselves. If 

we consider target acquisition as purely pointing for communicating with a computer, then we 

may arrive at the conclusion that the most efficient interface involves a screen full of equally 

sized targets that are acquired with equal frequency (or a similar concept). However, we know 

from experience that most interfaces do not resemble this. Unless you have a menu screen (e.g 

a smartphone menu), most interfaces involve more operators than target acquisition. This leads 

to properties that are sub-optimal for target acquisition, but interfaces must incorporate 

because of other considerations. Examples of this are unused space, varying target sizes, and 

the varying frequency of different targets being acquired. These sub-optimal properties also 

result in opportunities to improve target acquisition. 

Unused space is an artefact of interface environments that can be leveraged. Selection criteria 

are often altered to optimise the use of space17. More specifically, the amount of unused motor 

space is reduced (most commonly by enlarging targets). In some cases the C-D gain is 

changed based on the cursor position for a similar effect18. However, assuming the motor 

workspace is finite, and other targets are not shrunk, enlarging targets relies on unused space 

                                                 
17 Bubble cursor (Grossman, Balakrishnan 2005), bubble targets, expanding targets (McGuffin, Balakrishnan 

2002, Bohan, Scarlett 2003, Lee, Kwon et al. 2012, Hwang, Hollinworth et al. 2013), ninja cursor (Kobayashi, 

Igarashi 2008, Quinn, Cockburn et al. 2011), object pointing (Guiard, Blanch et al. 2004), DynaSpot (Chapuis, 

Labrune et al. 2009). 

18 Stickiness exp.2 (Cockburn, Firth 2004), sticky icons (Worden, Walker et al. 1997). 
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being available. Furthermore, if these methods were used with a screen full of equally sized 

targets with no space between targets, they all become no different to standard pointing with a 

mouse. 

Evidently, targets vary in size for most interfaces. In theory, it may be optimal that the screen 

would be filled with targets all the same size. However, practicalities generally preclude this, 

and hence users are occasionally presented with the problem of acquiring smaller targets. 

Smaller targets can be slow to acquire, and disproportionately so when accounting for Fitts’s 

Law (Chapuis, Dragicevic 2011). On top of that, smaller targets result in reduced accuracy 

(Chapuis, Dragicevic 2011). Therefore, their inefficiencies provide an opportunity to improve 

interaction and accessibility. There appears to be two fundamental approaches to tackling 

small target acquisition. One approach is to improve cursor control of fine corrective 

movements by dynamically adjusting the C-D gain19. The second approach is to avoid fine 

corrective movements by adding a movement layer, thus replacing a smaller target with 

multiple larger ones 20 . I would argue that the utility of both these approaches relies on 

interfaces containing smaller targets. Without varying target sizes, simply making all targets 

larger would appear to be an appropriate solution.  

In theory, one of the drivers of varying target sizes is how frequently they are accessed 

(Abowd, Beale et al. 1996). The idea being that more frequently used targets should be easier 

to access, and therefore larger. Furthermore, the amount of information communicated by 

acquiring a target relates to the probability of it being acquired; frequently acquired targets 

communicate less than rarely acquired targets (Seow 2005). Therefore it seems reasonable that 

target acquisition times should be proportional to the amount of information being 

communicated. Evidently, this leads to more commonly used targets being acquired faster, at 

the cost of less commonly used targets being acquired slower. Ephemeral adaptation 

(Findlater, Moffatt et al. 2009) aims to facilitate this by improving visual feedback, and 

adaptive click-and-cross (Li, Gajos 2014) aims to facilitate this by increasing the target size of 

common targets. 

                                                 
19 Angle mouse (Wobbrock, Fogarty et al. 2009), adaptive gain control (Worden, Walker et al. 1997), PointAssist 

(Hourcade, Perry et al. 2008). 

20 Motor magnifier, visual-motor magnifier, click-and-cross, cross-and-cross, scanning area cursor (Findlater, 

Jansen et al. 2010), adaptive click-and-cross (Li, Gajos 2014), delay-activated lens, pressure-activated lens, and 

trailing lens (Ramos, Cockburn et al. 2007). 
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Outside of the interface environment, the user’s ability to choose between using different 

interaction methods is a design opportunity. For example, the ninja cursor (Kobayashi, 

Igarashi 2008) and pointer wrapping (Quinn, Cockburn et al. 2011) rely on the user’s ability to 

decide which movement to make. Several zoom lenses also make use of the user’s ability to 

choose between making a single movement without activating the zoom, or adding a 

movement layer and activating the zoom (Appert, Chapuis et al. 2010, Ramos, Cockburn et al. 

2007). Appert et al. (2010) demonstrated that allowing the user to activate the zoom lens was 

significantly faster than doing so based on the cursor speed. (Note in this experiment the visual 

element of the zoom was always active and activation reduced the C-D gain within the lens). 

Ramos et al. (2007) also demonstrated that users vary how often they activate a zoom lens 

based on target size. Surprisingly, user choice has not been investigated in the context of 

improving small target acquisition for people with motor impairments (such as CP) using a 

mouse. 

In summary, some key elements that afford design opportunities are: unused space, varying 

target sizes, varying frequencies of target use, and user choice. In the following subsection, 

some common design issues that have affected the related work will be outlined. 

 COMMON DESIGN ISSUES 

Whilst design opportunities generally relate to inefficiencies of real interfaces, design issues 

tend to relate to the limitations of target acquisition in itself. It could be said the possibility of 

improving target acquisition is really an optimisation problem. For example, unused space is 

generally sub-optimal for rate of communication via target acquisition; interaction methods 

such as the bubble cursor (Grossman, Balakrishnan 2005) go some way to optimising the use 

of space by filling in unused space with targets. Likewise, varying target sizes is generally 

sub-optimal since some targets may be too small for users to acquire (so not only are they 

difficult to access, but they still take up bandwidth/screen space); many interaction methods 

aim to facilitate target acquisition for smaller targets. It is the ways in which an interface 

deviates from an optimal target acquisition environment that present design opportunity space. 

Outside of optimisation, functional improvements to target acquisition are elusive; they 

improve one aspect at the cost of another. In additional to the functional elements of target 

acquisition, novel methods may also have social implications. This subsection outlines five 

design issues: using up bandwidth, reducing predictability, introducing dexterity requirements, 

increasing the sensitivity of inputs, and social consequences. 
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The clearest design issue is using up the bandwidth of input channels, and the interaction 

between this and the number of movement layers. Altering the selection and confirmation 

criteria (as the majority of the related work has done, see Figure 3-5) alters the amount of 

bandwidth that is taken up by a target. If we assume that the bandwidth of input channels is 

limited by the input peripherals (as opposed to being limited by the user, e.g. the constant b in 

Fitts’s Law (Equation 3-1)), for a mouse and keyboard there is a finite number of input 

combinations that can be made. Therefore bandwidth is a finite resource. Since the same 

combination of inputs cannot select multiple targets, this results in targets taking up a certain 

amount of the bandwidth. So, in simple terms, if you make a target bigger, it has to take up the 

space that another target could occupy. Therefore, making a target bigger decreases the 

amount of information being implicitly rejected in acquiring that target (see the start of 3.1.2). 

This is perhaps a complicated way of saying that making targets easier to acquire means less 

information is communicated. In concept, this is the same relationship as expressed by the ID 

of Fitts’s Law (Equation 3-2). The important aspect to note is that it seems impossible to ‘beat’ 

Fitts’s Law. 

The use of bandwidth can also be expressed as a trade-off between target size, the number of 

movement layers, and the time taken to achieve a task goal. Increasing the number of 

movement layers allows larger targets sizes but is likely to increase the time taken. As 

mentioned in 3.1.4 when discussing changes to the number of movement layers, often one 

difficult movement is replaced by two easier ones. As stated above, larger targets take up a 

larger amount of the bandwidth per movement. However by increasing the number of 

movements, there is an exponential increase in the number of possible input combinations. 

Therefore, by adding the movement layer, it is easier to achieve the end goal without reducing 

the number of possible targets as compared to the original, single layered interaction. As will 

be discussed later (chapter 8), adding movement layers is highly unlikely to make target 

acquisition faster. 

In a different scenario, increasing the size of one target may result in an increase in the number 

of movement layers for a separate target. Therefore, one target may be acquired more quickly 

at the expense of another taking longer to be acquired. In practical terms, if one target is made 

larger, it is easier and quicker to acquire, but it uses up more bandwidth. Hence, it may also 

result in another target being pushed to a different screen (i.e. an extra movement layer is 

involved for that target). For example in Microsoft Word 2013, the user may have to click 

‘file’, ‘print’, and ‘print’ again to print a document (depending on the setup). Presumably if 
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there were not so many other possible targets on the ‘home’ tab, printing would be directly 

available on the main screen. 

Another design issue is reducing the predictability of interactions. One limitation of target 

acquisition is that the user must be able to plan their inputs in advance of executing them. To 

do this, the interaction should be as predictable as possible. Predictability facilitates the user’s 

ability to predict the consequences of future actions, based on experience of what 

consequences those actions caused in the past. In that context, the feedback channel is 

important. On the other hand, altering the relationship between an input and the input 

representation can affect the predictability of the interaction. Most novel interaction methods 

that alter the C-D gain tend to make the relationship between mouse and cursor position more 

complicated, and therefore more difficult to plan movements. For instance, sticky icons 

(Worden, Walker et al. 1997) reduces the C-D gain when the cursor is over a target. This 

works well for one target if the user just plans their movement in the same way as they would 

if it was not a sticky icon. The sticky icon would probably prevent overshoot without affecting 

the probability of undershooting the target. However, if there is another sticky icon between 

the cursor position and the intended target, then the distractor icon could cause the cursor 

movement to undershoot its target. Therefore, the distractor has to be taken into account when 

planning the movement, making planning more difficult. It is potentially a good idea to vary 

the stickiness of an icon based on the cursor speed, however this further adds to the 

complexity of the relationship between the cursor position and the mouse movements, and this 

complexity may not be apparent to the user. In short, any benefits of altering the C-D gain 

should be carefully weighed against the impact on the user’s ability to plan their movements. 

On a slightly larger scale, the number of movement layers also affects predictability and the 

planning of inputs. For multiple movement layers, the user must be able to predict which 

initial target acquisition will allow access to the final target of the intended task goal. 

Returning to printing a document in Word, to plan on achieving the goal of printing, the user 

must either know or intuit that clicking on ‘file’ and then ‘print’ will actually lead them to the 

goal of clicking the ‘print’ icon. It is likely this aspect of using multiple movement layers 

increases the mental workload compared to a single layered interaction of just clicking a 

target. Thus, on this level there is a trade-off between many layers of accessibly sized targets, 

and fewer layers of easily navigated targets. 

A third design issue that must be balanced is how an interaction method may affect the 

dexterity requirements for the user. Not only must it be possible for a user to match their 
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inputs with the selection criteria, and match their inputs with the confirmation criterion, they 

must be able to do both at the same time. Steady Clicks is an excellent example of a concept 

that aims to make achieving selection and confirmation at the same time easier. It basically 

freezes the cursor position when the mouse button is depressed, so that accidental mouse 

movements (that are a by-product of clicking) do not result in misses. Note that this improves 

accuracy without making the target any easier to select, or making clicking any easier to 

perform. In contrast, Appert et al.’s (2010) Focus+Context: Key requires users to operate the 

SHIFT key simultaneously with the mouse. This bimanual action increases the dexterity 

requirement for the user. Both of these examples trade-off fine control over cursor movements 

with the dexterity requirements placed upon the user. 

A fourth design issue is the sensitivity to users making errors. In the previous subsection, 

using unused space was mentioned as a design opportunity. However, it is worth considering 

that there is a functional reason to unused space. For example, smartphone menus appear to 

have unused space between targets. The purpose of this unused space is to reduce the 

sensitivity of the selection. As can be seen in Figure 3-2 and Figure 3-3, there are three 

possible outcomes in achieving a goal. If the cursor is over unused space, then the target 

cannot be acquired, but also the wrong target cannot be acquired either. Having this space 

between targets reduces the sensitivity of the target acquisition since it reduces the likelihood 

of clicking the wrong thing by mistake. So, interaction methods that expand targets into 

unused space must balance the benefits of increased target size with the potential to increase 

the rate of wrong target errors. 

The last design issue discussed here is the social implications of assisting target acquisition. 

Social aspects are not captured by the target acquisition as communication model in 3.1.2. The 

model presents target acquisition from a purely functional viewpoint, and the system itself 

appears closed to outside influence. However, it is clear that human behaviour is influenced by 

psychological and social factors, and using a computer is just another behaviour. It seems 

possible that people may view a task as being too easy. For instance, bowling with the 

bumpers up makes it a lot easier to knock over all the pins, but people generally prefer playing 

with the gutters. There can also be a sense of ‘otherness’ regarding the bumpers; they seem to 

be designed for children, or people who have never been bowling before. This may manifest 

itself in computer use as well. For example, after opening Firefox and going to the google 

homepage (Figure 3-9), why is there so much unused space and yet some of the icons are still 

relatively small? Presumably aesthetics has a part to play, but it seems aesthetics may also be 
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socially situated. Furthermore, it is clearly possible to make the icons easier to access without 

significantly changing the aesthetic. The immediate area surrounding the word ‘Gmail’ could 

be made to activate the link (similar to an invisible bubble cursor), but instead, the user has to 

position the hotspot of the cursor over the text. It may be possible that not wanting the icons to 

appear to be too big, or to be designed for some less capable ‘other’, play some part in the 

targets not being as accessible as possible. 

 

Figure 3-9 Google homepage opened in Firefox. Are there social or psychological reasons why some of the 

links and icons are so small despite the large amounts of unused space? 

One more established phenomenon is that people who would functionally benefit from using 

assistive technology often do not use it. For example, Davies et al. (2010) found from 

interviews that most people with MACS level I and II CP were aware of assistive 

technologies, but few chose to use them. Shinohara and Wobbrock (2011) found that assistive 

technologies sometimes marked users as having disabilities. In their study they found a 

persistent misperception that people with disabilities would be helpless without their device. 

Evidently, social factors such as these may influence whether people make use of novel target 

acquisition methods or not. Similarly, Shinohara and Tenenberg (2009) found in their case 

study of a blind person, that how and whether they used assistive technology was partly due to 

social circumstances. 
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This subsection concludes with a quote from a participant in Shinohara and Wobbrock’s 

(2011) study that illustrates how social and psychological factors influence the use of assistive 

technology from a real-world personal perspective. 

<<Well, it‘s difficult being a disabled person in this society, and people are…not kind. 

But you get this sense of- there‘s something wrong with me, people don‘t like me, I‘m 

unappealing, I look pathetic, I look un-sexy, you know, whatever it is. And, people are 

staring at me, and they are. I‘m not making this up. I‘m not paranoid. I mean, they are! 

And, it‘s because they wonder what that is (points to device). They haven‘t seen that 

before. They want to know what‘s up with the person using it…I don‘t want to look 

helpless, I don‘t want to look pathetic, or something… so it took me a long time 

to…now I think I can just do it without really worrying about it at all, but what I had to 

do at first—this was many years of work—but what I had to do at first was cultivate 

this sort of ‘f*** you‘ attitude, you know? >>  

 REVIEW SUMMARY 

This review began by exploring what mouse-based target acquisition entails. As a result of 

this, a taxonomy of five mechanics that can be altered was developed. They are the selection 

criteria, the confirmation criterion, the function relating the selection representation to the 

selection channel inputs, the feedback channel, and the number of movement layers. In the 

literature it is most common to alter the selection criteria based on the cursor position; 

basically targets are enlarged in motor space. This review also uncovered several aspects of 

interfaces that are sub-optimal for pointing and provide an opportunity to improve target 

acquisition: unused space, varying target sizes, and varying frequencies of target use. 

Furthermore, user choice appears to be a promising resource for improving small target 

acquisition, and it has not been investigated for people with motor impairments. Lastly, this 

review outlined five design issues that generally involve trade-offs: using up bandwidth, 

reducing predictability, introducing dexterity requirements, increasing the sensitivity of inputs, 

and social consequences. 

In relation to my attempt at improving target acquisition (the expansion cursor in chapters 7 

and 8), the most relevant finding of this review was that user-initiated control over target size 

can improve small target acquisition. Yet, this has not been investigated for people with motor 

impairments such as CP. This type of interaction method seems like a suitable method for 

leveraging users’ movement planning abilities. 
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In the following review, factors affecting onset asynchronies are analysed in order to support 

the design of movement planning experiments in chapters 5 and 6. 

 REVIEW: AN ANALYSIS OF EYE-HAND MOVEMENT ONSET 

ASYNCHRONY ADJUSTMENTS 

This analysis is the beginning of the research investigating the effects of CP on movement 

planning. It supports the experiment design and conclusions of chapters 5 and 6. In those 

chapters, onset asynchrony is used to work towards answering Q.1, How does cerebral palsy 

affect movement planning for people who use a mouse? Onset asynchrony has been shown to 

change in people without CP in response to different planning conditions. Those chapters 

examine whether the same adaptations occur in people with CP. However, it is difficult to 

design a robust experiment since there is no clear understanding of why onset asynchronies 

change between conditions, and which elements of a task are likely to result in a change. This 

review aims to develop a coherent analysis of why people adjust their onset asynchrony for 

different situations. A systematic review methodology was employed to obtain all available 

research containing measurements of onset asynchrony. Abstracts of 3703 articles were 

reviewed resulting in 38 articles that used onset asynchrony measurements as a dependent 

variable. In total, 30 potential onset asynchrony factors were investigated by the articles, with 

25 of them affecting the timing between hand and eye onset. Generally, the eye guides the end 

of the previous movement, the start of the current movement, and the end of the current 

movement. It appears that onset asynchrony varies based on these competing requirements. 

This review is an adaptation of a paper of similar name, accepted for publication in the Journal 

of Biomedical Engineering and Biosciences (Payne, Plimmer et al. in press). 

 INTRODUCTION 

Movement planning is essential for determining how to achieve a task goal for hand 

movements (Wolpert 1997). Time delays in the sensory system ensure that forward planning is 

required for effective control (Kawato 1999). The intention of this thesis is to utilise an 

understanding of the effects of CP on movement planning ability to inform the design of a 

target acquisition method. However, movement planning ability is difficult to measure. 

Eye-hand movement onset asynchrony (onset asynchrony for short) is one measure that relates 

well to movement planning ability. As previously mentioned, onset asynchrony is a 

measurement of the latency between when the eyes start to saccade towards a target and when 
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the hand movement is initiated (see Figure 3-10). This measurement is made by comparing 

two other measurements, such as hand reaction time and eye reaction time (Equation 3-6). 

Eye RT Hand RT

 +ve Onset 
Asynchrony

TIME

POSITION

Start 
Point

Target

Increase

Reduce
 

Figure 3-10 Eye-hand movement onset asynchrony diagram. This shows a positive eye-hand movement 

onset asynchrony since the eye movement starts before the hand movement.  

𝑂𝑛𝑠𝑒𝑡 𝐴𝑠𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑦

= 𝐻𝑎𝑛𝑑 𝑂𝑛𝑠𝑒𝑡 𝑇𝑖𝑚𝑒 − 𝐸𝑦𝑒 𝑂𝑛𝑠𝑒𝑡 𝑇𝑖𝑚𝑒 

Equation 3-6 Calculating onset asynchrony with hand and eye onset times. 

Onset asynchrony is useful for assessing typical planning behaviour since it has been shown to 

vary in response to different planning conditions. To investigate neurological conditions, 

adaptations in behaviour can be compared between participant groups. For example, Wilmut 

& Wann (2008a) investigated the ability of children with developmental coordination disorder 

(DCD) to integrate spatial information and pre-plan movements. They found that participants 

without DCD reduced their onset asynchronies when spatial information was provided pre-

trial. Since this adaptation did not occur to the same extent in participants with DCD, they 

concluded that DCD resulted in a reduced ability to use predictive information. 

However, a general understanding of which other factors can cause onset asynchronies to 

change, and why, is not present in the literature. This lack of understanding is a problem since 

onset asynchrony is not a performance measure. Unlike a measure such as task completion 
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time, higher or lower values are not necessarily any better or worse. Therefore context is 

required to interpret results, but this context is currently fragmented. Onset asynchrony is 

interpreted in different ways and used in diverse fields such as coordination, psychology, 

neurology, and developmental studies. 

Although many studies have examined one or two factors affecting onset asynchrony, onset 

asynchrony is generally used to interpret other concepts, and not to investigate the measure 

itself. The large number of potential factors affecting onset asynchrony precludes developing 

one study to determine overall factors. The contribution of this review is bringing together 

factors from studies in a variety of fields that would not usually be compared. These factors 

are discussed in relation to three functions of the gaze direction: guiding the end of a previous 

movement, guiding the start of the current movement, and guiding the end of the current 

movement. 

CONVENTIONS ADOPTED IN THIS REVIEW 

Certain conventions were adopted since there was little consistency within the literature. In 

this review, onset asynchrony will be expressed as a one-dimensional time measurement (as 

opposed to expressing it as a percentage of movement time), and taken as positive when eye 

movement commences prior to hand movement (as per Equation 3-6 and Figure 3-10). This 

eliminates the heterogeneity among articles which also describe the same measure with many 

names such as: movement onset asynchrony (Verrel, Bekkering et al. 2008), onset latency 

(Terrier, Forestier et al. 2011), and difference between hand and gaze (Rosander, von Hofsten 

2011). 

Other conventions are as follows. The hand movement for which onset asynchrony is being 

measured is called the current movement. The hand movement that terminated at the start 

point of the current movement is called the previous movement. 

Movement types are classified as discrete, reciprocal, or semi-reciprocal. Discrete movements 

are from a start position to a target position (i.e. no previous movement). Reciprocal 

movements are back and forth between two targets (i.e. the previous movement was the 

opposite of the current movement). Semi-reciprocal movements are to a new target following 

on from a previous movement. 
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 METHODOLOGY 

DEFINITION OF COMPARISON AND INTERVENTION 

The American Academy for Cerebral Palsy and Developmental Medicine’s methodology was 

used as a guideline in developing this review (Darrah, Hickman et al. 2008). Since the effects 

of the experiment set-up were being investigated, the intervention definition was quite broad. 

The experimental task had to involve a goal-directed hand action and saccade. The definition 

of the comparison was more specific; onset asynchrony. 

To develop a set of search terms that allowed for the broad nature of the intervention, and the 

multiplicity of nomenclature regarding the comparison, the search term was based on the 

terminology of 12 studies (Verrel, Bekkering et al. 2008, Terrier, Forestier et al. 2011, 

Steenbergen, Verrel et al. 2007, Binsted, Chua et al. 2001, Saavedra, Joshi et al. 2009, 

Rosander, von Hofsten 2011, Ma-Wyatt, Stritzke et al. 2010, Johansson, Westling et al. 2001, 

Goodale, Pélisson et al. 1986, Neggers, Bekkering 2001, Prablanc, Martin 1992, Wilmut, 

Wann et al. 2006a). These words were grouped together by meaning (Table 3-2). When 

searching article abstracts, each search result included at least one word from each column of 

Table 3-2. The search also included articles mentioning eye-hand offset asynchrony, and eye 

and hand reaction times in their abstract, as the full article potentially included onset 

asynchrony too. 
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 AND 

 Comparison  

  Intervention 

 Action being 

measured 

Measurement 

being taken 

Effectors General 

action 

Action 

Adjective 

Action 

mechanism  Hand Eye 

OR 

movement(s) asynchrony(ies) 
eye-

hand 
gaze pointing(s) fast coordination 

coordination temporal 
gaze-

hand 
eye(s) movement(s) 

goal-

directed 
coupling 

pattern(s) latency(ies) 
hand-

eye 
saccadic aiming goal(s) control 

reaction(s) time(s) 
hand-

gaze 
saccade action directed guided 

shift(s) predictive hand(s) vision manipulation rapidly sensorimotor 

behaviour coupling manual visual 
object 

transport 
rapid 

sensory-

motor 

behavior 
spatial-

temporal 
arm(s) visually 

object 

transportation 
target(s) visuo-motor 

organisation spatiotemporal   reaching planning visuomotor 

organization DHG   reachings anticipatory  

characteristic(s) RT    functional  

lead MT      

land MOA      

offset MTA      

onset       

initiation       

termination       

Table 3-2 Representation of the search term. Each article had to include at least one word from each 

column in the abstract. 

SEARCH STRATEGY 

Once the search terms were chosen, a table of titles and rankings of results was composed. The 

four databases selected were EMBASE + EMBASE Classic, PubMed, Biological Abstracts, 

and Compendex (15-Jan-2014 was set as a cut-off date). 

Inclusion criteria when reviewing abstracts were: 

 The research was peer reviewed. 

 The abstract was in English. 

 There was an allusion to a goal-directed hand action and saccade. 

 There was an allusion to temporal and spatial measurements of the hand and eye. 

 The participants were humans. 
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Articles were also excluded if the end effector was not displacement controlled (e.g. a joystick 

that controls the velocity of a cursor), or if onset asynchrony was not used as a dependent 

variable. 

PROCESSING RESULTS 

A flow chart of how the results were processed is shown in Figure 3-11. After full article 

assessment had taken place, 38 articles were identified that used onset asynchrony 

measurements as a dependent variable. Another 29 included onset asynchrony measurements 

but made no comparisons. 

Total number of abstracts 
assessed = 3703

Full articles assessed 
from references = 27

Reassessed abstracts 
based on references in 

relevant articles = 3

Source articles used to 
develop search term = 12

Abstracts assessed from 
initial searches = 3651

Full articles assessed 
from initial searches = 

293

Total number of full 
articles assessed = 325

Total number of articles 
with onset asynchrony 

measurements = 67

Total number of articles 
with onset asynchrony as 

a dependent variable = 
38

Additional abstracts 
assessed from references 
in relevant articles = 52

Relevant source articles 
not found = 2

 

Figure 3-11 Flow chart of results processing. 

REVIEW LIMITATIONS 

First, this search was evidently not exhaustive since two of the search term source articles 

were not found. This illustrates the limitations of searching abstracts. Second, some articles 

did not include a proper statistical analysis of onset asynchronies. These articles were included 

as they can add pieces to a complex picture. Last, little is known about the potential multi-
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colinearity of the onset asynchrony factors found (e.g. for reciprocal trials it is difficult to 

separate the effects of the current target size and the previous target size). 

 RESULTS 

RESULTS & TYPICAL VALUES 

The graph in Figure 3-12 shows the timeliness of this review. Over the past half a century 

more and more published research has included measurements of onset asynchrony. 

 

Figure 3-12 Number of publications with measures of onset asynchrony grouped in 5-year blocks. The blue 

component shows the number of studies where onset asynchrony was a dependent variable (38 articles). 

This graph also includes the 29 articles where onset asynchrony values were mentioned but no comparison 

was made (the orange component). 

Typical values for onset asynchronies are generally positive although 17 of the total 67 articles 

(including the 29 articles where no comparisons were made) reported incidences of negative 

onset asynchronies. Magnitudes of onset asynchrony measurements are usually less than 

400ms. However, in two cases (Hayhoe, Shrivastava et al. 2003, Land, Mennie et al. 1999) 

onset asynchronies of around 1,000ms have been reported during natural continuous tasks 

(making tea and making a sandwich) where there were multiple points of interest. Neither 

speed nor accuracy was imperative for these tasks and the eyes were involved in planning a 

series of movements. 

In experiment protocols, sampling frequencies varied from 30 – 1000 Hz, and the number of 

participants varied from 2 to 46. Helsen et al. (1998) demonstrated that changing sampling 

frequency from 60 Hz to 120 Hz produced no difference in eye or hand onset times. Thus, it 

seems a sampling frequency of at least 60 Hz is sufficient for accurate onset asynchrony 
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measurements. In general, participants’ vision was self-reported and related to foveated acuity 

rather than peripheral vision. 

The rest of this review only concerns the 38 articles where onset asynchrony was a dependant 

variable. The independent variables of those articles were amalgamated into 30 different 

groups of onset asynchrony factors (Table 3-3). The main interest is whether these variables 

resulted in increases or decreases in onset asynchrony. This indicates a change in behaviour, 

whereas absolute values are an approximation of the behaviour itself. 

FACTORS IN THE LITERATURE 

In the main table of results (Table 3-3), factors are grouped based on how they related to task 

set-up: the previous target, the effector (e.g. the hand or a cursor) control, the current target, 

the temporal predictability, and the person making the movement. The table describes the data 

that exists for different factors and where there is consensus. The second column describes the 

condition that results in an increase in onset asynchrony (i.e. the eyes moving earlier and using 

hand onset as a reference point), and the third column describes the opposite. The columns to 

the right describe the number of studies that tend to agree or disagree with the notion 

expressed by the second and third columns. Studies that found no significant effect are listed 

under the neutral column. 

Table 3-3      

Factor 

Condition 

that Increases 

Onset 

Asynchrony 

Condition 

that 

Decreases 

Onset 

Asynchrony 

No. Agree No. Neutral No. Disagree 

 Factors Relating to Previous Target 

Discrete / 

Reciprocal 
Discrete Reciprocal 

6 (Terrier, Forestier 

et al. 2011, 

Wilmut, Wann et 

al. 2006b, Angel, 

Alston et al. 1970, 

Abekawa, Inui et 

al. 2013, Kerr, 

Lockwood 1995) 

#(Deconinck, Van 

Polanen et al. 

2011) 

3 (Wilmut, 

Wann et al. 

2006a, Kerr, 

Lockwood 

1995) 

#(Deconinck, 

Van Polanen et 

al. 2011) 

 

Previous 

Movement 

Operation 

Grasping Pointing 
1 (Smeets, Hayhoe 

et al. 1996) 
  

Previous Target 

Size 
Increased size Decreased size 

2 (Rand, Stelmach 

2012, Terrier, 

Forestier et al. 

2011) 
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Table 3-3      

Factor 

Condition 

that Increases 

Onset 

Asynchrony 

Condition 

that 

Decreases 

Onset 

Asynchrony 

No. Agree No. Neutral No. Disagree 

Previous Target 

Time Pressure 
No time limit Time pressure 

1 (Wilmut, Wann 

et al. 2006b) 

1 (Wilmut, 

Wann et al. 

2006a) 

 

 Factors Relating to Effector Control 

Hand Used None None  

3 (Lavrysen, 

Elliott et al. 

2007, Wilmut, 

Wann et al. 

2006a) #(Verrel, 

Bekkering et al. 

2008) 

 

Initial Gaze 

Position 

Separate to 

hand start 

position, 

closer to target 

location 

Same as hand 

start position. 

1 (Adam, Buetti et 

al. 2012) 
  

Practice 

Initial trials / 

Reduced 

practice 

Practice 
1 (Rossetti, Koga et 

al. 1993) 
  

Viewing 

Transformation 
None None  

1 (Rossetti, 

Koga et al. 

1993) 

 

Vision of Hand 
No direct 

vision 

Seeing hand 

directly 

1 (Herman, 

Maulucci 1981) 

2 (Lavrysen, 

Elliott et al. 

2007) #(Mather, 

Fisk 1985) 

1 #(Mather, 

Fisk 1985) 

Muscle-Effector 

Mapping 

Normal 

mapping 

Novel 

mapping 

2 (Gorbet, Sergio 

2009, White, 

Lefevre et al. 2012) 

  

 Factors Relating to Current Target 

Current Target 

Amplitude 

Decreased 

amplitude 

Increased 

amplitude 

1 #(Megaw, 

Armstrong 1973) 

4 (Herman, 

Maulucci 1981, 

Warabi, Noda et 

al. 1986) 

#(Abrams, 

Meyer et al. 

1990, Prablanc, 

Echallier et al. 

1979) 

 

Cue Prominence 

(Duration & 

Size) 

Decreased cue 

duration / size 

Increased 

prominence 

1 (Wilmut, Wann 

2008a) 

1 (Wilmut, 

Wann 2008a) 
 

Current 

Movement 

Operation 

Placing Pointing 
1 (Smeets, Hayhoe 

et al. 1996) 
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Table 3-3      

Factor 

Condition 

that Increases 

Onset 

Asynchrony 

Condition 

that 

Decreases 

Onset 

Asynchrony 

No. Agree No. Neutral No. Disagree 

Current Target 

Size 
Increased size Decreased size 

1 (Terrier, Forestier 

et al. 2011) 

3 (Terrier, 

Forestier et al. 

2011, Rand, 

Stelmach 2012) 

#(Abrams, 

Meyer et al. 

1990) 

 

Direction 

Up, or 

continuing, or 

forward 

Down, or 

changing 

direction 

4 (White, Lefevre 

et al. 2012, Smeets, 

Hayhoe et al. 1996, 

Kerr, Lockwood 

1995) #(Carnahan, 

Marteniuk 1991) 

2 (Herman, 

Maulucci 1981) 

#(Prablanc, 

Echallier et al. 

1979) 

 

Müller-Lyer 

Amplitude 

Illusion 

None None  

1 (Lavrysen, 

Elliott et al. 

2007) 

 

Target Location 

Predictability 

Less 

predictable 

target location 

Predictable 

target location 

2 (Wilmut, Wann 

2008a) 

#(Deconinck, Van 

Polanen et al. 

2011) 

1 (Wilmut, 

Wann 2008a) 

1 

#(Deconinck, 

Van Polanen 

et al. 2011) 

Target Modality Visual target 
Auditory 

target 

1 #(Mather, Fisk 

1985) 
  

Timing of Target 

Visibility 

Reduced 

visibility; not 

visible during 

trial, not 

fixated before 

trial start 

Increased 

visibility; 

visible during 

trial, 

previously 

fixated 

3 (Wilmut, Wann 

2008a) #(Gonzalez, 

Burke 2013, 

Prablanc, Pelisson 

et al. 1986) 

3 *(Wilmut, 

Wann et al. 

2006a, Kerr, 

Lockwood 

1995) 

1 (Wilmut, 

Wann et al. 

2006b) 

Visual Field of 

Cue 
None None  

1 (Tipper, 

Howard et al. 

2001) 

 

 Factors Relating to Temporal Predictability of the Task 

Inter-Stimulus 

Interval (ISI) 

b/w successive 

targets 

appearing 

Reduced ISI Increased ISI 

2 (Deconinck, Van 

Polanen et al. 2011, 

Kerr, Lockwood 

1995) 

 
1 (Barnes, 

Marsden 2002) 

Gap Effect 

Extinguished 

shortly before 

trial start 

Overlap, or 

extinguished 

at trial start, or 

extinguished 

longer before 

trial start 

3 (Boulinguez, 

Blouin et al. 2001) 

*#(Deconinck, Van 

Polanen et al. 

2011) 

1 #(Deconinck, 

Van Polanen et 

al. 2011) 

 

Timing of Trial 

Start 

Predictability 

None None  
1 (Sailer, Eggert 

et al. 2007) 
 



3. Related Research 

Doctoral Thesis 

Alexander R. Payne  69 | P a g e  

 

Table 3-3      

Factor 

Condition 

that Increases 

Onset 

Asynchrony 

Condition 

that 

Decreases 

Onset 

Asynchrony 

No. Agree No. Neutral No. Disagree 

 Factors Relating to Participant Characteristics 

Age Increased age Decreased age 

2 (Rand, Stelmach 

2012) #(Sacrey, 

Clark et al. 2009) 

4 (Rand, 

Stelmach 2012, 

Rosander, von 

Hofsten 2011, 

Wilmut, Wann 

2008a, Warabi, 

Noda et al. 

1986) 

 

Sex None None  
1 (Gorbet, 

Sergio 2009) 
 

Instructions / 

Purpose 

Accuracy 

valued 
Speed valued 

2 #(Fisk, Goodale 

1989, Carnahan, 

Marteniuk 1991) 

 

1 #(Carnahan, 

Marteniuk 

1994) 

Neurological 

Condition 

With 

neurological 

conditions 

Without 

neurological 

conditions 

6 (Wilmut, Wann 

2008a, Wilmut, 

Wann et al. 2006b, 

Sailer, Eggert et al. 

2007, Sacrey, Clark 

et al. 2009)* 

#(Brown, Kessler 

et al. 1993, Warabi, 

Yanagisawa et al. 

1988) 

2 (Wilmut, 

Wann et al. 

2006b, Sacrey, 

Clark et al. 

2009) 

2 #(Verrel, 

Bekkering et 

al. 2008, 

Steenbergen, 

Verrel et al. 

2007) 

Participant n/a n/a 

5 (Gorbet, Sergio 

2009) #(Gribble, 

Everling et al. 

2002, Brown, 

Kessler et al. 1993, 

Abrams, Meyer et 

al. 1990, de Bruin, 

Sacrey et al. 2008) 

  

Preferred 

Background 

Music 

No music 

playing 

Preferred 

music playing 

1 #(Sacrey, Clark 

et al. 2009) 
  

Table 3-3 Factors affecting onset asynchrony. Note that some articles are included several times; either 

because they contained multiple results, or because the results were applicable to several categories. 

*(Wilmut, Wann et al. 2006a) and (Deconinck, Van Polanen et al. 2011) contains several different 

comparisons under the same category. 

# These articles did not perform an analysis of variance on onset asynchrony for the factor being 

considered. 

 DISCUSSION 

Based on this review, I propose that onset asynchronies change according to the varying uses 

of vision in enabling goal-directed hand movements. Vision is clearly not used to act upon the 
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environment, and in this context its function is to provide information to guide the hand 

movement. Foveated vision provides higher resolution information than peripheral vision 

(studies have shown preventing foveation of the target reduces movement accuracy, e.g. 

(Abrams, Meyer et al. 1990)). Therefore, it seems likely that gaze direction is influenced by 

what specific information is required. The timing of eye movements is influenced by when that 

information is required. Next, factors are discussed in relation to three possible regions of 

visual interest: the end of a previous movement, the start of the current movement, and the end 

of the current movement. The importance of these regions varies with task set-up. The effects 

of the person making the eye movements are then discussed.  

GUIDING THE END OF A PREVIOUS MOVEMENT 

When the eyes are required to help guide the end of a previous movement, onset asynchrony 

reduces. For example, many studies show onset asynchrony is reduced for reciprocal and 

semi-reciprocal movements compared to discrete movements (Terrier, Forestier et al. 2011, 

Wilmut, Wann et al. 2006b, Angel, Alston et al. 1970, Abekawa, Inui et al. 2013, Kerr, 

Lockwood 1995). Likewise, decreasing previous target size significantly reduced onset 

asynchronies (Rand, Stelmach 2012, Terrier, Forestier et al. 2011). Rand and Stelmach (2012) 

demonstrated this effect without the confounding factor of current target size; they considered 

a movement where the current target size was held constant and only the previous target size 

was varied. 

When the eyes are not required to guide the end of a previous movement, onset asynchrony 

increases. If the previous movement operation is grasping an object, tactile feedback can be 

used to guide the end of the previous movement. Thus, onset asynchrony increases compared 

to pointing (Smeets, Hayhoe et al. 1996). This feedback may be affected by neurological 

condition. When participants with hemiparetic CP grasped an object using their affected hand, 

onset asynchronies were reduced (and negative) compared to positive onset asynchronies 

when using their less affected hand, or participants without CP (Verrel, Bekkering et al. 2008, 

Steenbergen, Verrel et al. 2007). This is possibly due to a reduced ability to make use of tactile 

feedback in place of visual information.  

OBSERVING THE START OF THE CURRENT MOVEMENT 

Observing the start of the current movement seems to decrease onset asynchronies. This may 

relate to increased monitoring of the effector at its starting position and its initial movement. 

Potentially this is part of calibrating the hand location and ensuring the muscle inputs made are 
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resulting in the expected hand/effector movement outputs. For example, altering muscle-

effector mapping reduces onset asynchrony in novel gravity conditions (White, Lefevre et al. 

2012) and reversed cursor mapping (Gorbet, Sergio 2009). 

The important factor appears to be that the mapping is new, rather than differing levels of 

control. For example, using a dominant or non-dominant hand does not seem to affect onset 

asynchrony (Wilmut, Wann et al. 2006a, Verrel, Bekkering et al. 2008, Lavrysen, Elliott et al. 

2007). Likewise, increasing and decreasing gravity both resulted in decreased onset 

asynchrony relative to normal gravity (White, Lefevre et al. 2012) even though they change 

the mapping in opposite ways. However, there is one contradiction to the trend of decreased 

onset asynchronies in novel conditions. Changes in viewing condition (displacing vision by 

10o visual angle using prisms mounted in glasses) resulted in temporarily increased onset 

asynchrony (Rossetti, Koga et al. 1993). 

If observing the start of the current movement is not possible, onset asynchrony generally 

increases. For example, if the hand is occluded, onset asynchrony increases (Herman, 

Maulucci 1981). If observation is not required there may be a similar effect. There was no 

difference in onset asynchrony whether the hand was visible or occluded for a 1-DOF (degree 

of freedom) movement (Mather, Fisk 1985). A 1-DOF movement simplifies control of the 

hand, reducing the need to observe it. Similarly, if initial gaze position is away from the hand 

and in the area of the target, there is reduced benefit in observing the hand. This increases 

onset asynchrony since the eyes foveate the target as quickly as possible (Adam, Buetti et al. 

2012). This change was due to both an increase in hand onset time and a decrease in eye onset 

time, so it appears to be a change in strategy (Adam, Buetti et al. 2012). 

GUIDING THE END OF THE CURRENT MOVEMENT 

Factors relating to the current target affect onset asynchrony based on whether a hand 

movement can be pre-planned or not, but not based on the difficulty of the movement. If a 

movement can be pre-planned, onset asynchrony decreases. 

Prior spatial knowledge of the target allows for reduced onset asynchrony as the primary 

movement can be planned before trial start, and hand onset can occur earlier and closer to the 

eye onset. By initiating eye and hand movements at similar times, there is potentially some 

benefit in using the efferent from the oculomotor signal to drive the hand’s motor command 

(Kerr, Lockwood 1995, Fischer, Rogal 1986). Previously fixating the target (rather than 

viewing it in peripheral vision) prior to trial start reduces onset asynchrony, regardless of 
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whether it is to a remembered or visible target (Gonzalez, Burke 2013, Wilmut, Wann 2008b). 

Prior knowledge of target location also allows decreased onset asynchrony, as does increased 

cue prominence (including its duration and size) (Wilmut, Wann 2008a). This decrease in 

onset asynchrony was not as prominent for individuals with DCD. Based on this interaction, a 

specific target location rather than just a direction may be required to pre-plan movements 

(and reduce onset asynchrony). In Wilmut et al.’s (2006b) study where direction was 

predictable but amplitude was not, no significant difference in onset asynchronies between 

participants with and without DCD was found. Rosenbaum (1980) suggests that pre-planning 

does not occur by multiple plans being generated and then one being selected. He supports the 

idea of only known parameters being used for pre-planning, and specifying unknown 

parameters when they become known. 

While knowledge of spatial properties is valuable, the actual values of the properties are 

largely irrelevant to onset asynchronies. Current target size (Rand, Stelmach 2012, Terrier, 

Forestier et al. 2011) and amplitude (Lavrysen, Elliott et al. 2007, Warabi, Noda et al. 1986, 

Herman, Maulucci 1981) were not significant in discrete trials. Terrier et al. (2011) reported 

current target size was significant (p<0.01) during reciprocal trials, though in this case the 

previous target size also varied, and Rand and Stelmach (2012) found that previous target size 

was significant when current target size was held constant. 

THE EFFECT OF THE PARTICIPANT 

Onset asynchronies vary between participants. Variations may occur due to a persons’ ability 

to pre-plan their movements (e.g. DCD appears to affect this) or their ability to complete a 

previous movement without visual feedback (e.g. as with CP and grasping). 

Increased onset asynchronies were apparent in several neurological conditions: DCD (Wilmut, 

Wann 2008a), schizophrenia (Sailer, Eggert et al. 2007), cerebellar disease (Brown, Kessler et 

al. 1993), and Parkinson’s disease (Warabi, Noda et al. 1986, Sacrey, Clark et al. 2009). As 

mentioned in the introduction, participants with DCD only displayed increased onset 

asynchronies when target locations were predictable. As such, Wilmut & Wann (2008a) 

suggest that participants with DCD have difficulties making use of target spatial information. 

Increased onset asynchronies also occurred in participants with advanced Parkinson’s Disease 

(Warabi, Yanagisawa et al. 1988, Sacrey, Clark et al. 2009). There is a chance that these 

results are interacting with participant age (since participants with more advanced Parkinson’s 

Disease were generally older than those with less advanced Parkinson’s Disease) although the 

trials were discrete, and no other study reported a significant effect of age for discrete trials. 
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Interestingly, when participants performed the task listening to preferred music, Sacrey et al. 

(2009) found that participants with advanced Parkinson’s Disease exhibited different 

behaviour; the difference between them and other participants was somewhat attenuated. 

In contrast to the increases in onset asynchrony above, two studies (Verrel, Bekkering et al. 

2008, Steenbergen, Verrel et al. 2007) from one research group showed that when participants 

with hemiparetic CP use their affected hand, they display decreased (and negative) onset 

asynchrony relative to participants without CP (or when using their less affected hand). Onset 

asynchrony measurements were conducted when the previous movement operation was 

grasping, and such behaviour may not occur for different previous movement operations that 

do not depend on tactile feedback. 

Along with neurological conditions affecting onset asynchrony, differences have also been 

found between individual participants without any neurological conditions. In one study of 20 

participants (Gorbet, Sergio 2009), between participant variability was significant (p<0.001). 

Another four studies’ (Gribble, Everling et al. 2002, Brown, Kessler et al. 1993, Abrams, 

Meyer et al. 1990, de Bruin, Sacrey et al. 2008) suggested results vary between individuals, 

although they all had smaller numbers of participants. One possible cause of variations 

between participants is interpretation of the task instructions. Two studies (Fisk, Goodale 

1989, Carnahan, Marteniuk 1991) of discrete movements found that when participants were 

instructed to reach a target “as fast as possible”, onset asynchrony was reduced compared to 

when instructed to be “as accurate as possible.” Another possible cause of variations is 

participant age. Older adults displayed increased onset asynchronies compared to younger 

ones for semi-reciprocal pointings but not discrete ones (Rand, Stelmach 2012). Warabi et al. 

(1986) found age was not significant (p>0.05) for discrete tasks. 

MAIN UNKNOWNS 

It should be acknowledged that it is very difficult to prove that subconscious actions, such as 

the timing of eye movements, are engendered by intentionality or choice. Yet, these are both 

prerequisites of being able to adopt a strategy. Previously, it was conceived that eye and hand 

movements are initiated by a common central command, but more recent research shows that 

onset asynchronies vary with task set-up. This suggests that choice is involved, or at least that 

eye and hand onset times are initiated independently (Deconinck et al. (2011) support this 

point; see Fischer and Rogal (1986) for more on the common command hypothesis) meaning 

there is the possibility of different coordination options. 
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Furthermore, it seems unlikely that the timing of eye movements relative to the hand is 

actively used by the brain as a control variable (i.e. to adapt to a task situation). White et al. 

(2012) considered several temporal coordination variables and found that eye onset correlated 

best with the peak hand acceleration. Nevertheless, how temporal coordination is established 

is a slightly separate question to what temporal coordination occurs; the latter can give clues to 

the former. 

PROPOSED REFERENCE CONDITION: BLANK-SLATE MOVEMENTS 

Based on the themes already discussed, there appears to be a theoretical local maximum onset 

asynchrony. At this maximum the only function of the eyes is to guide the end of the current 

movement. As such, there should be no previous movement (i.e. a discrete movement), and the 

effector location and dynamics should be well known (i.e. direct pointing with hand). 

Likewise, minimal knowledge of the target should be given prior to starting a trial to avoid 

movements being pre-planned. This maximum may serve as a useful reference point since 

planning is as simple as possible. Since the participant should have all the information they 

need to plan a movement as soon as a target appears, I call it a Blank-Slate movement. I 

propose this can be used as a suitable reference point in the experiments in chapters 5 and 6. 

From this point onset asynchrony should only reduce with increased knowledge of target, a 

competing previous movement, or uncertainty of effector behaviour. 

 REVIEW SUMMARY 

As a result of this review I propose that interpretations of onset asynchrony should largely be 

based on the functions of the eye. In particular, the eye guides the end of the previous 

movement, the start of the current movement, and the end of the current movement. Onset 

asynchrony varies based on these competing requirements. More specifically, if there is 

uncertainty about the end of a previous movement then onset asynchrony reduces. Likewise, if 

there is uncertainty of mapping, onset asynchrony reduces. In contrast, uncertainty of the 

target location increases onset asynchrony. These themes and their effects on onset asynchrony 

are outlined in the following figure (Figure 3-13). 
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Figure 3-13 Themes of the ways sensory functions relate to changes in onset asynchrony. 

 CHAPTER SUMMARY 

In this chapter two substantial literature reviews were presented. The first review (3.1) 

investigated how mouse-based target acquisition can be improved. This informs the design of 

the expansion cursor which is evaluated in Research Section 2: Improving Target Acquisition 
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(chapters 7 and 8). The second review (3.2) investigated which factors have been shown to 

affect onset asynchrony measurements. This is used as the basis for the experiment designs in 

Research Section 1: CP and Movement Planning (chapters 5 and 6). 

In the first review (3.1), theoretical underpinnings of target acquisition are provided along with 

a thorough background of interaction methods aiming to improve it. The commonly utilised 

concepts of Fitts's Law, MT, and ID are outlined, as well the ideas of throughput and 

information transfer. These theories also relate to communication which is less commonly 

acknowledged. A novel model of target acquisition mechanics based on GOMS was also 

constructed. This was done to create a taxonomy to use as a lens to classify related work. The 

taxonomy considered five key elements of target acquisition: 1) Selection criteria, 2) 

Confirmation criterion, 3) Selection rep.=f(selection input), 4) Feedback channel, and 5) 

Number of movement layers. This taxonomy revealed design opportunities (unused space, 

varying target sizes, varying frequencies of target use, and user choice) and issues (using up 

bandwidth, reducing predictability, introducing dexterity requirements, increasing the 

sensitivity of inputs, and social consequences) in related work aiming to improve target 

acquisition. Most importantly, an interaction method that allows users control over target size 

appears to be a suitable method of leveraging movement planning ability to improve target 

acquisition for people with CP. 

The second review (3.2) aimed to establish a broader understanding of onset asynchrony, a 

measure that is used in many different contexts. In this thesis, onset asynchrony is used to 

investigate the effects of CP on movement planning ability in the context of target acquisition. 

An understanding of its factors was required to inform experiment design in later chapters. 

The review revealed 30 potential onset asynchrony factors that were investigated by 38 

articles, with 25 of the factors affecting the timing between hand and eye onset. Since eyes act 

as a sensory input to help control the hand (the effector acting on the environment), it appears 

that interpretations of onset asynchrony should largely be based on the functions of the eye. In 

particular, the eye guides the end of the previous movement, the start of the current movement, 

and the end of the current movement. Onset asynchrony varies based on these competing 

requirements. The eye tracking experiments in chapters 5 and 6 make use of this information. 

Most notably compared to the pilot study in 4.1.5, there are no more trials with a previous 

movement since it is clearly a confounding factor. Furthermore, this review provides the basis 

for the Blank-Slate trials which serve as baseline measurements. 
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In chapter 4, the details of the set-up and methodology of the experiments will be clarified. 

After chapter 4, the experiment based research element of this thesis begins. 
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4. METHODOLOGY  

In the previous chapter, two reviews of related research were presented. They were undertaken 

to guide the experiments in the two main research sections (CP and Movement Planning, 

Improving Target Acquisition). 

The first review (3.1) sought to develop an understanding of what target acquisition entails, 

how it can be improved, and common design opportunities and issues. Interestingly, a 

promising interaction method that leverages movement planning abilities was found. User-

initiated control over target size (such as a zoom lens) has not been investigated for people 

with motor impairments using a mouse. The experiments on improving target acquisition 

(chapters 7 and 8) build upon this concept. The second subsection of this chapter (4.2) 

provides the background details of how data was collected for the experiments investigating 

target acquisition. 

Before implementing an interaction method that aims to make use of movement planning, 

research was required to investigate how CP affects movement planning behaviour during 

target acquisition. The second review in the previous chapter (3.2) supported these 

experiments (chapters 5 and 6) by exploring the factors affecting onset asynchronies. Onset 

asynchrony is the key measure of these experiments and the second review informed the 

experiment designs. This chapter begins (4.1) by presenting the background details of how 

data was collected for the experiments investigating movement planning. 

Later on in the chapter (4.3) ethical considerations are also described. These were relevant to 

both of the main research sections.  

 EXPERIMENTS ASSESSING PLANNING ABILITY 

For the experiments assessing planning ability (see chapters 5 and 6), onset asynchrony was 

the key dependant variable. To make this measurement, three key processes had to take place: 

1) Hand movements had to be measured to determine hand onset time. 

2) Eye movements had to be measured to determine eye onset time. 

3) The timing of eye and hand data had to be correlated to calculate onset asynchronies. 
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The follow subsections outline the key details of these processes. Data checking procedures 

are also described along with an initial pilot study to establish procedures for taking these 

measurements. 

 HAND DATA ACQUISITION 

Both of the reaching tasks outlined in chapters 5 and 6 involved pointing at targets on a 

touchscreen (a Dell S2240T 21.5” Touchscreen Monitor at a screen resolution of 1920 × 1080 

pixels). Most tasks involved using the touchscreen input, although a few tasks used the mouse 

and cursor as the input (a Dell optical mouse). Instead of measuring the actual hand position 

(e.g. with a video system), the computer inputs were used as a proxy for hand position. This 

meant time, x-position, and y-position could be measured using a variety of events. Events, as 

in the computing term for actions or occurrences that are recognised by the computer (for 

example, depressing the left button of a mouse triggers a MouseDown() event). This meant my 

experiment program (using WPF and VB.NET code) could make use of several different 

events to recognise hand onsets for different participant behaviours. Once event, time, and 

positions measurements were taken, they were processed using Microsoft Excel 2013. 

First, let’s consider direct hand movements (i.e. using touch and not the mouse). At the start of 

trials participants would rest their finger or a stylus against the screen. Moving to the target 

involved a combination of lifting their hand away from the screen (i.e. a z-axis movement), 

and moving their hand towards the target (i.e. an xy-plane movement). This means participants 

could either: 

a) Lift their hand and start moving it towards the target simultaneously. 

b) Drag their hand towards the target and then lift it once moving. 

c) Lift their hand, pause, and then start moving it towards the target. 

The aim of the program is to detect the movement towards the target, but not necessarily the 

movement away from the screen. In case (a), the PreviewMouseUp() event was used to 

determine when the finger or stylus was lifted from the screen. Note that this event works with 

touch input even though it has mouse in its name. 

To detect case (b), the PreviewStylusMove() event was used. Every time the input position 

changed, the x-position, y-position and time were registered. Then, in post-hoc data 

processing, if a movement was detected between trial start (the time when the target appears) 
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and the hand being lifted from the screen, then the detected movement was used as the hand 

onset time. 

Case (c) is essentially a source of error. This was partially mitigated by literally observing 

participants behaviour whilst they undertook the task.  

It is important to make a few more notes about how movements were detected based on the 

PreviewStylusMove() event. The event itself was not used to determine that hand onset had 

occurred, it was just used to make time and position recordings. When the hand was in contact 

with the touchscreen, this resulted in a sampling frequency generally great than 60 Hz. 

To detect hand onset from a dragging movement, two threshold criteria were used. The first 

criterion was the distance travelled over the succeeding 10 data points. This was calculated as 

per Equation 4-1. For both eye tracking experiments (in chapters 5 and 6), the distance 

travelled threshold was set at 100 pixels. This criterion ensured that data points had to be 

related to a large movement in order to be considered as possible hand onset times. 

 

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  √(𝑋𝑛+10 − 𝑋𝑛)2 + (𝑌𝑛+10 − 𝑌𝑛)2 

Equation 4-1 Method of calculating distance travelled between the current data point, n, and the data 

point 10 samples into the future, n+10. X and Y are hand input positions. 

However, this distance criterion does not do a good job of finding the actual start of a 

movement. For example, if this criterion was used alone, it would falsely classify all type (a) 

movements as type (b) movements. Hence a second criterion of speed was used to avoid the 

false positives that arose from using purely a distance criterion. The speed calculated was 

essentially the average speed between the current data point and the next data point. 

𝑆𝑝𝑒𝑒𝑑 =  
√(𝑋𝑛+1 − 𝑋𝑛)2 + (𝑌𝑛+1 − 𝑌𝑛)2

𝑡𝑛+1 − 𝑡𝑛
 

Equation 4-2 Method of calculating average speed between the current data point, n, and the next one, 

n+1. X and Y are positions, and t is time. 

The speed threshold used was 500 pixels/ms. A problem with this criterion was that 

occasionally the experiment program would register two different position points with the 
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same time stamp. To avoid a divide by zero error when calculating speed, the time data was 

smoothed using a weighted moving average. 

𝑡𝑛 =
1

4
𝑇𝑛−1 +

1

2
𝑇𝑛 +

1

4
𝑇𝑛+1 

Equation 4-3 Weighted moving average used to smooth time measurements and avoid divide by zero 

errors. T is the actual time measurement, and t is the adjusted time measurement used in Equation 4-2. 

For mouse trials, hand onset was determined via the same method as case (b) except that 

PreviewMouseMove() was used instead of PreviewStylusMove(). For all input types, 

PreviewMouseDown() was used to determine when the target was acquired. This event was 

also used to determine when an inaccurate movement had been made. 

 EYE DATA ACQUISITION 

Eye data was collected using an Arrington Research Inc. GigE-60 Eye Tracker at a sampling 

frequency of 60 Hz. This eye tracker consists of glasses with an infrared light and camera that 

are connected to the GigE-60 IP Engine (a black box) via a cable. The IP Engine is then 

connected to a computer via an Ethernet cable. Data is transferred using a static IP address. 

Issues of physically using the eye tracker will now be discussed followed by details of how 

data was processed. As can be seen from Figure 4-1, the glasses are definitely noticeable to the 

wearer, but they can be worn over the top of existing glasses. Compared to wearing normal 

glasses, three key features potentially distract the wearer. 

 

Figure 4-1 A colleague wearing the Arrington Research Inc. GigE-60 eye tracking glasses over the top of 

his own glasses. Note the data cable that hangs down from the back of the glasses. The two black objects in 

front of his right eye are an infrared light and an infrared camera. 
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Firstly, there is a camera and light right in front of their face. The camera and light position 

can be adjusted (they are mounted on the end of bendable wire), but for the camera to be able 

to pick up the wearer’s pupil, it cannot be too far away from their central vision. 

Secondly, the cables connecting the glasses to the IP Engine can be troublesome. As seen in 

Figure 4-1, they hang down the back of the wearer. Less evident from the picture is the weight 

of these cables, which can noticeably pull at the glasses. Arrington provide a small alligator 

clip to attach the cables to the wearer’s clothes, although this tends to just pull at their clothes 

without significantly improving the problem of pulling on the glasses. A makeshift solution 

was to wedge a portion of the cable between the wearer’s back and the back of the chair they 

were sitting on. When doing this, enough slack had to be left in the cable to allow for free head 

movements. Another solution was for me to hold most of the cable weight whilst the person 

was wearing the glasses. Due to the minor discomfort involved, solutions were chosen on a 

case by case basis in consultation with each participant’s preferences. 

Thirdly, there was a strap at the back of the head to secure the position of the glasses. This was 

necessary since the weight of the cabling could affect the camera position when the participant 

turned their head. The strap helped mitigate against this happening. Again, due to the issue of 

comfort, tightening the strap was done by individual participants. As a protocol before all 

experiments, participants were asked if they could move their head comfortably. 

From an experimenter’s perspective, the two main usability issues of setting up the apparatus 

concern positioning the camera and infrared light, and the general ambient lighting. When 

positioning the camera and light, the target position was 45 degrees below the horizontal line 

of sight, with the pupil in the centre of the camera frame. There is no zoom control on the 

camera but it could be moved slightly closer or further away from the face. Ideally, the eyeball 

could fill as much of the frame as possible with the corners of the eye on the edges of the 

frame. Also, focal length could be adjusted. This was adjusted so that the eyeball was slightly 

out of focus. In accordance with the Arrington user guide, the aim was for the corneal glint to 

be less than an eight of the size of the pupil. 

Aside from positioning, lighting was also an issue. For some participants the camera 

occasionally had trouble distinguishing the dark of the pupil from other facial features such as 

dark, thick eye lashes. This could result in noise (an example of noise is discussed in 

subsection 4.1.4) in the eye recording for some participants (see subsection 5.3.2 for details of 
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one such case). The ambient levels of light appeared to interact with the recording reliability, 

although it was difficult to discern any particular pattern to this interaction. 

Data was processed using Microsoft Excel 2013. As mentioned in the previous subsection, the 

experiment programs were written using WPF and VB.NET code. This was based on 

Arrington’s software developer kit that came with the GigE-60. Once eye movements had 

been recorded, Arrington’s software produced time, x-position, and y-position measurements 

(of the pupil within the camera frame). This raw data was then processed using the same Excel 

workbook as the hand data. 

The raw data included fixational eye movements. As outlined in subsection 2.3.4, fixational 

eye movements are an important part of vision. However, they can make it difficult to 

distinguish between fixations and saccades when processing the data (see Figure 4-2). So, the 

positional data was smoothed with a weighted moving average (see Equation 4-4). 

 

Figure 4-2 Graph of raw eye movement data versus smoothed eye data. From t=0s to t=0.7s the participant 

is looking at one place, then at t=0.7s they look to their right. Note that the frequency (i.e. gradient) of the 

raw data for the fixation period is very similar to the frequency of the saccade (the rapid eye movement). 

Smoothing was performed to help mathematically distinguish between fixations and saccades. 

𝑥 =  
1
4

𝑋𝑛−1 +
1
2

𝑋𝑛 +
1
4

𝑋𝑛+1 

𝑦 =  
1
4

𝑌𝑛−1 +
1
2

𝑌𝑛 +
1
4

𝑌𝑛+1 

Equation 4-4 Weighted moving averages used to smooth recording of pupil positions. X and Y are the 

original recorded values, and x and y are the smoothed values. 
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Similar to hand movements, two threshold criteria were used to determine the eye onset of a 

saccade. A similar distance threshold was used except that it accounted for the distance 

travelled over the following 3 data point instead of the following 10. Three data points were 

used since the duration of eye movements is much shorter than hand movements (and the 

sampling frequency was similar). 

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  √(𝑥𝑛+3 − 𝑥𝑛)2 + (𝑦𝑛+3 − 𝑦𝑛)2 

Equation 4-5 Method of calculating distance travelled between the current data point, n, and the data 

point 3 samples into the future, n+3. The values x and y are the smoothed pupil positions. 

Instead of speed, the other criterion used was jerk (the third time differential of position). 

Verrel et al. (2008) suggested that jerk is a more reliable method for detecting saccades than 

just velocity or acceleration. Wyatt (1998) suggests jerk is particularly useful for determining 

saccade onsets since the beginning of a saccade is an abrupt event. 

𝐽𝑒𝑟𝑘𝑛−0.5 =  
𝑎𝑛 − 𝑎𝑛−1

𝑇𝑛 − 𝑇𝑛−1
 

𝑎𝑛 =
𝑠𝑛+0.5 − 𝑠𝑛−0.5

0.5(𝑇𝑛+1 − 𝑇𝑛−1)
 

𝑠𝑛+0.5 =
√(𝑥𝑛+1 − 𝑥𝑛)2 + (𝑦𝑛+1 − 𝑦𝑛)2

𝑇𝑛+1 − 𝑇𝑛
 

Equation 4-6 Calculations used to work out jerk (third time differential of position) for half way between 

the current point and the previous one. Where s is speed, a is acceleration, T is time (which was not 

smoothed for eye movements), and x and y are smoothed position measurements. 

Jerk was calculated as per Equation 4-6. Note that the jerk used was actually for half way 

between the current data point and the previous data point. This is because it was based on 

approximated instantaneous accelerations for the current and previous data points. These 

accelerations were based on the speeds for half way between the current and next point, and 

half way between the current and previous point. This should not lead to errors since it was 

applied consistently for all conditions, but it is an artefact of basing data on discrete time and 

position measurements. 
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 EYE AND HAND DATA CORRELATION 

When measuring onset asynchronies there are a few key limitations to data acquisition; one of 

them is accurately correlating the timing of the separate eye and hand movement recordings. 

The Arrington Research Gig E60 infrared eye tracking system was used to measure eye 

movements. The time output of this system starts at zero from when the recording starts. To 

correlate this with the hand movement data, the custom experiment software records the time 

of day in milliseconds of when the eye recording was started. This can be used to match up all 

of the eye data with the hand data whose time measurements are already in time of day in 

milliseconds. Time of day in milliseconds was used because it has the required level of 

precision, and it is easy to calculate durations since it is base 10 (unlike with minutes and 

hours). 

These processes were performed in Microsoft Excel 2013. For each set of trials, the 

experiment program inserted the raw data from the eye tracker into a sheet in a dummy 

workbook. In a separate sheet, the experiment program inserted a correlation time of when the 

eye recording started. Then the eye tracking data could be adjusted by adding the recording 

start time to it. 

During a set of trials, the eye recording would be paused once a target was acquired, and 

restarted again once the ‘Ready?’ icon had been clicked. Since the target acquisition time was 

recorded in both of the eye and hand movement recordings, the acquisition times of each trial 

could be used to calibrate the correlation time. This avoided relying on the recorded start time 

exactly coinciding with the time the eye tracking file started. The time difference between 

when the eye recording was paused and when the target acquisition event occurred was 

calculated for each trial. Then, these differences were averaged across a whole set of trials. 

This averaged difference was used to adjust the correlation time of the eye tracking data. 

In most cases there was no discernible pattern in the time differences from trial to trial, and the 

correlation time would be adjusted for a whole set of trials by a fixed value in the order of 20 

ms. However, for a few sets of trials, the time difference would continually increase from trial 

to trial such that by the final trial, the eye recording pause time and the target acquisition time 

disagreed by as much as 250 ms. For these trial sets, using the same correlation time for all 

trials would appear to be inaccurate. As such, eye and hand recordings of each individual trial 

were temporally correlated based uniquely on that trial’s eye recording pause time and target 

acquisition time. 
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One possible source of error in correlating eye and hand data is different recording latencies in 

the various equipment used for acquiring the data. That is, if the recording latency in acquiring 

the eye data from the eye tracker is different to the recording latency in acquiring the hand 

data from the cursor input, then the onset asynchrony values could be incorrect. However, in 

the experiments in chapters 5 and 6, the absolute values of onset asynchronies are not the main 

interest. The focus is on comparing onset asynchronies across different conditions. Therefore, 

unless there is a systematic difference in recording latencies between different test conditions, 

then the acquisition equipment would not affect the comparisons. 

The only comparison where a systematic difference in recording latencies seems possible is 

comparing the mouse input to the touch screen input in chapters 6 (Mouse Blank-Slate vs. 

Blank-Slate). Since the hand reaction times are significantly quicker for the trials with the 

mouse, the only possible way recording latency influenced the result is if the touch screen 

input took longer to process. Regardless, these latency differences probably contribute 

minimally to the overall error since the hand movements of using a mouse and using a touch 

screen are not the same. 

 DATA VERIFICATION METHODS 

As alluded to in the preceding subsections, eye and hand onset times were automatically 

determined by coded algorithms in a Microsoft Excel 2013 workbook. These were verified ‘by 

hand’ in several ways. Excel was used so that data was easy to inspect. 

Automatically determined hand onsets were highlighted red by conditional formatting if the 

hand onset detected occurred before the hand was lifted from the screen (i.e. a suspected case 

(b) from 4.1.1). In these cases, a graph of hand position measurements was inspected to ensure 

that the correct hand onset time had been detected (Figure 4-3). If the sliding movement was 

clearly not in the direction of the target, then the time the hand was lifted from the screen was 

used as the onset time. Hand onset was also corrected if the first time the hand was lifted was  
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Figure 4-3 Graphs of hand movements. Data points are shown for each dimension (x and y). Vertical lines 

show when the target appeared, when eye onset was registered, and when hand onset was registered. Top 

Left: Hand onset was determined automatically when the hand was lifted from the screen. Bottom Left: 

Hand recording for a mouse trial. Top Right: Hand onset was corrected for a touchscreen trial. The initial 

hand lift occurred before the main movement to the target. Bottom Right: Trial was discarded since the 

first clear hand movement was not to the target. 

not for the movement to the target (Figure 4-3, Top Right). By contrast, trials were discarded 

(Figure 4-3, Bottom Right) if there was a clear initial movement that was not to the target (not 

tapping the screen at the start location, nor a miss in the vicinity of the target). Also, graphs of 

trials involving mouse movements were always inspected since this onset time is not as clear 

cut (Figure 4-3, Bottom Left). 

In general, eye movements were much less reliable than hand movements so every trial was 

inspected graphically. Sometimes it was very clear from the graph that the correct eye onset 

had been automatically detected (Figure 4-4, Top Left). Other times, it was also very clear 

when the eye onset occurred, but the detection algorithm did not successfully detect this. In 

these cases the onset time had to be manually adjusted (Figure 4-4, Top Right). Sometimes  
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Figure 4-4 Graphs of eye movements. Data points are shown for each dimension (x and y). Vertical lines 

show when the target appeared, when eye onset was registered, and when hand onset was registered. Top 

Left: Automatically detected eye movement for recording without noise. Top Right: Eye onset had to be 

manually adjusted since an earlier one was automatically detected. Bottom Left: Eye onset was adjusted 

since the movement at trial start was not to the target. This recording also has some noise in it. Bottom 

Right: Trial was discarded due early eye movement and noise in the recording. 

participants happened to make eye movements just as the trial was starting. If there was a clear 

movement to the target later, then the eye onset time was adjusted (Figure 4-4, Bottom Left). 

If there was no clear eye movement to the target, either due to noise in the recording or 

abnormal participant behaviour, then the trial was discarded (Figure 4-4, Bottom Right). When 

there was noise in the recording, sometimes this data could be identified by the recorded pupil 

width and height. Often when the pupil was not correctly recognised by the eye tracking 

software, the width and height would greatly increase, and this would be visible in the 

recorded data. In this case, the data for that period of time was effectively missing. These trials 

were discarded since processing (such as filters) are incapable of filling in such large amounts 

of missing data. 
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 EXPERIMENT PILOTS 

To establish that reliable measurements could be obtained using custom software and the 

Arrington Research GigE-60 eye tracker, a pilot experiment was undertaken. To begin to 

understand how reliable onset asynchrony measurements were, initial trials were undertaken 

with the aim of broadly replicating the results of other studies (Terrier, Forestier et al. 2011, 

Wilmut, Wann et al. 2006b, Angel, Alston et al. 1970, Abekawa, Inui et al. 2013, Kerr, 

Lockwood 1995) by finding differences between onset asynchronies for discrete and 

reciprocal trials. Also, an initial understanding of the onset asynchrony of a participant with 

CP was sought. 

Four participants without CP (31.8 (+/-4.3) years old) and 1 participant with CP (28 years old, 

MACS II, quadriplegic, GMFCS level III) sat at a desk and performed goal-directed clicking 

tasks using a computer mouse at approximately 50cm from the screen (15”, 1600×1200 

pixels). All participants had normal or corrected to normal vision except for one participant 

without CP who had astigmatism. Participants were instructed to “click target icons as quickly 

as possible without making any mistakes.” In the reciprocal trial set-up, participants clicked 16 

times back and forth between two targets (150×150 pixels) at a distance of 500 pixels (centre 

to centre). In the discrete trial set-up, participants clicked on a centrally located start icon. 

Participants were instructed to look at the start icon and keep the cursor over it until the target 

appeared. After a random wait of 1000ms – 2000ms a target icon (150×150 pixels) appeared 

in an unknown direction (either left or right) at a set distance of 500 pixels (centre to centre). If 

the cursor exited the start icon during the wait period the trial was stopped and the start icon 

had to be clicked again. Participants performed three sets of 16 trials with breaks in between. 

For both set-ups, participants performed one set of trials as a practice, then two sets of trials 

were recorded.  

When analysing the reciprocal trials the first trial of each set was discarded. To determine 

hand onset, a speed threshold was used, whilst a jerk threshold was used for eye onset. In both 

cases there was also a distance threshold for the succeeding data points. Across all 310 trials 

considered, 6 were discarded because it was unclear when eye onset occurred. The average 

onset asynchrony for discrete trials (52 (+/- 56) ms) was higher than the average for reciprocal 

trials (10 (+/- 52) ms) as expected. Across all trials the mean onset asynchrony was 32 (+/- 58) 

ms indicating that generally the eyes moved towards the target first. 
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 DESIGN AND EVALUATION OF A NOVEL INTERACTION 

METHOD 

For the experiments focused on improving and understanding small target acquisition with a 

mouse (chapters 7 and 8), behaviours were observed by recording the cursor. Often measures 

were used to assess how a participant performed a trial, as well as their speed and accuracy, 

and what they thought of their experience performing the trial. 

 HAND DATA ACQUISITION 

Similar to the experiments involving eye tracking, the experiment program was made using 

WPF and VB.NET. The experiment programs recorded the cursor data (time, x-position, and 

y-position) during trials for PreviewMouseMove(), PreviewMouseDown(), and 

PreviewMouseUp() events. The same information was also recorded when the trial started, 

and when the target was acquired. As with the eye tracking experiments, all of this data was 

saved into a Microsoft Excel 2013 workbook. 

This data was also processed to determine hand onset times (using Equation 4-1, Equation 4-2, 

and Equation 4-3) although this measure was not actually used for analysis. It was only used to 

help determine if a participant was paying attention at the start of a trial (i.e. for error checking 

purposes). 

 BEHAVIOUR ASSESSMENT 

One key interest in these interaction experiments was to investigate when participants made 

use of the zooming function of the expansion cursor. To determine whether the zoom was 

Attended or Not Attended, the timing of click durations was analysed on an individual 

participant basis. Firstly, the duration of a participant’s standard click was determined. 

𝐶𝑙𝑖𝑐𝑘 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑡𝑀𝑜𝑢𝑠𝑒𝑈𝑝() − 𝑡𝑀𝑜𝑢𝑠𝑒𝐷𝑜𝑤𝑛() 

Equation 4-7 Determining click duration for an individual trial. 

This was assessed as the mean click duration (mean of Equation 4-7) of trials where zooming 

was not available (Standard trials in chapter 7). Then, for trials where zooming was available, 

trials were classified as Attended if the click duration exceeded that participant’s standard click 

duration plus 250 ms. Otherwise, a trial was deemed Not Attended. This additional time is an 

approximation of feedback delay in eye-hand coordination (Kawato 1999). 
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To double check that this method worked well, for each participant their click durations were 

compared to how many standard deviations they were from their mean standard click duration. 

The standard deviation of standard click durations was calculated using Excel’s STDEV() 

function. There were very few instances where a zooming trial’s click duration was greater 

than four standard deviations from the standard click duration, but not originally classified as 

Attended. For these trials, the data was reviewed on a case by case basis. There were no 

instances a click durations being more than 250 ms longer than, and within four standard 

deviations of, the standard click duration. 

Aside from determining whether the zoom was used, behaviour was also codified based on the 

location of the cursor when the mouse button was pressed (PreviewMouseDown()) and when 

it was released (PreviewMouseUp()). 

The codes in Table 4-1 were useful for quantifying how often particular behaviours occurred, 

particular in combination with whether a trial was Attended or Not Attended. Some 

combinations were not actually possible (e.g. the expanded location does not exist for trials 

without the zoom, so the PreviewMouseUp() event cannot occur there). However, these codes 

were useful for determining if users were using the zoom to correct their movements (e.g. 

10010), or just to check that they were being accurate (e.g. 100100). 

MouseDown() MouseUp() Behaviour 

Code Original Adjacent Outside Original Expanded Outside 

1 0 0 1 0 0 100100 

1 0 0 0 1 0 100010 

1 0 0 0 0 1 100001 

0 1 0 1 0 0 10100 

0 1 0 0 1 0 10010 

0 1 0 0 0 1 10001 

0 0 1 1 0 0 1100 

0 0 1 0 1 0 1010 

0 0 1 0 0 1 1001 

Table 4-1 Method of coding behaviours for acquiring targets. The number 1 signifies that the event 

(MouseDown() or MouseUp()) occurred with the cursor at that location. Original is the original target 

location, i.e. its location when the trial started. Adjacent is within one target width of the target, but not 

over it. Outside is not over the target, nor adjacent for MouseDown() or over the expanded target for 

MouseUp(). Expanded means the cursor was over the expanded target, but not where the original target 

was. 
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 SPEED ASSESSMENT 

The primary measure to assess how quickly a task was undertaken was completion time (CT). 

𝐶𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒 (𝐶𝑇) =  𝑡𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛 − 𝑡𝑇𝑟𝑖𝑎𝑙 𝑆𝑡𝑎𝑟𝑡 

Equation 4-8 Method of calculating trial completion time. 

As shown in Equation 4-8, the completion time was the time from when the trial started, to 

when an acquisition was made. For all trials, target acquisition time was registered when the 

PreviewMouseUp() event occurred of the confirmation click. For the experiment in chapter 7, 

the trial start time was registered when the MouseDown() event occurred over the ‘Ready?’ 

icon. For the experiment in chapter 8, the trial start time was registered when the target 

appeared at the end of the randomised wait period. 

To assess the duration of the main movement from the start location towards the target, 

another measure was used. This was the time to the first PreviewMouseDown() event of the 

trial after the trial had started (Equation 4-9). This was used to compare movement durations 

that do not include the time of any corrections using the zoom. 

 

𝑇𝑖𝑚𝑒 𝑡𝑜 𝑀𝑜𝑢𝑠𝑒𝐷𝑜𝑤𝑛 =  𝑡𝐹𝑖𝑟𝑠𝑡 𝑀𝑜𝑢𝑠𝑒𝐷𝑜𝑤𝑛 − 𝑡𝑇𝑟𝑖𝑎𝑙 𝑆𝑡𝑎𝑟𝑡 

Equation 4-9 Calculating the duration of the main movement towards the target. 

For the experiment in chapter 8, the distances of movements were also considered. These were 

calculated based on the horizontal distances since trials were effectively one-dimensional. The 

distance to the mouse button being pressed (MouseDown_X in Figure 4-5) was calculated, 

along with the distance the cursor travelled whilst the mouse button was held down 

(DownToUp_X), and the combined distance (TwoPhase_X). This was useful for error 

checking since it made outlying behaviour relatively visible. For example, the point in Figure 

4-5 at (384,1422) appears to have travelled an abnormally long distance in a short amount of 

time. When such behaviour was found, the data of that specific trial could be assessed to 

decide whether it was a valid trial or not. 
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Figure 4-5 Sample distance versus time graph for a set of Expansion trials for the chapter 8 experiment. 

 ERROR RATE ASSESSMENT 

Errors were recorded by the experiment programs. For the expansion cursor experiment in 

chapter 7, an error resulted in the participant returning to the first trial (of a set of 8). This loss 

of progress was visible in the results workbook. Thus, the success of a trial could be inferred 

via a formula. For the throughput experiment in chapter 8, the experiment program actually 

recorded a value to mark a trial as accurate, inaccurate, or abnormal miss. Abnormal misses 

were for two occasions: the Expansion trials when the target was pushed off the screen when 

zooming in, and the Double trials when the first target was missed. 

These accuracy results were verified against the behaviour codes mentioned in subsection 

4.2.2. Conditional formatting was used to highlight a trial if these values disagreed. 

 USER SATISFACTION ASSESSMENT 

User preferences were recorded. For the expansion cursor experiment (Chapter 7) this was 

done with a simple radio button survey once the participant had finished all trials. The radio 

buttons were set such that neither choice was selected when the screen was loaded. 
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Figure 4-6 Exit survey for the expansion cursor experiment. 

Since there were three options for the throughput experiment, participants were asked to 

nominate a most preferred and a least preferred interaction type. This was also done via radio 

buttons, but images of the trial types were used to help participants recall which type they 

were selecting. This was also performed as an exit survey. 

 

Figure 4-7 Exit survey for the throughput experiment. 

User satisfaction was also recorded for the throughput experiment based on the NASA Task 

Load Index (TLX) survey (NASA 2016). This index was originally used for assessing the 

overall workload of a task. It entails six questions, three about what the participant thinks of 

the task itself (mental demand, physical demand, temporal demand), and three about the 

participant’s view of how they performed the task (performance, effort, frustration). To assess 

an overall workload, each of these six questions also need to be weighted in importance by 

participants. However, for the throughput experiment, the sole interest was in how each 
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question compared across interface types (similar to Findlater et al.’s (2010) method). Thus, 

no weighting questions were asked of participants. 

Participants responded to these questions for one interface type once they had finished all the 

trials for that interface type. They responded using slider controls, which initially started off 

the scale. Hence, an input had to be made. 

 

Figure 4-8 NASA TLX questions for the throughput experiment. Note, in this example the frustration 

question had not yet been answered so the slider is not yet on the scale. 

 ETHICAL CONSIDERATIONS 

Ethics approval was gained from the University of Auckland Human Participants Ethics 

Committee (UAHPEC) for all studies undertaken as part of this thesis (Reference: 011725). 

All participants were provided with a participant information sheet. Also, all participants 

signed consent forms except for those between the ages of 12 and 15. For those participants, 

they signed an assent form and a parent signed a consent form. Sample forms relevant to ethics 

can be view in Appendices subsections 10.2, 10.3, 10.4, 10.5, and 10.6. 

For all experiments, participants were aware that their eye and/or hand movements would be 

recorded. They were also aware that data recorded would be analysed with the intention of 

publishing the findings. Likewise, participants understood that data would remain anonymous 

although it may be identifiable in some circumstances due to reporting of the age, gender, 

vision, and neurological condition of participants. 
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Regarding eye tracking, participants were informed that eye movements were recorded with an 

infrared camera and light mounted on glasses. They were also informed that the infrared light 

is well below safe limits although it may cause irritation to sensitive eyes.  

It was also emphasised that participants were free to stop the experiment at any time and 

withdraw any data traceable to them (up to two weeks after the experiment was conducted). 

Participants were also encouraged to take breaks if they ever felt the need. During the eye 

tracking experiment in chapter 6, participants were offered food and drink and generally made 

to feel as comfortable as possible. 

For the experiment in chapter 8, participants were offered a gift card to the value of $20 NZD 

as a ‘thankyou’ for their time. Gift cards to the value of $30 NZD were also available as 

reimbursement for travel costs. 

One aim was that participants enjoyed participating as much as possible. As well as 

reimbursing some participants and providing food and drink, all participants were given the 

option of receiving a summary of the experiment findings once it was completed. 

 CHAPTER SUMMARY 

At the beginning of this chapter (4.1), methodological details of the movement planning 

experiments were mentioned for the sake of reproducibility. For both eye and hand 

movements this included details of data processing (smoothing, recording, etc), error checking 

and accuracy. The method of correlating eye and hand times was also presented along with a 

pilot study establishing that measurements could be made. The interaction experiments (4.2) 

included similar hand data acquisition techniques. Additional measures of behaviour 

classification and participant perceptions were also recorded. Towards the end of the chapter 

the ethical aspects (4.3) of consent and information given to participants were outlined, along 

with how participants were treated. 

The following two chapters (5, and 6) are devoted to researching the effects of CP on 

movement planning. The next chapter (5) investigates the repeatability of onset asynchrony 

measurements. Similar to the review of onset asynchrony factors (3.2), it provides a basis to 

interpret the results of the main movement planning experiment in chapter 6. 
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5. REPEATABILITY OF EYE-HAND 

MOVEMENT ONSET ASYNCHRONY 

MEASUREMENTS AND CEREBRAL 

PALSY: A CASE STUDY 

In the previous chapter, the background details of experiment methodologies were discussed. 

In particular, subsection 4.1 outlined how onset asynchrony measurements were taken and 

processed for the experiment in this chapter. 

This chapter is the beginning of the Research Section 1: CP and movement planning. In this 

chapter, the repeatability of onset asynchrony measurements is investigated via a two 

participant case study across six testing sessions. The primary purpose of doing this was to 

ensure that the results of the main experiment (chapter 6) into CP and movement planning 

should be repeatable. Thus, this chapter indirectly contributes towards answering Q.1, How 

does cerebral palsy affect movement planning for people who use a mouse? 

Furthermore, repeatability of onset asynchrony had not been previously researched at all, so 

this chapter is an important methodological contribution. For this case study there was one 

participant with CP (MACS level III or IV) and one without CP (W/o CP). As will be shown, 

onset asynchronies varied from session to session for the participant with CP, but not for with 

participant W/o CP. Based on these results, the number of trials was increased for the 

experiment in the next chapter (6).  

Aside from repeatability, this chapter contributes the first published onset asynchrony 

measurements of a participant with CP making discrete movements. It suggests that CP is 

likely to result in increased onset asynchronies. It also provides initial indications of onset 

asynchrony values that can be expected for different task conditions similar to those used in 

chapter 6. This experiment includes three trial types. Blank-Slate trials are used as a simple 

reference condition, whilst Possible Locations Visible and Known Direction trials provide 
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varying levels of opportunity to pre-plan movements. These tasks are very similar to those in 

chapter 6, although they are not identical. Most notably, in this chapter a stylus was used 

instead of direct pointing, and movement amplitudes were smaller. As expected, the 

participant W/o CP reduced their onset asynchronies when they could pre-plan a movement 

(for Known Direction trials). This did not occur for the participant with CP and suggests he 

has a reduced ability to pre-plan movements, or at least a preference to avoid doing so. 

This chapter is an adaptation of a paper of the same name, presented at CHINZ ’15 (Payne, 

Plimmer et al. 2015). 

 INTRODUCTION 

Movement execution problems associated with CP are well documented, but research has 

shown that movement planning disorders are also present (see 2.3.2). To investigate this, 

experiments aiming to isolate anticipatory plans have measured several variables like 

anticipatory fingertip force, and grip position planning (Steenbergen, Gordon 2006). 

Accessibility to computers has greatly increased allowing individuals with CP better 

communication and interaction. Is this planning deficit also apparent for simple interactive 

movements, such as one-off pointing at a touchscreen or using a mouse? Such movements are 

particularly important on touchscreens as they are used for both target acquisition (e.g. button 

presses) and abstract functional gestures such as swipe. Pointing at a touchscreen also involves 

many of the aspects of goal-directed pointing with a mouse. 

To investigate movement planning in the context of computer use, this thesis uses onset 

asynchrony measurements. This measure is useful since it can be taken for simple goal-

directed pointing movements relevant to computer use (unlike anticipatory fingertip force or 

grip position planning). 

Onset asynchrony has already been described and thoroughly discussed in this thesis in 

subsection 3.2. As can be seen again in Figure 5-1, onset asynchrony is the difference in 

timing of the eye and hand starting to move towards the target of a reaching movement. 
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Figure 5-1 Eye-hand movement onset asynchrony diagram. This shows a positive eye-hand movement 

onset asynchrony since the eye moves before the hand. (Repeat of Figure 3-10) 

Subsection 3.2 was a systematic review and analysis of onset asynchrony factors. From that 

review, there are three points of interest that lead to this case study. First, onset asynchrony 

can be used to investigate different aspects of planning ability by comparing values across 

different trial types. A study investigating developmental coordination disorder (DCD) and 

onset asynchronies demonstrated participants with DCD were having more difficulty 

integrating spatial information into their movement plans (Wilmut, Wann 2008a). Participants 

with DCD and participants without DCD had similar onset asynchronies when the target 

location was unpredictable. But, when the location was predictable, the participants with DCD 

were not able to make use of this information; they could not reduce their onset asynchronies 

as effectively as the participants without DCD did. This suggests they were more likely to act 

out a new movement than a pre-planned one. This chapter begins to examine if there is a 

similar difference between people with and without CP, and then the next chapter (6) 

investigates the same question more thoroughly. 

However, the review in 3.2 also uncovered that no experiment has scrutinised the repeatability 

of onset asynchrony measurements. Furthermore, only one other research group has measured 

onset asynchronies of people with any type of CP, and that was for a semi-reciprocal 

movement (Verrel, Bekkering et al. 2008, Steenbergen, Verrel et al. 2007). Therefore, an 
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understanding of repeatability and the likely effects of CP on onset asynchronies is required to 

inform a suitable experiment design for a more thorough investigation. 

 BETTER UNDERSTANDING ONSET ASYNCHRONY 

Since only one other research group has measured onset asynchronies of people with any type 

of CP (Verrel, Bekkering et al. 2008, Steenbergen, Verrel et al. 2007), a repeated measures 

case study was performed with one participant without CP (W/o CP), and one participant with 

CP. This study investigates three key questions that require better understanding: 

1) How do onset asynchronies of discrete movements typically compare for people with 

CP and W/o CP? 

2) Are onset asynchrony measurements repeatable? 

3) What type of spatial task information is required to pre-plan a movement? 

 TYPICAL VALUES FOR PEOPLE WITH CP 

Research into other neurological conditions as well as DCD has consistently shown that 

participants displayed increased onset asynchronies for discrete movements compared to 

participants without neurological conditions (Sailer, Eggert et al. 2007, Brown, Kessler et al. 

1993, Warabi, Yanagisawa et al. 1988, Sacrey, Clark et al. 2009). 

Contrary to this, the only research involving participants with CP reported reduced onset 

asynchronies compared to participants without CP. It was suggested that the participants with 

CP use their vision to more closely monitor their hand when making a movement (Verrel, 

Bekkering et al. 2008). In their research, participants were performing a task with a previous 

movement that involved grasping an object. 

Their findings may have occurred because participants were monitoring whether they had 

successfully grasped an object, rather than their hand per se. If there is an increase in onset 

asynchrony in this chapter, it would suggest that more visual attention is actually paid to the 

target.  

 TESTING REPEATABILITY 

For participants without CP, De Boer et al. (2013) showed that eight trials are enough to 

reliably measure eye and hand reaction times for goal-directed pointing tasks. Yet, this 

analysis has not been done explicitly for eye-hand movement onset asynchrony, or for 

participants with motor impairments, such as CP. 
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It is anticipated that measurements for a participant with CP will differ between test sessions. 

It is well known that, for a person without CP, hand movement times for goal-directed 

pointing will adhere to Fitts’s Law (Fitts 1954). This is not the case for participants with CP 

(Davies, AlManji et al. 2014). This non-adherence has been attributed to various behaviours 

for which Fitts’s Law does not normally take into account; missing the target, additional sub-

movements, slipping off the target, and curved movements (Almanji, Payne et al. 2014). 

Whilst none of these behaviours relate to reaction times, they potentially relate to planning and 

executing a movement reliably. 

 USEFUL TARGET INFORMATION 

Two studies have previously shown that participants without CP reduce their onset asynchrony 

when target direction is predictable (Deconinck, Van Polanen et al. 2011, Wilmut, Wann 

2008a). Wilmut and Wann (2008a) used visual cues before the trial started to show which 

target needed to be acquired whilst Deconinck et al. (2011) relied on repetition for participants 

to be able to predict where a target would appear. The experiment in this chapter involves 

repeating trials in one direction so participants can predict the target location. 

Further to that, this experiment investigates if seeing the range of possible locations can be 

used to pre-plan movements in many directions. From an HCI perspective, the aim is to 

investigate if this display information has any effect on participants’ behaviour and 

performance. 

 METHODOLOGY 

 PARTICIPANTS 

There were 2 participants, one with cerebral palsy (CP) and the other without CP (W/o CP). 

Both participants self-reported as having normal vision. The participant with CP is 44 years 

old, and has spastic cerebral palsy. He self-reported his MACS level as III or IV (Eliasson, 

Krumlinde‐Sundholm et al. 2006) and he is level V using the Gross Motor Function 

Classification System (Palisano, Galuppi 1999). (See subsection 2.2 for a description of 

MACS levels). He used his preferred left arm for pointing. The participant W/o CP is 21 years 

old with no neurological conditions and used his preferred right arm for pointing.  

 PRACTICALITIES OF THE EXPERIMENT 

Pilot testing was performed with the participant with CP, and the experiment design was 

tailored to him. 
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Firstly, the range of motion and activity limitations specific to the participant with CP had to 

be taken into account. Some adaptations to this were simple. The participant normally uses a 

wooden pointer about 30cm long to perform many daily tasks. So, using a stylus attached to 

this pointer is a natural way for him to use a touchscreen. A suitable movement amplitude was 

also chosen. 

The participant’s range of motion results in the screen placement being a compromise between 

being optimal for the hand and optimal for the eye. The participant found that hand 

movements were most comfortable when the screen was closer to, and angled towards his 

hand. This was due to the stylus not registering the point expected by the participant when 

contacting the screen on an angle. 

For eye movements, it was preferable to have the screen at eye level and directed towards the 

participant’s face. When the screen was placed at desktop level, it was harder for the 

participant to look at, and harder for the eye tracker to register his pupil. The participant 

cannot move his neck very easily so a lower screen placement, near where his preferred left 

hand would normally rest, resulted in the participant looking down and left. When people look 

down, their eyelids reflexively start to cover their eyes. The Arrington Research Inc. GigE-60 

eye tracker being used only has a camera mounted on the right eye. Looking down and left 

seemed to be the least optimal direction for it to reliably detect a user’s pupil. 

Next, when holding down the ‘Ready?’ icon before a trial (Figure 5-2), the participant with CP 

would occasionally lift the stylus off the screen momentarily by accident. Originally, the pilot 

test program was set-up so this loss of contact would result in the wait timer resetting. This 

was changed so the wait timer would only reset if the stylus was lifted off the screen for more 

than 500 ms. 
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Figure 5-2 Participants had to press and hold the green ‘Ready?’ icon to initiate a trial. 

Finally, the pilot testing took too long and the participant lost focus. So session length was 

shortened; only 10 trials were used per set instead of 28, and repeating trial set-ups within 

sessions for counterbalancing purposes was abandoned.  

 APPARATUS 

Pointing tasks were performed on a Dell S2240T 21.5” Touchscreen Monitor at a screen 

resolution of 1920 × 1080 pixels. The screen was approximately vertical; it was positioned at 

eye level and adjusted to the participant’s comfort. The participant with CP was comfortably 

seated in his motorized wheel chair. The participant W/o CP sat in a standard desk chair 

adjusted to a comfortable position. 

The stylus used by the participant with CP was attached to the participant’s everyday wooden 

pointer (see Figure 5-3). The end of the pointer rests on the upwards facing surface of the 

participant’s left elbow, and is held between the participant’s middle finger and index finger. 

The participant W/o CP used a stylus in his right hand with a pen like grip. 

 

Figure 5-3 The longer pointing device was used by the participant with CP, the participant W/o CP used 

the smaller one. 
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To track eye movements, an Arrington Research Inc. GigE-60 Eye Tracker was used at a 

sampling frequency of 60 Hz. The input of the touchscreen was used as a proxy for the hand 

position. The task ran on custom software that also processed results data. There were three 

separate trial conditions: 

Possible Locations Visible: 10 trials, 14 target directions, possible target locations visible 

before, and during trials (see Figure 5-4). 

Blank-Slate: 10 trials, 14 target directions, possible target locations not visible. 

Known Direction: 10 trials, 1 target direction, possible target location not visible. 

Circular targets 60 pixels in diameter were presented at a set distance of 300 pixels (centre-to-

centre) from the start point. The start point was at the centre of the bottom edge of the screen. 

For Possible Locations Visible and Blank-Slate trials, target direction varied in a semi-circular 

arc with 14 possible directions (see Figure 5-4). This was based on ISO 9241-9 (2002) which 

suggests presenting targets in 25 directions in a circle. A circle was not used as it would result 

in some targets being occluded by the hand or pointer. For the Known Direction trial set-up, 

the target was directly up from the start point. 

 

Figure 5-4 A target appears as a filled black circle at trial start. 

The target was a solid black circle and the screen background was white. For the Possible 

Locations Visible tasks, possible target locations shown as a black outline. For the other tasks 

the target area was blank apart from the actual target appearing. 
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 PROCEDURE 

The participants performed trials at 6 different testing sessions, with each session on a 

different day. At each session participants performed the 3 conditions. For each condition, two 

sets of 10 trials were performed. All trials were recorded. Therefore each test session was 

comprised of 2 sets ×10 trials per set × 3 trial types=60 trials. The order of tasks was 

counterbalanced across testing sessions, but not within test sessions. 

For all trial conditions, participants were instructed to look at the pointer which was positioned 

at the home location until a target appeared, and then to acquire the target “as quickly as 

possible without making mistakes.” 

When a participant was ready to start a trial, he would place the pointer on the green ‘Ready?’ 

icon at the start point location. This initiated a wait period, during which the ‘Ready?’ icon 

changed to a ‘+’ sign. After a randomised wait period of 1000ms – 1900ms (at 100ms 

intervals) the target would appear. Throughout the trial the ‘+’ sign at the start point persisted 

as per an overlap condition. If the stylus lifted from the screen during the wait period then the 

wait timer stopped during that period ensuring the stylus had to be on the screen at trial start. If 

the stylus was lifted for more than 500ms then the trial was aborted and the ‘Ready?’ icon 

would need to be re-acquired. 

Once the target was acquired, the trial finished; the target disappeared and was replaced by an 

icon to give feedback to the participant on trial success. If successful, either a smiley face or 

fruit was displayed as positive feedback to encourage the participant to make accurate 

movements. If the participant selected a point outside the target during the trial, a neutral face 

was shown upon acquiring the target (see Figure 5-5). Participants were told about this. Also 

after a trial, the time the participant took to acquire the target was displayed to them to give 

them feedback about how quick they were. 

 

Figure 5-5 Images used for feedback of successful target acquisition. The neutral face on the left was used 

if a participant touched the screen outside the target before acquiring it. 
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 DATA PROCESSING 

For all trials, onset asynchrony was determined by subtracting the eye reaction time (eye RT) 

from the hand reaction time (hand RT). As such, positive values indicate that the eye onset 

occurred before hand onset. 

Hand RT was determined post-hoc as the time when the stylus was first lifted from the screen 

after the target had appeared. If the stylus slid towards the target, after trial start, but before it 

was first lifted, then an earlier hand onset was registered. This was based on threshold criteria 

of speed, and the distance covered (see 4.1.1 for more details). Eye RT was determined post-

hoc based on threshold criteria of jerk and the distance covered (see 4.1.2 for more details). 

Both hand and eye onsets were determined automatically, then verified graphically (see 4.1.4 

for more details). In cases where eye onset occurred before a trial started, the trial was 

discarded. 

Hand movement times (hand MT) and task completion times (completion time) were also 

considered. Hand MTs were defined as the time from hand onset to the stylus first touching 

the target. Completion times were defined as the time from trial start to the stylus first 

touching the target. 

 STATISTICS 

Since there was a large variation in the number of valid trials for the participant with CP, a 

mixed linear model was used to analyse the results using IBM SPSS Statistics version 22 

software. All measurements were used rather than means. A combination of Trial Type, 

Trial#, and Session were used as the repeated variable. Fixed factors were Trial Type, 

Neurological Condition, and Session. The only random variable was Trial#. Bonferonni 

correction was applied to reported p-values by SPSS. 

To make planned comparisons, sometimes the data set was split up to make observations for 

one particular participant. 

 RESULTS 

In this subsection the results for the onset asynchrony measurements are presented, followed 

by those for the hand movement times and task completion times. 
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 ONSET ASYNCHRONIES (AND REACTION TIMES) 

A clearly significant (p<0.01) main effect of Neurological Condition was found. The 

participant with CP displayed significantly increased onset asynchrony relative to the 

participant W/o CP. The mean for the participant W/o CP was 77 ms, whereas the participant 

with CP’s mean was 562 ms (a difference of 485 ms). Figure 5-6 shows distributions for each 

participant. Whilst the eye RTs are significantly longer (94 ms difference, p<0.01) for the 

participant with CP, the increase in hand RTs is much greater (579 ms difference, p<0.01). 

Thus, the participant with CP had higher onset asynchronies. 

 

Figure 5-6 Frequency plot of onset asynchronies for different Neurological Conditions. (W/o CP: blue line, 

higher peak. CP: orange line, more widely distributed.) 

A significant main effect of Trial Type was also found (p<0.01), but an interaction with 

Neurological Condition was also present (p<0.01). See Figure 5-7. 

Knowing where the target would appear (Known Direction trials) had varying effects on the 

different participants. The participant with CP displayed similar onset asynchronies to his 

Blank-Slate trials. Whereas for Known Direction trials the participant W/o CP significantly 

reduced his onset asynchronies (31 ms difference, p<0.01). He did this by significantly 

reducing his hand RTs (29 ms difference, p<0.01), whilst his eye RTs remained similar (2 ms 

difference, p=1.00). 

There was no effect of the possible target locations being visible prior to trial start for the 

participant W/o CP (Possible Locations Visible compared to Blank-Slate). Yet, onset 

asynchrony increased significantly for the participant with CP (104 ms difference, p<0.05). 
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This difference was due to a decrease in eye RTs (109 ms difference, p=0.051), whilst hand 

RTs stayed the same (4 ms difference, p=1.00). 

 
Figure 5-7 Box plot of onset asynchronies across trial types for each participant. The box and whiskers 

show data split up into four quartiles, as such the centre line is the median. 

Session had a main effect on onset asynchrony values (p<0.01), and it interacted with 

Neurological Condition (p<0.01). This resulted from session to session variations in the onset 

asynchronies of the participant with CP (p<0.01). Session 4 had significantly increased onset 

asynchronies compared to sessions 2, 3, 5, and 6 (all p<0.05). There appears to be no overall 

trend, as per Figure 5-8. However, the variations are quite large, which is important given that 

we are looking for effect sizes in the order of 30 ms to compare the effect of knowing the 

target location. 

By comparison the means onset asynchronies for the participant W/o CP were consistent from 

one session to the next. None of the sessions were significantly different from any other 

(maximum difference in session means was 19 ms compared to 298 ms maximum difference 

in session means for the participant with CP). 
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Figure 5-8 Box plot showing session to session variation in onset asynchronies for each participant. The 

box and whiskers show data split up into four quartiles, as such the centre line is the median. 

 HAND MOVEMENT TIMES AND COMPLETIONS TIMES 

As expected, the hand MTs of the participant with CP were significantly longer than those of 

the participant W/o CP (1,758 ms difference, p<0.01), as were task completion times (2,347 

ms difference, p<0.01). 

There was no main effect of Trial Type on hand MTs. This was true for each participant. Nor 

was there a main effect of Trial Type on task completion times. However, when the data was 

split up by Neurological Condition, the participant W/o CP completed trials significantly 

faster in the Known Direction condition than the Blank-Slate one (57 ms difference, p<0.01). 

At least part of this improvement can be attributed to reduced hand RTs. For the participant 

with CP, there were larger differences in means of completion times between Trial Types, but 

none of them were significant. 

Overall there was no main effect of Session on hand MTs, but there was for completion times 

(p<0.02). There was an interaction with Neurological Condition (p<0.02). For the participant 

W/o CP, Session affected hand MTs and completion times (both p<0.01). The participant with 

CP exhibited larger differences in means of hand MTs task and completion times across 

different sessions but they were not significant. 
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 DISCUSSION 

 TYPICAL VALUES FOR PEOPLE WITH CP 

It is clear that for discrete movements, onset asynchronies were increased for the participant 

with CP compared to the participant W/o CP. This is the opposite of what Steenbergen et al. 

(2007) and Verrel et al. (2008) found for participants with hemiparetic CP performing a semi-

reciprocal task that involved grasping with their affected hand. Yet, it agrees with what has 

been found for other neurological conditions for discrete movements (Sailer, Eggert et al. 

2007, Brown, Kessler et al. 1993, Warabi, Yanagisawa et al. 1988, Sacrey, Clark et al. 2009, 

Wilmut, Wann 2008a). 

This experiment significantly differed from the studies that included participants with CP in 

the past (2007, Verrel, Bekkering et al. 2008). This task did not involve grasping, or 

completing a previous movement, so there was no need to visually monitor the success of any 

other actions. Furthermore, the participant was looking at the stylus prior to trial start, and 

undertook a relatively direct movement, so there was little need to visually monitor the start of 

the pointing movement. As such, visual attention was directed towards the target location; it is 

new information to be processed and the end of the movement must be monitored. 

This increase in onset asynchrony is potentially a compensatory strategy, which could explain 

why similar trends have been found for various neurological conditions. In any case, it was 

presumably possible for the participant with CP to delay their eye onset to reduce their onset 

asynchrony if this was desirable, as was the case in Verrel et al’s (2008) study. 

 TESTING RELIABILITY 

The repeatability of eye-hand movement onset asynchrony measurements for participants with 

CP and this level of activity limitation may be problematic. Anecdotally it seems session to 

session variability for this participant may have occurred due to fundamental variations in 

coordination patterns. Performing more trials is not necessarily a solution, since fatigue could 

further affect within session variability. 

The variability in the onset asynchronies between sessions for the participant with CP may be 

partly due to the inability to take measurements consistently. Only 58% of trials led to 

measurements being possible. The Known Direction trials were particularly inconsistent with 

only 47% of trials resulting in measurements. As mentioned in the methodology subsection of 

this chapter, the eye tracker could not always detect the participant’s pupil which led to 
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missing data in the eye recording, and no eye RTs being distinguishable. The other main 

reason that trials were discarded was unexpected performance of the given task. Generally this 

occurred because the participant looked at the target location before trial start, or he did not 

make one clear eye movement towards the target. It is unclear whether these behaviours were 

intentional and the instructions were not clear enough, or whether it was the result of reduced 

response inhibition which is affected by CP (Lemay, Lê et al. 2012).  

On the other hand, the participant W/o CP’s measurements were repeatable. This is a positive 

result since 38 studies have already used this measurement as a dependent variable (see review 

in 3.2). By comparison 98% of trials resulted in a successful measurement for the participant 

W/o CP. 

Concerning the effect of Session on hand MTs and completion times, there was significant 

variation for the participant W/o CP. For at least Session 5 (one of the slowest sessions), the 

participant reported being tired before starting the session, even though it was done at the 

same time of day. This did not have an effect on his onset asynchronies, suggesting they are 

robust measurements. 

 USEFUL TARGET INFORMATION 

As expected, the participant W/o CP reduced his onset asynchrony when the target direction 

was predictable. This is in line with previous research (Deconinck, Van Polanen et al. 2011, 

Wilmut, Wann 2008a). It mainly came about due to reduced hand RTs which also resulted in 

completing the task faster. This can be seen as the effects of being able to pre-plan a 

movement before a trial starts, then acting it out once the stimulus has been perceived.  

None of these changes seemed to occur in the participant with CP. Based on Wilmut & 

Wann’s (2008a) study on children with DCD, we might expect the participant with CP to have 

a smaller magnitude reduction in onset asynchrony if they were making use of the target 

position information in the Known Direction trials. Given that his behaviour was more 

variable, it is extremely difficult to differentiate if he was making use of the directional 

information a little bit, or not at all. 

Regardless, there are several possible reasons why the participant with CP did not seem to act 

out a pre-planned movement for the Known Direction trials. Presumably he can generate the 

movement plan since this needs to be done at some point anyway, but perhaps he was unable 
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to store it, or retrieve it when needed. Another possibility is that he is capable of this, but it 

was merely not preferable. 

Being visually aware of the possible target locations did not allow either participant to pre-

plan a movement. The participant with CP even displayed significantly increased onset 

asynchronies, largely due to a decrease in eye reaction time. Yet, the hand RTs and MTs were 

very similar to the Blank-Slate trials. The accuracy of the eye movements was not measured, 

so if the participant tried to anticipate where the target would appear it could have affected 

their eye RTs. A similar eye movement problem occurred with the Known Direction trials. 

Overall these results suggest that seeing possible target locations without knowing which 

target they wanted to select was not important for the eye-hand coordination of either 

participant. Especially since no decision making on the part of the user was involved in 

determining the correct target; it was highlighted by the task. 

 CHAPTER SUMMARY 

In the experiment presented in this chapter, the measurements for the participant with CP did 

vary significantly between test sessions, suggesting they are not entirely repeatable. 

Comparatively, the participant W/o CP had much more repeatable measurements. This shows 

that whilst onset asynchrony measurements may be useful for participants W/o CP, the results 

from participants with CP are not necessarily as reliable. It is important to note that the 

participant with CP in this chapter was of a much higher MACS level than the participants in 

the following chapter (MACS level III or IV compared to I & II). 

These repeatability results are also practical insofar as they provide an example of what 

repeatable and not repeatable measures can look like. The participant with CP greatly 

increased his onset asynchrony compared to the participant W/o CP for the discrete reaching 

tasks (rather than decreased as reported for a reciprocal task (Verrel, Bekkering et al. 2008)). 

This was true for all tasks and similar to what has been found for other neurological 

conditions. This is probably not purely a by-product of delayed motor output since a previous 

study showed people with CP reducing onset asynchrony. It seems likely that this increase is a 

compensatory strategy. 

There seemed to be no effect of the target direction being predictable on the onset 

asynchronies of the participant with CP. It appears the participant with CP was not able to 
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make use of knowing where the target would appear. On the other hand, the participant W/o 

CP reduced his onset asynchrony when the target direction was known. 

Combined, these results suggest that the participant with CP preferred executing a new 

movement to a visible target, rather than a movement which was pre-planned to an imagined 

target location. Relying on users to execute pre-planned movements with no visible goal, such 

as gestures, may result in a barrier to accessibility for some users with cerebral palsy. Visual 

affordances for interactive actions may overcome this problem. 

The effect of the possible target locations being visible was minimal for both participants. 

However, the participant with CP did display significantly increased onset asynchronies when 

the locations were visible; this was unexpected and will be investigated further with more 

participants in the next chapter. 

The next chapter’s main purpose is to provide a novel evaluation of possible effects of CP on 

movement planning in the context of reaching movements and computer use. Similar to this 

chapter, onset asynchrony measurements are recorded across task conditions with different 

movement planning requirements. This is done for both people with and without CP. A key 

difference to this chapter is that the participants with CP have a much lower level of activity 

limitation (MACS I & II), and participants performed larger numbers of trials. The participants 

in the following chapter were chosen since they regularly use a computer mouse. As will be 

demonstrated, this change implies that the results of that participant group should be 

repeatable.  
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6. EYE MOVEMENTS SHOW SIMILAR 

ADAPTATIONS IN TEMPORAL 

COORDINATION TO MOVEMENT 

PLANNING CONDITIONS IN BOTH 

PEOPLE WITH AND WITHOUT 

CEREBRAL PALSY 

The case study in the previous chapter demonstrated that onset asynchrony measurements 

were repeatable for the participant without CP. However, the onset asynchrony measurements 

of the participant with CP were not repeatable. Based on that evidence, the experiment 

presented in this chapter involves more trials. Furthermore, the group with CP in this chapter 

are regular mouse users and their CP involves a lower level of activity limitation. 

This chapter is the last chapter investigating CP and movement planning. It is focused on 

answering Q.1, How does cerebral palsy affect movement planning for people who use a 

mouse? As such, this chapter considers if and how CP affects movement planning for simple 

reaching movements similar to those used for interacting with a computer. To do this it 

examines if participants with and without CP adjust their onsets asynchronies in similar ways 

in response to different planning conditions. It also aims to understand the extent to which 

planning ability may affect activity limitation. 

As will be shown, the results suggest that movement planning behaviour is very similar 

between groups with and without CP in the context of target acquisition. In contrast to that, 

movement durations of the group with CP were still significantly longer. Combined this 

implies that movement planning abilities could be leveraged to avoid difficult to execute 

movements. This contention is explored in Research Section 2: Improving Target Acquisition. 



6. Movement Planning Study 

Doctoral Thesis 

Alexander R. Payne  115 | P a g e  

 

This chapter is an adaptation of a paper of the same name, published in Experimental Brain 

Research (Payne, Plimmer et al. 2017b). Results were also presented at AACPDM ’16 (Payne, 

Plimmer et al. 2016a). 

 INTRODUCTION 

Movement planning is complex, so it can be affected in different ways. Movement planning is 

the ability to assess the actions required to get from a current state to a desired future state and 

achieve an extrinsic task goal (Wolpert 1997). It is important since purely feedback control of 

reaching movements is not practical due to the time delays of the sensory system (Kawato 

1999). It is complex since there are many levels of planning to be specified (from the task goal 

to neural commands, see 2.3.1), almost infinite solutions to problems, and many different task 

conditions that alter what planning entails. This study specifically focuses on integrating 

various levels of spatial task information into movement plans, decoupling control of eye and 

hand movements, and altering muscle-effector mapping. These will be further elaborated later. 

Movement planning is difficult to measure directly and quantifiably. Previous work on CP and 

movement planning has observed grip placement (Steenbergen, Meulenbroek et al. 2004, 

Mutsaarts, Steenbergen et al. 2005, Steenbergen, Van Der Kamp 2004) and measured fingertip 

force regulation (Eliasson, Gordon et al. 1991, Duff, Gordon 2003, Gordon, Charles et al. 

1999, Gordon, Charles et al. 2006a, Rosenbaum, Meulenbroek et al. 2001). Grip placement 

tasks investigated capacity to plan into the future. For participants with CP, it was shown that 

planning was directed at intermediate steps instead of the end goal of the task (Steenbergen, 

Gordon 2006). Fingertip force experiments investigated participants’ ability to integrate 

weight information into movement plans and found that in some cases this was impaired. 

(More details of these can be found in 2.3.2.) 

This chapter investigates the effects of CP on movement planning using a relatively novel 

method; it examines if people with CP adapt their temporal eye-hand coordination patterns in 

response to different planning conditions. Previous research (in participants without CP) has 

shown adaptations in the timing of eye-hand coordination in response to changes in movement 

planning conditions21 (White, Lefevre et al. 2012, Adam, Buetti et al. 2012, Gorbet, Sergio 

2009). These adaptations do not directly represent planning ability, but they do demonstrate 

typical behaviours. 

                                                 
21 Movement planning conditions are the situational demands of planning a movement. 
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As per the previous chapter (5), onset asynchrony is the main measure of this study (Figure 

6-1). It reflects the timing of eye-hand coordination adopted for a given situation. In terms of 

movement planning, onset asynchrony is not directly a performance measure; thus value 

judgements cannot be made based on its magnitude. However changes in onset asynchrony 

between different task conditions are useful for demonstrating typical changes in behaviour (in 

response to different planning conditions). Since it is a measure taken at the very start of a 

movement, it should be relatively unaffected by a person’s online motor control. 

Eye RT Hand RT

 +ve Onset 
Asynchrony

TIME

POSITION

Start 
Point

Target

Increase

Reduce
 

Figure 6-1 Onset asynchrony as described in subsection 3.2 and chapter 5. (Repeat of Figure 3-10 and 

Figure 5-1) 

In this research, four changes in planning condition are compared to a baseline measure. The 

planning conditions of a discrete22 movement are altered and the effects on onset asynchronies 

of participants with and without CP are examined. The four alterations investigated were: 

Known Direction: facilitating the pre-planning of movements via known target locations, 

Eyes Apart: decoupling the direction of eye and hand movements by starting the eyes apart 

from the hand, 

Mouse Blank-Slate: altering the mapping between muscle recruitment and effector23 output by 

using a mouse and cursor instead of direct pointing, and 

                                                 
22 Discrete movements are one-off movements, as opposed to being part of a series of movements.  
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Possible Locations Visible: allowing partial knowledge of the target location by displaying 

possible target locations before trial start. 

For Known Direction trials, pre-planning a movement before trial start should result in 

reduced onset asynchrony. Knowing where a target will appear prior to trial start makes pre-

planning possible (Rosenbaum 1980) and is associated with decreased hand reaction times 

(Olivier, Bard 2000). Three studies (including chapter 5) have shown that making a target 

direction predictable reduces onset asynchrony in the general population (Deconinck, Van 

Polanen et al. 2011, Wilmut, Wann 2008a, Payne, Plimmer et al. 2015). However, Wilmut & 

Wann found that this effect was diminished for participants with developmental coordination 

disorder. The case study in the previous chapter was inconclusive about whether the 

participant with CP was able to effectively use this information.  

Decoupling the direction of eye and hand movements in Eyes Apart trials may also affect 

onset asynchrony. Adam et al. (2012) decoupled movements by requiring the eye to start in a 

different location than the hand. They found onset asynchronies increased compared to when 

the eye and hand started together. They suggested this was due to weaker coupling of the 

control of each system when they started from separate locations. Another way of decoupling 

movement directions is by changing the relationship between hand movements and effector 

movements. Gorbet & Sergio (2009) mapped cursor movements to the reverse, or mirror, of 

hand movements. In contrast to Adam et al., Gorbet & Sergio found decoupling movements in 

this way reduced onset asynchronies. This was due to significantly increased eye reaction 

times which Gorbet & Sergio suggest resulted from additional planning requirements. No 

research has compared interaction effects of decoupling movements and neurological 

conditions on onset asynchrony measurements. However, isolated control of each system 

would be beneficial when coordinating decoupled movements. Saavedra et al. (2009) suggest 

that children with CP have more difficulty isolating control of eye and hand systems. 

For Mouse Blank-Slate trials, planning for novel mapping between muscle recruitment and 

effector kinematics requires extra calculation and should affect onset asynchrony. In Gorbet & 

Sergio’s (2009) cursor experiment, novel mapping between hand and effector movements 

resulted in reduced onset asynchronies. White et al. (2012) found similar effects when they 

compared movements under altered gravity and normal gravity. Onset asynchronies reduced 

under novel mapping conditions for both hypergravity and microgravity relative to normal 

                                                                                                                                                          
23 An effector is the thing being controlled to act on the environment, e.g. a cursor. 
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mapping under normal gravity conditions. They suggested that providing visual feedback for 

the deceleration phase of a reaching movement drives eye onset. Since hand acceleration took 

longer under novel gravity conditions, onset asynchronies reduced because eye onset could be 

delayed. 

A fourth factor that could potentially alter movement planning processes is partial knowledge 

of target locations (i.e. with Possible Locations Visible). In Wilmut & Wann’s (2008a) study, 

possible target locations were visible before trial start. They showed that onset asynchrony 

increased with the number of possible target locations for one, two, and four locations. 

However, with more and more possible locations being visible, does the task differ relative to 

one where no visual information is provided? This would answer the question: is there a 

difference between having many options to process, versus having no target location 

information? In the previous chapter (5), results for the participant without CP suggest that for 

14 possible target locations, prior awareness does not alter coordination. 

These four conditions are compared to a baseline condition. This condition must not include 

any of the distinguishing factors of the other four conditions. The baseline was called Blank-

Slate since control was highly familiar (direct pointing with the hand, with the eyes making 

the same movement) but planning could not occur until the target appeared (no prior 

knowledge of the target location). 

 HYPOTHESES 

All of the following hypotheses are relative to Blank-Slate movements: 

For the Known Direction trials, (H1) all participants will reduce their onset asynchronies when 

they know where the target will appear. (H2) The effect in H1 will be diminished for the 

participants with CP. 

For the Eyes Apart trials, (H3) onset asynchronies will increase. (H4) The group with CP will 

maintain similar coordination to Blank-Slate movements due to impaired ability to isolate 

control of eye and hand systems. 

For the Mouse Blank-Slate trials, (H5) all participants will reduce their onset asynchronies. 

For the Possible Locations Visible trials, (H6) onset asynchronies will not change for any 

participants. The same movement plan and temporal coordination should be viable for both 

Possible Locations Visible and Blank-Slate trial types. 
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 METHODOLOGY 

 PARTICIPANTS 

There were 18 participants; 10 did not have CP (W/o CP), 8 had CP and minimal manual 

activity limitation (CP MACS I & II). All participants used their preferred hand. 

The participants W/o CP (30.6 ± 4.2 years old) all self-reported as having no neurological 

conditions, and were right handed. All had normal or corrected to normal vision except for one 

participant with a mild astigmatism. 

The participants with CP self-reported their MACS level. See Eliasson et al. (2006) and 

subsection 2.2 for information on the manual ability classification system, MACS. Additional 

demographics can be seen in Table 6-1. 

Participant 
Hand 

Used 
Age Vision 

MACS 

Level 

Affected 

Limbs 

P1 Right 39 N I Left Side 

P2 Right 20 CTN II Left Side 

P3 Right 18 N II Left Side 

P4 Left 34 N II Right Side 

P5 Left 13 
Reduced Binocular 

Vision 
I Right Side 

P6 Right 24 N I Right Leg 

P7 Right 12 N I Both Legs 

P8 Left 29 Amblyopia II All Four 

Table 6-1 Participant information for the group with CP MACS I & II. Abbreviations: MACS – Manual 

ability classification system; N – Normal; CTN – Corrected to normal. 

 APPARATUS 

Pointing tasks were performed on a Dell S2240T 21.5” Touchscreen Monitor at a screen 

resolution of 1920 × 1080 pixels plugged into a Dell Latitude E6500 laptop computer. The 

screen was angled at 30 degrees from the horizontal, and at desk height. All participants were 

comfortably seated for the task. All participants pointed or used a mouse with their preferred, 

or less affected hand.  

To track eye movements, an Arrington GigE-60 Eye Tracker was used at a sampling 

frequency of 60 Hz. Hand position was approximated using the input of the touchscreen or the 

cursor and mouse. Sampling frequency varied since the PreviewStylusMove() event was used 
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to sample time and position every time the cursor input (of the touchscreen or mouse) moved. 

More detailed information on data acquisition can be found in subsection 4.1. 

Targets were filled black circles, 60 pixels in diameter, and were presented at a set distance of 

500 pixels (centre to centre) from the start point. The amplitude was chosen to be large enough 

that the participant would look at the target rather than just use their peripheral vision. The 

hand start point was at the centre of the bottom edge of the screen. It was represented by a ‘+’ 

which persisted throughout the trial (see Figure 6-2). The task software was written in 

VB.NET and based on Arrington’s SDK (software development kit). Microsoft Excel 2013 

was used to process results data. 

 

 

Figure 6-2 Top: all trials used these 14 target locations (except for Known Direction trials where the target 

was always directly upwards from the hand start location), but only the Possible Locations Visible trials 

used the outlines of circles showing the possible target locations. Bottom: the cross at the top of the screen 

is the eye start location for the Eyes Apart trials. For all other trials the eyes started at the hand start 

location (the small cross at the bottom of the screen equidistant from all the target locations). 

Hand start location 

Eye start location (for 

Eyes Apart) 

Possible target locations 

(shown for Possible 

Locations Visible) 

Target 
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 TRIAL TYPES 

There were five separate trial set-ups, as per Table 6-2. This chapter considers four trial types 

(Known Direction, Eyes Apart, Mouse Blank-Slate, Possible Locations Visible) that, based on 

previous studies, may alter participants’ onset asynchronies. A baseline planning condition 

(Blank-Slate) is also considered. 

Trial 

Type 

Trials 

in Set 

Sets per 

Participant 

Target 

Directions 

Possible 

Target 

Locations 

Visible 

Eye 

Starts 

Apart 

from 

Hand 

Input 

Used 

# Valid 

Trials 

W/o 

CP 

CP 

MACS 

I & II 

Blank-

Slate 
28 2 14 N N Hand 527 407 

Known 

Direction 
10 2 1 N N Hand 183 132 

Eyes 

Apart 
28 2 14 N Y Hand 529 409 

Mouse 

Blank-

Slate 

28 2 14 N N Mouse 501 409 

Possible 

Locations 

Visible 

28 2 14 Y N Hand 517 394 

Table 6-2 Trial types. All participants performed 28×2×4 + 10×2=244 trials. Note the number of valid trials 

is less than the number performed. 

For all trial types (except Known-Direction) target direction varied in a semi-circular arc with 

14 possible directions (see Figure 6-2). This was based on ISO 9241-9 (2002) which suggests 

presenting targets in 25 directions along a circular path to negate possible confounding effects 

of movement direction. A complete circle was not used for this testing, since it would result in 

some targets being occluded by the arm at trial start. The target area was blank until the target 

appeared. Sets of trials involved 28 discrete trials with each direction being presented twice. 

For the baseline trial type (Blank-Slate trials), movement planning was as simple as possible. 

The goal was to ensure participants had all the information they needed to plan a movement as 

soon as the target appeared. As such, the participant was certain of the effector’s position and 

the appropriate muscle movements to control it. Direct pointing was chosen and the 

participants were instructed to look at the fingertip of their preferred hand whilst they waited 

for trials to start. 
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Discrete pointing movements negated the distractions of checking the success of a previous 

movement, or undertaking auxiliary operations such as grasping. By quasi-randomising the 

target location and leaving the target presentation area completely blank until trial start, 

participants could only undertake planning after trial start. 

Known-Direction trials aimed to facilitate pre-planning of movements; the target was always 

directly upwards from the start point. For these trials, there were 10 trials per set. 

Eyes Apart trials decoupled the direction of eye and hand movements. For Eyes Apart trials, a 

‘+’ at 50 pixels from the top of the screen served as a starting eye location (see Figure 6-2, 

bottom). As with the hand start location, the ‘+’ persisted throughout the trial. 

For most of the trials the mapping was highly familiar; participants pointed directly at a 

touchscreen using their preferred hand. In the Mouse Blank-Slate trials, participants used a 

mouse and cursor to acquire targets. Thus, an extra level of planning was required. All 

participants had previous experience with using a mouse. 

Possible Locations Visible trials allowed the participant to be aware of the possible target 

locations. For these trials only, a black outline of the 14 possible target locations was visible 

before trial start, and persisted until trial completion (see Figure 6-2, top). 

 PROCEDURE  

To familiarize themselves with the touchscreen, participants performed a join-the-dots task in 

Paint before starting the experiment. Additionally, participants practiced each trial set-up until 

they were comfortable with the task. They performed sets of all trial types twice in a 

counterbalanced order. The order of trial set-ups was also counterbalanced among participants. 

For each trial type (except Known Direction) participants performed two sets of 28 trials, i.e. 

58 in total. Therefore for each trial type, this is more than double the trials of one session of 

the repeatability study (chapter 5). 

For all trials, participants were instructed to acquire the target “as quickly as possible without 

making mistakes” once it appeared. 

For hand pointing trials, a wait period was initiated when participants placed their pointing 

finger on a green ‘Ready?’ icon at the start point location (similar to Figure 5-2). During the 

wait period the ‘Ready?’ icon changed to a ‘+’ sign. After a randomised wait of 1000 ms – 

1900 ms (at 100 ms intervals) the target would appear. Throughout the trial the ‘+’ sign at the 
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start point persisted. The hand had to be touching the screen for the target to appear: if the 

finger lifted from the screen during the wait period, the wait timer stopped until the hand made 

contact with the screen again. If the hand was lifted for more than 500 ms then the wait period 

reset. For the Mouse Blank-Slate trials, the participant clicked the ‘Ready?’ icon to activate the 

same randomised wait period. 

A trial finished once the target was successfully acquired, then the target was replaced by a 

feedback icon. Either a happy face or fruit was displayed as positive feedback to encourage 

accuracy (the same as Figure 5-5 in chapter 5). If the participant selected a point outside the 

target during the trial (an error), once they were successful in acquiring the target, a neutral 

face was shown. After a trial, the completion time was displayed to encourage quick 

movements. 

Participants were instructed to take breaks whenever they felt the need. Participants were 

offered food and beverages during these breaks. Testing took approximately one hour. 

 DATA PROCESSING  

For all trials, onset asynchrony was determined by subtracting the eye reaction time (eye RT) 

from the hand reaction time (hand RT) as per Equation 3-6. Thus, positive values indicate eye 

onset occurred before hand onset (see Figure 6-1). 

Data was processed off-line. When the touchscreen was used, hand RT was defined as the time 

when the finger first lifted from the screen once the trial had started (using the program event 

PreviewMouseUp()). Time and position measurements were also recorded every time the 

input position changed (using the PreviewStylusMove() event). If the finger slid towards the 

target, after trial start but before it was first lifted, then an earlier hand RT was determined 

based on threshold criteria of instantaneous speed and the distance covered over the following 

10 data points. When the mouse was used, this criteria of speed and distance was always used 

to determine hand RT. 

Pupil time and position measurements were taken at 60 Hz by the eye tracker. Eye RT was 

determined based on threshold criteria of instantaneous jerk and the distance covered over the 

following 3 data points. Jerk was used instead of a velocity threshold since Verrel et al. (2008) 

suggest jerk is a more reliable method for detecting saccades than just velocity or acceleration. 

Both hand and eye onsets were determined automatically, but verified graphically and 

visually. Forty trials were discarded because eye onset occurred before trial start (17 were 
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Known Direction trials). Trials were also discarded when there was noise in the eye recording, 

or when eye onset could not be determined. See Table 6-2 for numbers of valid trials. 

Hand movement times (MT) were defined as the time from hand onset to the time the finger 

first touched the target. Completion times (CT) were defined as the time from the target 

appearing to when the finger first touched the target (i.e. CT=MT + hand RT). For mouse 

movements depression of the mouse button was registered instead of the finger touching the 

screen. 

 STATISTICS  

Mixed linear models were used to analyse the results using IBM SPSS Statistics version 22 

software. All individual measurements were used rather than means since data sets were 

variable in size (see Table 6-2). A combination of Trial Type and Trial# were used as the 

repeated variable. Participant was used as a random variable. 

For the overall results, fixed factors were Trial Type and Neurological Condition and an 

interaction of the two. 

To make planned comparisons, the data set was split up by participant groups and Trial Type 

was the only fixed factor. 

Hand RT, eye RT and MT values were transformed via a natural log (ln) function to improve 

normality and kurtosis. For the same reason, CT values were transformed via a reciprocal 

function (1/x). For all variables, outliers that were 3.29 standard deviations outside the mean 

were deleted. For variables that were transformed, outlier classification occurred post 

transformation. Bonferonni correction was applied to reported p-values by SPSS. 

 RESULTS 

 OVERALL 

When analysing the two groups together (W/o CP, CP MACS I & II), there was a significant 

main effect of Trial Type (p<0.001) on onset asynchronies. The effects of Trial Type are 

discussed in the results of specific planned comparisons. 

Neurological Condition was not a main effect for onset asynchrony (p=0.349), eye RTs 

(p=0.153), or hand RTs (p=0.469). However, it was a main effect for MTs. The group with CP 
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displayed significantly longer MTs (p=0.021; 574ms vs. 458ms). A similar pattern was evident 

with CTs where the difference approached significance (p=0.066; 898ms vs. 799ms). 

For onset asynchronies, there was a significant interaction of Trial Type*Neurological 

Condition (p<0.001). The group W/o CP displayed significantly reduced (p=0.007) onset 

asynchronies for the Eyes Apart trial type compared to the group with CP. For all other trial 

types, there were no significant differences in onset asynchronies between the two groups. 

 PLANNED COMPARISONS 

Planned comparisons were made within the two groups comparing the different planning 

conditions to the Blank-Slate reference trial type (Figure 6-3). 

For the group W/o CP, Trial Type was a significant factor for onset asynchrony (p<0.001), eye 

RT (p<0.001), hand RT (p<0.001), MT (p<0.001), and CT (p<0.001). 

For the group with CP, Trial Type was a significant factor for onset asynchrony (p<0.001), eye 

RT (p<0.001), hand RT (p<0.001), MT (p<0.001), and CT (p<0.001). 

The following subsections report pairwise comparisons from the within participant group 

analyses. Table 6-3 shows the linear regression values for these models. Since the Blank-Slate 

trials are set as the redundant values, the b1 values of other trial types represent the difference 

in means relative to Blank-Slate trials. 
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Figure 6-3 Top left: mean onset asynchronies. Top right: mean MTs. Bottom left: mean hand RTs. Bottom 

right: mean eye RTs. Group means for different trial types in ms, with error bars showing the standard 

error. Squares are the results for the group with CP MACS I & II. Crosses are the results for the group 

W/o CP. The horizontal lines show the standard error for the reference Blank-Slate trials (dashed lines are 

for the group with CP, dotted lines are for the group W/o CP). * Significant difference between participant 

groups. # Significant difference compared to Blank-Slate trials. 
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  Intercept Blank-Slate Known Direction Eyes Apart Mouse Blank-Slate Possible Locations Visible 

  
b1 

(SE) 
p 

b1 

(SE) 
p 

b1 

(SE) 
p 

b1 

(SE) 
p 

b1 

(SE) 
p 

b1 

(SE) 
p 

Onset Asynchrony W/o CP 
111.3 

(6.8) 
<0.001 

0 

(0) 
- 

-15.6 

(5.4) 
0.036 

-43.1 

(3.9) 
<0.001 

-66.0 

(4.0) 
<0.001 

-2.2 

(3.9) 
1.000 

 CP MACS I & II 
112.6 

(11.2) 
<0.001 

0 

(0) 
- 

-13.2 

(6.4) 
0.387 

-6.7 

(4.5) 
1.000 

-53.1 

(4.5) 
<0.001 

-2.9 

(4.5) 
1.000 

Eye RT W/o CP 
237.7 

(7.5) 
<0.001 

0 

(0) 
- 

2.7 

(5.1) 
1.000 

48.5 

(4.4) 
<0.001 

-2.1 

(3.7) 
1.000 

8.5 

(3.8) 
0.237 

 CP MACS I & II 
218.9 

(12.3) 
<0.001 

0 

(0) 
- 

-3.6 

(6.1) 
1.000 

13.3 

(4.7) 
0.038 

-0.7 

(4.4) 
1.000 

18.2 

(4.8) 
0.001 

Hand RT W/o CP 
351.7 

(14.0) 
<0.001 

0 

(0) 
- 

-16.2 

(4.9) 
0.014 

9.9 

(3.9) 
0.096 

-68.7 

(3.1) 
<0.001 

8.1 

(3.9) 
0.338 

 CP MACS I & II 
335.6 

(12.6) 
<0.001 

0 

(0) 
- 

-13.8 

(5.4) 
0.120 

6.7 

(4.0) 
0.937 

-60.1 

(3.3) 
<0.001 

12.0 

(4.1) 
0.033 

MT W/o CP 
420.2 

(25.5) 
<0.001 

0 

(0) 
- 

-13.8 

(9.2) 
1.000 

37.8 

(7.5) 
<0.001 

188.4 

(10.2) 
<0.001 

4.2 

(7.0) 
1.000 

 CP MACS I & II 
531.8 

(34.9) 
<0.001 

0 

(0) 
- 

-13.2 

(14.4) 
1.000 

11.9 

(10.8) 
1.000 

246.2 

(15.5) 
<0.001 

4.0 

(10.6) 
1.000 

CT W/o CP 
772.7 

(29.2) 
<0.001 

0 

(0) 
- 

-25.0 

(10.6) 
0.230 

46.1 

(9.3) 
<0.001 

114.7 

(11.1) 
<0.001 

11.8 

(8.5) 
1.000 

 CP MACS I & II 
863.3 

(37.8) 
<0.001 

0 

(0) 
- 

-28.3 

(15.3) 
0.730 

24.7 

(12.4) 
0.397 

186.0 

(17.4) 
<0.001 

20.1 

(12.3) 
0.944 

Table 6-3 Linear regression values for the pre-planned comparisons of each outcome measure. The Blank-Slate values are set to zero since they are redundant. All slope (b1) 

and standard error (SE) values are in ms. All values (except onset asynchronies) required conversion to ms from transformed values. 
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OPPORTUNITY TO PRE-PLAN MOVEMENTS; KNOWN DIRECTION VS. BLANK-SLATE 

For the group W/o CP, onset asynchronies reduced significantly (p=0.036) for the Known 

Direction trial type compared to the Blank-Slate one (96ms and 111ms respectively). The 

mean hand RT significantly (p=0.014) decreased by 16ms for the Known Direction trials, 

although there were no significant differences in values of eye RTs (p=1.000), MTs (p=1.000) 

or CTs (p=0.230). 

For the group with CP, onset asynchronies did not significantly reduce (p=0.387). However, 

the value of the mean reduced by 13ms (from 113ms to 100ms) for Known Direction trials, 

which is similar to the 16ms reduction for the group W/o CP. There was no significant 

difference in either RT but there was a 14ms decrease in the mean hand RT (p=0.120) for 

Known Direction trials. As with the group W/o CP, there were no significant differences in 

MTs (p=1.000) or CTs (p=0.730) between the two trial types. 

DECOUPLING DIRECTION OF EYE AND HAND MOVEMENTS; EYES APART VS. BLANK-SLATE 

 For the group W/o CP, onset asynchronies were significantly (p<0.001) reduced for 

Eyes Apart trials compared to Blank-Slate trials (68ms and 111ms respectively). The eye RTs 

significantly (p<0.001) increased for Eyes Apart trials whilst there was no significant 

difference in the hand RTs (p=0.096). Both MTs and CTs significantly (each p<0.001) 

increased by 38ms and 46ms respectively for the Eyes Apart trials. 

 For the group with CP, onset asynchronies did not change significantly (p=1.000). 

Similar to the group W/o CP, there was not a significant difference in hand RTs (p=0.937) but 

there was a significant (p=0.038) increase in eye RTs by 13ms. Both MTs (p=1.000) and CTs 

(p=0.397) did not significantly change. 

ALTERED MUSCLE-EFFECTOR MAPPING; MOUSE BLANK-SLATE VS. BLANK-SLATE 

 For the group W/o CP, onset asynchronies were significantly (p<0.001) reduced for 

Mouse Blank-Slate trials compared to Blank-Slate trials (45ms and 111ms respectively). The 

hand RTs significantly (p<0.001) decreased by 69ms for Mouse Blanks-Slate trials whilst there 

was no significant difference in the eye RTs (p=1.000). Both MTs and CTs significantly (each 

p<0.001) increased by 188ms and 115ms respectively for the Mouse Blank-Slate trials. 

 For the group with CP, there was also a significant (p<0.001) reduction in mean onset 

asynchrony from 113ms to 60ms. Similar to the group W/o CP, there was a significant 

decrease (p<0.001, by 60ms) in hand RTs but no significant difference in eye RTs (p=1.000). 
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Both MTs and CTs also increased significantly (each p<0.001) for the Mouse Blanks-Slate 

trials by 246ms and 186ms respectively. 

VISIBILITY OF POSSIBLE TARGET LOCATIONS; POSSIBLE LOCATIONS VISIBLE VS. BLANK-

SLATE 

 There appeared to be no effects of displaying possible target locations prior to trial 

start for the group W/o CP. There were no significant differences between the Blank-Slate and 

Possible Locations Visible trials for onset asynchronies, eye RTs, hand RTs, MTs, and CTs. 

Both hand RTs (p=0.033) and eye RTs (p=0.001) significantly increased for the group with CP, 

although there was no significant change in onset asynchronies. 

 DISCUSSION 

 OVERALL 

This study sought to evaluate potential effects of cerebral palsy on the ability to adapt eye-

hand coordination to different movement planning conditions. The adaptations in onset 

asynchrony to different movement planning conditions made by the group with CP MACS I & 

II were similar to the group W/o CP for all but one trial type (Eyes Apart). Verrel et al. (2008) 

also found similar onset asynchrony patterns between participants without CP and those with 

hemiparetic CP using a less affected hand. They investigated visual monitoring of the hand in 

response to the presence of an obstacle for an object transport task. 

Given there was minimal difference in onset asynchrony between groups when varying 

planning conditions, it is notable that the group with CP still took significantly longer to make 

movements. This implies that for lower levels of impairment and simpler tasks, movement 

execution problems seem to limit activity more than any movement planning deficit. 

 OPPORTUNITY TO PRE-PLAN MOVEMENTS; KNOWN DIRECTION VS. 

BLANK-SLATE 

It was expected that facilitating pre-planning would reduce onset asynchronies for all 

participants (H1), but this effect would be weaker for the group with CP (H2). Only the group 

W/o CP significantly reduced onset asynchronies and hand RTs. Therefore H1 cannot be 

confirmed. Although knowing the target location only significantly reduced onset 

asynchronies for the group W/o CP, the effect size was very similar for the group with CP 

(15.6ms and 13.2ms respectively). Furthermore, the standard error was bigger for the group 

with CP, so even if the effect size were the same, there would not have been a significant 
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difference in onset asynchronies. This increased error could be due to CP causing larger 

variability in participants’ responses. Regardless, the results are inconclusive for H2. 

For pre-planning to be effective, people need to be capable of creating a movement plan, 

temporarily storing it, then accessing it when necessary. Whilst grip planning experiments 

(Steenbergen, Meulenbroek et al. 2004, Mutsaarts, Steenbergen et al. 2005) have shown that 

hemiparetic CP can affect how far movements are planned into the future, this experiment 

suggests that for simpler movements, the basic mechanisms of pre-planning movements based 

on past experience are not severely impaired in the population tested. These results also agree 

with the anticipatory fingertip force regulation abilities of people with hemiparetic CP using 

their less affected hand (Gordon, Charles et al. 2006b). While anticipatory fingertip force 

regulation required participants to be able to integrate dynamic properties into their movement 

plans, Known Direction trials required the integration of spatial properties into movement 

plans. 

 DECOUPLING DIRECTION OF EYE AND HAND MOVEMENTS; EYES 

APART VS. BLANK-SLATE 

It was expected that decoupling eye and hand movement would result in increased onset 

asynchrony for the group W/o CP (H3), although not for the group with CP (H4). Contrary to 

expectations, the group W/o CP significantly reduced onset asynchronies. This was only 

significant for the group W/o CP (so H3 is rejected, although H4 appears to be true), but 

clearly neither group increased their onset asynchronies as occurred in the study of Adam et al. 

(2012). This probably occurred due to different geometries of task set-up. In that study, when 

the movements were decoupled, the eyes started within the vicinity of the target. This possibly 

incentivised delaying hand onset until the target was foveated. In Eyes Apart trials, often the 

eyes started further from the target than the hand did. Crucially, participants could not use 

experience to expect the target to appear near the eye start location. This is demonstrated by 

significant increases in eye RTs but not hand RTs by both participant groups. These results 

indicate that Adam et al.’s experiment did indeed investigate the effects of sensory noise (as 

was their intention) and not specifically the effects of decoupling movements. This study 

repeats the findings of Gorbet & Sergio (2009) when they decoupled movements by reversing 

the mapping of hand to cursor movements; participants adapted by increasing eye RTs 

resulting in reduced onset asynchronies. 
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Adaptations to the Eyes Apart trial type provided the only clear interaction between trial type 

and participant groups for onset asynchrony measurements. Whilst both groups significantly 

increased eye RTs, the magnitude of the increase was much greater for the group W/o CP, 

resulting in significantly different onset asynchronies between the two groups. It is debatable 

whether decoupling the movements affected movement planning of the group with CP since 

they did not significantly reduce their onset asynchronies. Saavedra et al. (2009) proposed that 

children with CP have more difficulty isolating control of eye and hand systems (this was the 

basis of H4). Perhaps this resulted in participants generally maintaining similar coordination 

patterns to when the directions were coupled. 

 ALTERED MUSCLE-EFFECTOR MAPPING; MOUSE BLANK-SLATE VS. 

BLANK-SLATE 

It was anticipated that both groups would reduce their onset asynchronies when the extra 

spatial transformation of mapping a mouse and cursor was required (H5). The results indeed 

showed a reduction. This agrees with reductions in onset asynchronies found by Gorbet & 

Sergio (2009) and White et al. (2012) when they recorded coordination under novel mapping 

conditions. The main exception to this accordance is that these results stemmed from both 

groups significantly decreasing their hand RTs, which was not the case in Gorbet & Sergio’s 

experiment. 

Determining hand RTs differently between the two tasks (when the finger was lifted vs. when 

the cursor moved) potentially contributed to this result. However, it may be expected that the 

mouse movement is registered later in the movement than the hand movement, since the 

mouse onset is only registered after it is already moving. Also, this was the largest effect size 

on onset asynchronies for both groups. In any case, there are many other potential factors that 

were not considered (e.g. friction, inertia, biomechanics). Regardless, it seems both groups 

adapted their eye-hand coordination to using a mouse in the same manner. 

Concerning MTs and CTs, they were significantly longer for both groups when using the 

mouse and cursor. Given targets were relatively large, this finding is not new (Sears, 

Shneiderman 1991). 
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 VISIBILITY OF POSSIBLE TARGET LOCATIONS; POSSIBLE LOCATIONS 

VISIBLE VS. BLANK-SLATE 

Varying visual awareness of possible target locations prior to trial start investigated whether it 

was better to have too much spatial information than none. However, no discernible 

differences in onset asynchrony were expected (H6). Rosenbaum (1980) suggests that pre-

planning does not occur by multiple plans being generated and then one being selected. He 

supported the idea of only known parameters being used for pre-planning, and specifying 

unknown parameters when they become known. For all the coordination measures in this 

experiment, this appeared to be the case since there was no effect of the possible target 

locations being visible (H6 is accepted). 

 LIMITATIONS & ROBUSTNESS 

The main limitation of this study is the array of diagnoses within the group with CP MACS I 

& II. These results may not be repeatable for more specific groups. For example, Steenbergen 

& Gordon (2006) suggested planning impairments are specific to people with damage to the 

left hemisphere. Statistical power would also be improved with more participants. This would 

be particularly useful for the comparison between Blank-Slate and Known Direction trials. 

Lastly, these findings do not necessarily apply to each individual participant they are based 

upon; they are only valid as pre-planned group comparisons. 

However, the measurements presented in this study should be repeatable with these 

participants. The onset asynchronies for the two primary participant groups in this study are 

similar to those of the participant without CP in chapter 5. His onset asynchronies did not vary 

significantly between any two of the six testing sessions (even though his hand movement 

times did).  

 CHAPTER SUMMARY 

This chapter aimed to answer the first research question Q.1, How does cerebral palsy affect 

movement planning for people who use a mouse? 

For the group with CP, participants did not significantly alter their eye-hand coordination 

compared to participants without CP when given the opportunity to pre-plan movements. 

Likewise, eye-hand coordination was adjusted in similar ways when an added layer of 

complexity was added to muscle-effector mapping. Despite these similarities, participants with 

CP still took significantly longer to make movements. Given that the eye-hand coordination 
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patterns were adjusted according to different planning conditions, this implies movement 

execution problems have a greater impact on activity limitation than movement planning. 

This chapter also demonstrates that people with CP do not decouple movements in the same 

way as people without CP. The only significant difference in onset asynchronies between the 

group W/o CP and the group with CP occurred when the direction of eye movements was 

decoupled from the direction of hand movements. 

This concludes the Research Section 1: CP and Movement Planning. The rest of the 

experiments presented investigate improving mouse-based target acquisition. Since temporal 

coordination was relatively similar between both participant groups in this chapter, the target 

acquisition research is based on the premise that movement planning can be utilised to avoid 

difficult to execute movements. 

The next chapter (7) presents the expansion cursor; my attempt at improving target acquisition 

by using movement planning ability. The design of the expansion cursor is detailed and a user 

study is presented. The expansion cursor’s main aim is to improve accuracy when acquiring 

small targets. 
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7. EXPANSION CURSOR: A ZOOM 

LENS THAT CAN BE VOLUNTARILY 

ACTIVATED BY THE USER AT 

EVERY INDIVIDUAL CLICK 

So begins Research Section 2: Improving Target Acquisition. The previous chapter, and 

indeed the whole previous section, investigated the effects of CP on movement planning (i.e. 

Q.1). Whilst decoupling eye and hand movements appeared to affect movement planning 

differently in participants with CP, generally participants with and without CP displayed 

similar temporal coordination in response to different planning conditions. This section 

investigating target acquisition is based on the premise that movement execution difficulties 

make a greater contribution to activity limitation than any differences in planning ability. As 

such, the concept of using movement planning to avoid difficult to execute movements is 

explored in the context of target acquisition with a mouse. 

Aside from the contributions to theory of the previous three chapters, undertaking that 

research greatly improved my personal understanding of CP and the role it plays in the lives of 

people who have it. Before commencing my doctoral studies I had very limited knowledge of 

CP. Hence, I believe both a) undertaking research into fundamental details of CP, and b) 

greatly increasing my ‘lived experience’ of interacting with people who know the most about 

the effects of CP, are vital starting points for contemplating how the practical experience of 

target acquisition can be improved. Clearly, I can neither possess a complete understanding of 

what cerebral palsy is, nor can I truly know a ‘lived experience’ of CP. To wit, rather than 

these being tasks to tick off and complete, I view the act of beginning to understand as the 

critical step. 

This chapter directly addresses the research goal of this thesis. In doing so, it is the main 

contribution towards answering Q.2 How can movement planning abilities be used to improve 
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target acquisition? This chapter presents the development and evaluation of a novel 

interaction method; the expansion cursor. The expansion cursor is a zoom lens that can be 

voluntarily activated by the user at every individual click. When a user holds the mouse button 

down for an extended time (i.e. longer than a standard click) the surrounding area is magnified 

(Figure 7-1). 

 

Figure 7-1 Expansion cursor. Left, original target size. Right, the expanded area (i.e. the zoom) is activated 

once the mouse button is held down longer than a standard click. The pink square is the cursor location 

(cursor not pictured).  

This chapter begins by operationalising the research goal from conceptual terminology to a 

practical goal (7.1). The practical goal of this chapter is to help people with and without CP 

accurately acquire small targets in a way that does not prevent using a computer in the same 

way as they always have. 

Properties are then derived from this practical goal (7.2) to be used as the basis for the design 

of the expansion cursor. Before the design specifications of a prototype expansion cursor are 

detailed, the properties are discussed in relation to previous work and design paradigms (7.3). 

This shows the area of the design space that the expansion cursor occupies. To achieve the 

practical goal, the expansion cursor makes use of the following three properties: 

1) User control over target size (i.e. width as per the index of difficulty, Equation 3-2) 

2) Control should be available on a click-by-click basis 

3) When not using the control, it should not interfere with standard mouse use. 

Based on this, the expansion cursor was designed (7.4) and evaluated in a test environment 

(7.5 onwards). For every click of the mouse, users can choose whether to zoom in on the 

target. This fluid and user controlled activation method is the key point of difference compared 
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to other mouse-based zoom lenses. Surprisingly, such a method has not already been 

investigated for people with motor control difficulties. Modeless fluidity helps avoid the 

assistive technology paradox of needing to segregate users (into groups of those who need 

assistance, and those who do not) whilst aiming to bring them together (by improving full 

participation in society). In the evaluation, both participants with and without CP chose to 

make use of the zoom, albeit for differing target sizes. This suggests participants made this 

choice based on the subjective difficulty of the task. It also shows there is no need to segregate 

users into groups of those who need the zoom, and those who do not. As will be shown, using 

the zoom of the expansion cursor adds a movement layer and increases task completion times. 

Since the experiment in this chapter is not a controlled throughput experiment, chapter 8 more 

thoroughly examines the time costs of the expansion cursor and of adding a movement layer in 

general. 

This chapter is an adaptation of a paper of the same name, presented at OZCHI ’16 (Payne, 

Plimmer et al. 2016b). 

 OPERATIONALISING THE GOAL 

Recall the primary goal of this thesis is: 

To investigate the use of movement planning ability to improve mouse-based target 

acquisition for people with cerebral palsy (CP) whilst avoiding negative social aspects 

of assistive technology. 

This goal is stated in relatively conceptual terms, such as, ‘improving target acquisition’ and 

‘avoiding negative social aspects.’ This chapter presents a practical attempt at achieving this 

goal; the expansion cursor. In order to implement such an interaction method aimed at 

achieving the goal, the conceptual components of the goal must be reframed in practical terms. 

Therefore this subsection presents a practical goal that constitutes improving target acquisition 

for people with CP using a mouse. 

The implicit aim of assistive technology is to reduce inaccessibility to full participation in 

society (as discussed in subsection 2.5.1). So, in this particular situation, we must examine 

what are the drivers of inaccessibility when using a mouse. Whilst acquiring targets takes 

varying amounts of time for different people, true inaccessibility is not being able to acquire a 

target regardless of time. Because of this, improving target acquisition in this thesis primary 

aims to improve accuracy for difficult targets rather than improving movement time.  
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One could argue that accuracy is not very important as long as the user can make multiple 

attempts at acquiring a target. However that supposition is predicated on an inaccurate 

movement not resulting in any unintended consequences. As such, it would have to be a click 

over unused space. Therefore, allowing multiple attempts at acquiring a target without 

unintended consequences inherently uses more of the motor space and selection bandwidth. 

(I.e. surrounding targets with unused space requires more screen space). If there were 

unintended consequences, then the user would need to be able to undo their actions, e.g. they 

would have to close a window they did not mean to open. If they are unable to do that reliably, 

then the system becomes inaccessible for that user. 

Given that accuracy is important, improving target acquisition should focus on acquiring small 

targets since acquiring small targets increases error rate (Chapuis, Dragicevic 2011). 

There are also several reasons why improving small target acquisition for people with CP 

should involve improving small target acquisition for people without CP. Given that most 

people with MACS level I & II CP use a standard computer mouse (Davies, Chau et al. 2010), 

it appears that adoption rates of an interaction method may be associated with availability. For 

a method to become commonly available, it needs to be used by people without CP as well. In 

doing so, this also avoids the assistive technology problem of needing to segregate users into 

groups of those who need the technology and those who do not. This should reduce any social 

stigma potentially associated with the improved interaction method. 

To improve small target acquisition accuracy for both people with and without CP, the novel 

interaction method must not interfere with normal computer use. Interfering with normal 

computer use would likely prevent widespread adoption, even if the novel method is 

demonstrably better. For example, QWERTY does not seem to be the most efficient keyboard 

layout (Noyes 1983), but improved layouts do not get used, presumably because people are 

habituated to using a QWERTY keyboard. Obviously it is impossible to implement a novel 

interaction method without changing normal interaction methods in any way. The point is that 

it should not affect standard use as much as possible. 

So, the practical goal of this thesis is to help people with and without CP accurately acquire 

small targets in a way that does not prevent using a computer in the same way as they always 

have. 
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 PROPOSED SOLUTION PROPERTIES 

There are two key elements of the goal outlined in the previous subsection. One is that 

acquiring small targets needs to be made easier, and the other is that this should not interfere 

with normal use of a computer. If both of these goals are met, it seems likely that this will help 

people with and without CP. This subsection proposes some solution properties that the design 

of the expansion cursor is based upon. 

To help with small target acquisition, there are only a few key design paths available. Given 

the scope of acquiring a target on a screen with a mouse and cursor, it seems that any assistive 

technique must relate back to the acquisition mechanics outlined in subsection 3.1.3. Thus, a 

combination of the following can be altered: the selection criteria (i.e. what constitutes the 

cursor being ‘over’ a target), the confirmation criterion (i.e. what constitutes confirming a 

selection, generally a mouse click), the relationship between the cursor movement and the 

mouse movement (i.e. the C-D gain, or transformation), the feedback channel (i.e. the 

information the screen is communicating back to the user), and the number of movement 

layers (i.e. how many targets have to be acquired to achieve the intrinsic task goal). 

Of these acquisition mechanics, the defining feature of a small target is that the selection 

criteria are restrictive (i.e. the target is small). According to the Shannon formulation 

(MacKenzie 1992) of the index of difficulty (ID) in Fitts’s Law (Equation 3-2), a small target 

width will increase the difficulty of target acquisition. Notably, this ID suggests that a large 

movement amplitude will also increase the difficulty of a movement. In the context of 

selecting an icon with a cursor, users normally have some control over the amplitude of a 

movement (they can move the cursor closer to the target), but no control over the width of the 

target (they cannot readily change the size of a target). Small targets are not only a problem 

because they are small, but also because the user cannot make them larger. Based on this logic, 

it appears that to improve small target acquisition, users must have access to a means of 

making the selection criteria achievable (i.e. some control over target size). 

If a user is to have effective control over target size, then the control should be responsive. As 

a general HCI design rule, instantaneous responses are desirable (Dix, Finlay et al. 2004). 

Instantaneous responses normally relates to the time it takes the system to respond to user 

inputs (i.e. the cursor should move as soon as the mouse is moved). For the context of control 

over target size, we will consider response time to be the time from the user wanting to adjust 

the target size, to the time the target size is actually adjusted. In this case, long response times 
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would create a barrier to users making use of the control. Hence, instantaneous control is 

desirable if the control is to be useful. 

A readily accessible control can also result in users having the option of adjusting target size 

on a click by click basis. Non-readily accessible controls are problematic. If the control 

required much effort to access, then the control would rarely be accessed and potentially the 

results of adjusting the control would have to have a longer lasting and broader effect (e.g. 

changing “the size of text and other items on your screen” in Windows 7 between small, 

medium, and larger). Whilst this is a useful function, these types of semi-permanent settings 

do not specifically address the issue of small target acquisition since they generally change the 

size of many screen elements (and not just the small ones). 

By making the control of target size responsive and readily accessible, the user has the option 

to adjust the target size for any given situation. This control, by leaving the decision up to the 

user, really relies on movement planning ability. In doing so it makes use of movement 

planning ability to avoid difficult to execute movements. 

The other key element of a practical definition of improving small target acquisition, is that a 

solution should not interfere with standard computer use. As mentioned in the previous 

subsection, this could potentially help with adoption. Furthermore, not interfering with 

standard use appears to be a key element of allowing users an extra option for interaction. By 

not interfering, users are not being forced to behave any differently. In this sense, the extra 

option is truly optional. Again, by virtue of being optional, this is relying on the user’s 

movement planning. Otherwise, it would never be used. However, it must be noted that the 

goal of not interfering with standard use has a paradoxical element. If the added control 

literally does not affect standard use nor alter users’ behaviour at all, then the control is 

seemingly of no use. By extension, for the control to be useful, it must change users’ 

behaviour, and hence interfere with standard use. Whilst this appears contradictory, the point 

is that some users may choose to use the control in some situations. Hence, by not interfering 

with standard use, the control would allow for different users and different situations. 

By making control over target size optional for every click, and not interfering with standard 

use, individual users can exercise the control based on the given situation. This avoids the 

need to externally judge a user and situation to determine whether a target should be enlarged 

or not. Thus, it avoids segregating users into groups of those who need assistance, and those 



7. Expansion Cursor 

Doctoral Thesis 

Alexander R. Payne  140 | P a g e  

 

who do not. Therefore control over target size could potentially be useful for all mouse-users. 

It would be useful depending on the situation, which would be judged by the user. 

To summarise, a potential solution to the problem of small target acquisition (and hence 

accessibility of mouse-based computing) should have the following three properties: 

1) User control over target size (i.e. width, W, in ID) 

2) Control should be available on a click-by-click basis 

3) When not using the control, it should not interfere with standard mouse use. 

These properties are dependent on, and make use of, a user’s movement planning ability. They 

aim to give users the option of making any target of their choice, easier to acquire. To improve 

participation, these properties aim to achieve this choice without segregating users into groups. 

They also aim to give the user power to counteract interface design that is not suitable for 

them in a specific situation. Overall, this should help people with and without CP accurately 

acquire small targets in a way that does not prevent using a computer in the same way as they 

always have. 

 RELATION TO PREVIOUS WORK AND DESIGN PARADIGMS 

The properties discussed in the previous subsection were largely driven by considering 

movement planning ability as a resource to avoid difficult movement execution. This 

subsection considers how these values relate to previous work opportunities (3.1.5), previous 

work issues (3.1.6), and design paradigms (2.5). This is done to show which area of the design 

space the expansion cursor sits in. 

 RELATION TO PREVIOUS WORK OPPORTUNITIES 

As mentioned in subsection 3.1.5, target sizes that are sub-optimal in terms of pointing 

throughput are evident in user interfaces. Two cases of this are targets of varying sizes, and 

target sizes that do not reflect how frequently a target is acquired. Presumably these occur 

since pointing throughput is not the sole purpose of interface design. Nevertheless, 

inappropriate target sizes present an opportunity: target acquisition can be improved by only 

focusing on the inappropriately small targets. Li & Gajos’s (2014) adaptive click-and-cross is 

an excellent example of this, click-and-cross is only used for smaller targets. Cockburn & 

Firth (2004) also explicitly address small targets in their experiments looking at bubble targets, 

stickiness, and goal-crossing. Gajos et al.’s (2008) supple++ effectively addresses the same 

design opportunity, but they rearrange the interface environment itself. Clearly, the practical 
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definition and proposed solution properties aim to build on this previous work by focusing on 

the opportunity of varying target sizes. 

The notion of frequency is also highly relevant to the proposed solution properties. There is an 

underlying assumption that most of the time users will not choose to enlarge target sizes; they 

will only do so on the infrequent occasions when they wish to acquire a small target. It is 

assumed that part of the reason the target was designed to be small, is that it is not commonly 

used. If control over target size was enacted for the majority targets, then the control 

mechanism would tend towards acting as a replacement interaction method, and no longer 

represent an option. It should be noted that the practical definition and proposed properties are 

not intended to universally improve the potential efficiency of pointing interaction (i.e. beat 

Fitts’s Law), they are intended to improve upon the imperfections of interface design (from a 

pointing perspective) that result from competing requirements. 

The other opportunity that these proposed solution properties aim to address is the user’s 

ability to choose between using different interaction methods. As mentioned in 3.1.5, it is 

surprising that user choice has not been investigated in the context of improving small target 

acquisition for people with motor impairments (such as CP) using a mouse. A couple of 

studies have shown the potential of this approach in different contexts. When using a stylus, 

Ramos et al. (2007) demonstrated that using a zoom significantly improves accuracy for 

smaller targets, and that users vary how often they activate a zoom lens based on target size. In 

a map navigation study using a mouse, Appert et al. (2010) demonstrated that allowing the 

user to activate a zoom lens significantly improved acquisition times compared to activating a 

lens based on the cursor speed. 

The main genuine opportunity the proposed properties do not address is unused space. In one 

sense this could be seen as a strength since performance gains of leveraging unused space 

diminish when targets are clustered (Lee, Kwon et al. 2012). For example, the bubble cursor 

(Grossman, Balakrishnan 2005) becomes the same as a standard cursor when there is no 

unused space between targets. Regardless, it may be possible to implement a method that 

makes use of unused space (e.g. bubble cursor (Grossman, Balakrishnan 2005)) at the same 

time as a method based on the proposed properties. 

 RELATION TO PREVIOUS WORK ISSUES 

As mentioned in subsection 3.1.6, a common issue for novel interaction techniques is using a 

larger portion of the input bandwidth. It appears unavoidable that the proposed solution 
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properties would encounter a similar issue. Since the interaction is intended to be optional, 

there must exist a combination of user inputs that communicate that they wish to enlarge the 

size of a target. Therefore this activation input must use up an element of the input bandwidth. 

Ideally, the method of choosing to enlarge a target would only take up a small part of the input 

bandwidth. However, the inputs should also be convenient to perform. This is a limitation of 

the proposed properties since a combination of being convenient, and not interfering with 

standard computer use seems to be improbable. 

Another issue faced by the properties outlined in subsection 7.2 is that of predictability. On a 

positive note, standard use should remain highly predictable since the properties aim to not 

interfere. However, making the act (of optionally enlarging a target) predictable is a challenge. 

To use it, users must be able to predict what actions will result in the target being enlarged. 

Along with the challenge of predictability and using bandwidth, the proposed solution 

inherently adds a movement layer. Clearly, enlarging every target on a screen is not physically 

possible. Hence, an initial movement must be made to narrow down which targets will be 

enlarged, then the user must confirm that they want to enlarge the targets, then they must make 

a second movement to select the target and confirm that selection. All of this is likely to result 

in increased acquisition durations when enlarging a target (compared to clicking it directly). 

Dexterity and coordination requirements are another design consideration. For a user to be 

able to optionally enlarge a target, they must be physically capable of performing the actions 

that initiates the enlargement. This could vary greatly from design to design. 

The main issue that the proposed solution properties aim to combat is social context. As 

mentioned earlier, the properties are intended to result in a novel interaction method being 

useful for all different people (of varying motor abilities). The intention being that the 

resulting interaction method would be more readily adopted, and that it would avoid 

segregating users into groups (both literally and socially). 

 RELATION TO DESIGN PARADIGMS 

The practical definition in subsection 7.1 relies on defining the need of this assistive 

technology in a certain way. Defining the fundamental need as ‘facilitating participation in 

society’ is making use of the social model of disability (see Hersh, Johnson (2008) for a 

discussion of the social model). Also, by not limiting the practical definition to a specific 

group of people, focus is shifted towards the specific situation of the problem. This idea is 
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common to Universal Usability (Vanderheiden 2000). Similarly, by not limiting the practical 

definition to a specific group of people, the practical definition borrows the idea of avoiding 

design exclusion from Inclusive Design (Keates, Clarkson et al. 2000). 

The proposed solution properties in subsection 7.2 aim to address how the problem should be 

answered. By aiming for optional control and not interfering with standard mouse use, these 

properties veer away from the traditional assistive technology paradigm of adding an adaptor 

between the user and the environment (Wobbrock, Kane et al. 2011). Given this optional 

control, parallels can also be drawn with User Interfaces for All which suggests users should 

have a choice of environments (Wobbrock, Kane et al. 2011). Ability Based Design suggests 

that the environment should adapt to the user’s abilities (Wobbrock, Kane et al. 2011). The 

optional nature also allows the environment to change to the user’s abilities, except that it 

leaves the user in control of this process instead of the system. 

The proposed solution properties also aim to allow for varying user abilities and contexts, 

which is a property of Extra-Ordinary HCI (Wobbrock, Kane et al. 2011). Similarly, the 

properties aim to make a mouse accessible for as wide a range of people, and as wide a range 

of situations, as practically possible. This is a property of Universal Usability (Vanderheiden 

2000). 

One negative of the practical definition and proposed solution properties is that a participatory 

design methodology (as suggested by Frauenberger (2015)) was not used. 

The practical definition and proposed solution properties are not self-evaluating. However, the 

rest of this chapter entails the design and evaluation of the expansion cursor which is based on 

this problem definition and solution properties. Furthermore, the following chapter (8) 

explores the throughput costs of adding a movement layer (which is an implicit part of the 

proposed solution properties) and of the expansion cursor. 

 EXPANSION CURSOR DESIGN 

This subsection describes the design of the expansion cursor and is followed by an evaluation 

in a test environment. The expansion cursor was conceived based on the aim of helping people 

with and without CP accurately acquire small targets in a way that does not prevent using a 

computer in the same way as they always have. To achieve this goal, the expansion cursor 

adopts the properties suggested in 7.2: 

1) User control over target size (i.e. width, W, in ID). 
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2) Control should be available on a click-by-click basis. 

3) When not using the control, it should not interfere with standard mouse use. 

These properties resulted in the design of a zoom lens that is optionally activated by the user; 

the expansion cursor. The following explains how the zoom is optionally activated, how the 

zoom functions, and the user behaviours that are anticipated based on this design. 

For the user to optionally activate the zoom lens, an extra input is required. This input has 

competing requirements: it should not interfere with typical mouse use, but it should not be so 

removed that it is not discoverable or requires much effort from the user. The prototype in this 

chapter makes use of the fact that clicking involves two events, pushing the mouse button 

down (MouseDown()) and releasing it (MouseUp()). Only one of them is required to confirm a 

selection of a target (MouseUp() for this test). The expansion cursor progressively zooms in on 

the local area (Figure 7-1) as the mouse button is held down, until it reaches a final 

magnification level. Targets selection is confirmed by releasing the mouse button. This means, 

to make use of the zoom function, users must be able to hold the mouse button down and make 

corrective cursor movements simultaneously. 

One design challenge is to effectively distinguish between when the user wants to make use of 

the zoom function, and when it is not wanted. Target expansion should occur within a 

reasonable time frame so that people can make use of it, but not so quickly that it interferes 

with normal clicking. In an attempt to achieve this, the magnification level is regulated by the 

duration of the mouse button being held down. In pilot trials typical clicking actions occurred 

within a 75ms – 150ms time frame, whereas delay of visual feedback for arm movements 

reportedly takes 150ms - 250ms (Kawato 1999), so making use of the expanded area should 

take longer than a normal click. Expansion functions (Figure 7-2) were developed for the six 

target sizes tested so that the expansion area would not appear to ‘jump out’ at users for 

shorter (typical) clicks, but the zoom would appear in a timely manner for longer clicks. Since 

the size of the area being zoomed varies with target size in the experiment, adjusting the 

functions for each target size resulted in the rate of expansion in pixels/s remaining 

approximately constant. 

Furthermore, it is intended that the expansion cursor will help prevent misses resulting from 

the cursor being moved accidently during the normal clicking process. This can be a common 

cause of error in older users for pen-based target acquisition (Moffatt, McGrenere 2007). 
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However, whether this functions properly also depends on the rate of expansion and hence the 

expansion functions (Figure 7-2). 

 

Figure 7-2 Expansion function; magnification level as a function of time from MouseDown(). This varies 

for the six different target sizes evaluated (3, 5, 7, 20, 30, and 60 pixel squares). Note, the function for 3 

pixel targets is the same as the function for 5 pixel targets. 

How zoom lenses visually function is a whole area of research unto itself and is outside the 

scope of this thesis. The zoom lens of the expansion cursor used in this chapter’s evaluation is 

simplified. In the test environment, potential targets covered the screen as a grid of squares 

(see Figure 7-3). When the mouse button is first pressed (MouseDown()), the target under the 

cursor and the eight surrounding targets expand (i.e. a 3 by 3 grid). 

The final magnification level and the size of the enlargement area are also key elements of 

how the zoom works. Both of these alter the effective width of the target. The final 

magnification level is the ratio of the expanded target size to its original size, i.e. the expanded 

target width is the original target width multiplied by the magnification level. For the 

expansion cursor in this chapter, the maximum magnification level is set at 3 (Figure 7-2). The 

enlargement area is the area that is enlarged by the zoom. For the target to be expanded, the 

MouseDown() event must occur with the cursor at a point close enough to the target. This 

means the effective width for the MouseDown() event is the enlargement area. As already 

mentioned, the enlargement area was set as a 3 by 3 grid of squares (see Figure 7-1 and Figure 

7-3). Combined, this means that the effective width for both MouseDown() and MouseUp() 

events are 3 times the original target size. This type of zoom can occlude targets that are just 

outside the enlargement area. In a real-world implementation a fish-eye type visualisation 

would be preferable since nearby targets would not be occluded (which is helpful even if they 
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cannot be directly acquired). In any case, the user needs to be able to cancel the zoom. This is 

done by releasing the mouse button outside of the expanded area (i.e. releasing the button over 

the grey area in Figure 7-3, Bottom). 

 

 

 

 

 

 

Figure 7-3 Top: before trial start. Middle: during a trial. Bottom: during a trial with the expanded area 

being used. The pink square is the cursor location (cursor not pictured). The start point is the green 

‘Ready?’ icon in the middle of the screen. The progress bar on the left indicates progress through a level. 

The smiley faces indicate the number of ‘lives’ left. These images are for a 20 pixel target size. 

It was envisaged that users would adopt several different strategies when performing trials 

with the expansion cursor. Firstly, they may plan on making short, typical clicks (the expanded 

area is Not Attended), or they may plan on making longer clicks and using the expanded area 

(Attended movements). Secondly, the user may aim to press the mouse button down directly 

over the target, or they may just aim for the general area of the target. If they aim directly for 

the target they may plan on clicking normally, or they may make a longer click to visually 

verify their movement. Aiming directly for the target does not make the initial movement any 

easier, but visual verification should help improve accuracy. If users aim for the general area 

of the target, evidently they plan on making a longer click and using the expanded area to 

correct their movement. Aiming for the general area of the target makes the initial movement 

easier, but making a corrective movement is likely to cost time. 

To encourage users to adopt strategies involving Attended movements, an attempt was made to 

improve affordance of the expansion process. The cursor representation was redesigned from 
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the standard arrow cursor to a cross-hair with arrows pointing outwards. When the mouse is 

pressed down, the arrows move apart (Figure 7-4). 

 

Figure 7-4 Expansion cursor imagery. When the mouse button is not being held, the smaller cross is the 

cursor. When the mouse button is held, the arrows move apart.  

 EVALUATION 

The expansion cursor was evaluated by considering the following questions: 

1) Do people use the zoom when the task becomes subjectively difficult? 

2) Does using the zoom improve accuracy? 

3) Is there a time cost to using the zoom? 

4) What do users think of the expansion cursor? 

The evaluation task involved 6 levels of clicking targets on a screen full of distractor targets. 

There were participants with and without CP, and everybody used both the expansion cursor 

and the standard cursor. The task was set-up to ensure participants would value making 

accurate movements. To pass a level, users had to successfully acquire 8 targets in succession. 

If the user missed a target, the counter was reset and the level started again. If the user missed 

four times on one level the task would end for that cursor. As they progressed through the 

levels, targets became progressively smaller (60, 30, 20, 7, 5, 3 pixel squares). This ensured all 

users encountered a target size that was subjectively difficult for them. The main measures 

were the time and position of MouseDown() and MouseUp() events occurring. The rest of this 

subsection outlines the evaluation in more detail. 

 PARTICIPANTS 

There were 18 participants; 11 without cerebral palsy (W/o CP) and 7 with cerebral palsy (CP) 

MACS levels I & II (Eliasson, Krumlinde‐Sundholm et al. 2006). Participants self-reported 

their MACS level (see subsection 2.2 for information on MACS). The demographics of the 7 

participants with cerebral palsy (CP) can be seen in Table 7-1. 

The 11 participants without cerebral palsy (37.7 years ± 10.7) all used their right hand. All 

self-reported as having no neurological conditions. They all had normal or corrected to normal 
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(CTN) vision except for one participant who was short sighted. This population was recruited 

to establish whether the expansion cursor was useful for them, as well as for people with CP.  

Participant Hand Used Age Vision MACS Level Affected Limbs 

P1 Right 18 N I Left side 

P2 Left 37 CTN I Right side 

P3 Right 33 N II Right side & Left leg 

P4 Left 29 N II All limbs 

P5 Left 25 CTN I All limbs 

P6 Left 64 CTN II All limbs 

P7 Left 54 CTN II All limbs 

Table 7-1 Participant information for participants with CP. Abbreviations: MACS – Manual ability 

classification system (Eliasson, Krumlinde‐Sundholm et al. 2006); N – Normal; CTN – Corrected to 

normal. 

The aim was to create a tool that was useful for a particular situation, rather than a specific 

population, therefore testing was performed across populations. 

 TASK DESCRIPTION 

Participants sat at a desk and performed a target acquisition task. The equipment used was a 

Dell S2240T 21.5” Monitor at a resolution of 1920 × 1080 pixels plugged into a Dell Latitude 

E6500 laptop computer (Windows 7 Enterprise SP1) with a Dell optical mouse. The pointer 

speed was set to the fastest option, and enhance pointer precision was enabled. 

Discrete pointing movements were made to radial targets in a task set-up based on an 

international standard for evaluating pointing devices, ISO 9241-9 (2002). Unlike ISO 9241-9, 

movements were made after clicking a centrally located green ‘Ready?’ icon. Also, targets 

were located in the eight compass directions. As can be seen in Figure 7-3, the entire screen 

was covered in squares with one of them being the target with an ‘X’ in the middle of it. Due 

to the geometric constraints of this grid pattern, the movement amplitude varied slightly 

between diagonal movements and straight ones, and between different target sizes. This grid 

was chosen so that the whole screen would be covered with distractor targets. Although 

somewhat unrealistic, this is a difficult test scenario for a novel interaction method to actually 

improve target acquisition since it cannot rely on unused space. 

The task involved 6 levels of difficulty for both the standard cursor and the expansion cursor. 

Targets were squares with different sized side lengths of 60, 30, 20, 7, 5, and 3 pixels. The 

largest size was seen as an opportunity for participants to familiarise themselves with the task 
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without any pressure (there was also practice before starting the task). The 30 and 20 pixel 

sizes are similar to everyday interaction icons such as the ‘Save’ icon in Microsoft Word 2013. 

The 7, 5, and 3 pixel sizes are similar to the smallest interaction elements of a display, such as 

the clickable area for adjusting column widths. 

 PROCEDURE 

The expansion cursor and a standard arrow cursor were used by all participants and the order 

in which they were used was counterbalanced. Before starting any tests, participants practiced 

the task with both cursors for all different levels until they were comfortable with the task. 

Before a trial started, the participant could see where the target was located (it was the only 

square with an ‘X’ in it). There was also a small arrow stemming from the ‘Ready?’ icon 

indicating the direction of the target. Once the ‘Ready?’ icon was clicked it would disappear 

and the ‘X’ would change from purple to black; a trial would begin. Then the participants 

would attempt to acquire the target. If they were successful, the target would change to an 

image of a fruit (the same as the fruits in chapters 5 and 6). If they missed, the ‘Ready?’ icon 

would reappear orange. 

For each cursor, the experiment was broken up into levels with the task becoming 

progressively more difficult. To complete a level, participants had to complete 8 successive 

movements (one to each direction) without missing. The direction of movements was 

randomised without replacement. As targets were acquired, a progress bar would fill up. If a 

miss occurred, progress would go back to zero and the participant would need to start again. 

For each level the participant had four ‘lives’ (represented by smiley faces), for every miss 

they lost a ‘life’ (and one of the smiley faces changed to a neutral face). For each cursor, the 

task would end if the participant ran out of ‘lives’ on a level, or if they got to the end of all six 

levels. At the end of the task, participants were asked which cursor they preferred. 

Participation took less than 20 minutes. 

 DATA PROCESSING 

Time and position measurements of the cursor were taken by the experiment program. For the 

expansion cursor task, each participant’s movements were split up into normal clicks (Not 

Attended), and those with a longer click where they presumably attended to the expanded area 

(Attended). Normal click duration was determined for each participant based on standard 

cursor trials. For expansion cursor trials, the expanded area was deemed to be Attended if the 

click took longer than the participant’s mean click duration from standard cursor trials plus 
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250 ms. This additional time is an approximation of feedback delay in eye-hand coordination 

(Kawato 1999). The click durations of all Attended movements were also outside four standard 

deviations of the standard cursor mean. All other expansion cursor trials were classified as Not 

Attended. All trials with the standard arrow cursor were classified as Standard. 

The data presented in the results are based on the trial start time (MouseDown() with cursor 

over the ‘Ready?’ icon), the time and cursor position when the first MouseDown() of target 

acquisition occurred, and the same for when MouseUp() of target confirmation occurred. More 

details of the data processing can be found in subsection 4.2. 

 STATISTICS 

Incidence rates of behaviours are presented as raw data (due to varying sample sizes and not 

normally distributed data). For rapidity measures, a mixed linear model was used to analyse 

the results using IBM SPSS Statistics version 22 software. All measurements were used rather 

than means. Target Size and Movement# were used as the repeated variable. Fixed factors 

were Cursor and Target Size. Movement# and Participant were used as random variables. 

When data was processed, it was transformed via a natural log function to improve normality. 

The graphs shown have been transformed back. Bonferonni correction was applied to reported 

p-values by SPSS. 

One important caveat for the data presented is that the sample sizes vary greatly for different 

data points since participants performed either Attended or Not Attended movements for the 

expansion cursor trials, and not all participants made it to the end of the final level. So for 

example, there is no data for Attended movements by people W/o CP to targets larger than 7 

pixels; they are all Not Attended movements. 

 RESULTS 

The following four subsections respond to the four questions outlined at the beginning of 

subsection 7.5.  

 DO PEOPLE USE THE ZOOM WHEN THE TASK BECOMES 

SUBJECTIVELY DIFFICULT? 

The click duration was measured to determine cases where the mouse button was held down 

long enough to attend to the expanded area. As Figure 7-5 shows, participants generally only 

made Attended movements when the target was small. This was particularly the case for 

targets 3 and 5 pixels in size. 
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For the 20, 30, and 60 pixel targets, the majority of Attended movements were all by P3. That 

participant only made Attended movements for the whole task.  

Interestingly, four participants made no Attended movements (P2, P4 and two participants W/o 

CP). Three of these four participants did not finish the last level of the task when using the 

expansion cursor. Only one of the 14 other participants did not reach the end of the task when 

using the expansion cursor: they found the functionality unintuitive. 

 

Figure 7-5 Percentage of expansion cursor movements where the expanded area was attended to (as a 

function of target size). Different lines represent different population groups. 

On 19 occasions participants made an inaccurate Not Attended movement (target sizes were 3, 

5, and 7). It was investigated if these misses prompted participants to attend to the expanded 

area for the following movement. This only occurred on 5 occasions. This incidence rate is 

even lower than the general rate of Attended movements for 3, 5, and 7 pixel targets. The fact 

Not Attended misses do not seem to prompt Attended movements is not surprising since 9 of 

the 19 occasions were participants who made no Attended movements whatsoever. 

 DOES USING THE ZOOM IMPROVE ACCURACY? 

Across all trials, participants were more accurate for Attended (98.2%) movements (Figure 

7-6) than Not Attended (96.9%) and Standard (95.9%) movements, suggesting the zoom is 

useful. Not Attended movements were worse than Standard ones for the smallest target. 

Possibly, the altered visual representation of the cursor impeded accuracy in this scenario. 

The opportunity to make corrective movements helps explain why Attended movements were 

the most accurate. For 120 of the 271 Attended movements, MouseDown() occurred over an 
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adjacent target, then the participant corrected the movement and released the button over the 

correct target.  

 

Figure 7-6 Accuracy of movements as a function of target size. Note, the accuracy for Not Attended 

movements to 3 pixel targets for the group with CP is 0%. 

Clicking down and up within the original target area was also common for Attended 

movements (132 out of 271), suggesting the zoom was also used for visual verification. Very 

occasionally (14 times) the added target area was used after clicking down over the original 

target. The other five Attended movements were misses. 

One intention of the expansion cursor was to catch slip clicks (errors from accidental cursor 

movement during clicking) of Not Attended movements. Slips were only caught on three 

occasions. However, there were no misses resulting from slip clicks either. 

 IS THERE A TIME COST TO USING THE ZOOM? 

Movement type did have a significant effect on how long it took people to acquire the target 

for participants with CP (F2,212=116.90, p<0.01) and participants W/o CP (F2,311=149.75, 

p<0.01). Attended movements were significantly longer compared to both other movement 

types (Figure 7-7). Not Attended movements were also significantly longer than Standard 

movements, but the effect size was much smaller.  
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Figure 7-7 Time (s) to acquire the target for different target sizes (includes misses). Error bars are 

standard error. 

Movement type also had a significant (CP: F2,209=12.02, W/o CP: F2,303=28.73, both p<0.01) 

effect on the time to complete the primary input movement. Despite this effect, the increased 

completion time for Attended movements seems unrelated to the primary movement taking 

longer (Figure 7-8). As expected, target size had a significant effect (CP: F5,224=146.32, W/o 

CP: F5,321=271.03, both p<0.01) on the duration of the primary movement. The smaller the 

target, the longer this took. 

 

Figure 7-8 Time (s) to first pressing of the mouse button down for different target sizes (includes misses). 

Error bars are standard error. 

 WHAT DO USERS THINK OF THE EXPANSION CURSOR? 

Overall 11 of the 18 participants preferred the expansion cursor to the standard cursor for this 

task. Notably, most (6 of 7) of the participants with CP preferred the expansion cursor. The 
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one participant with CP (P2) that preferred the standard cursor did not make any Attended 

movements. Since the cursors were functionally the same for Standard and Not Attended 

movements, his opinion was presumably based on the differing visual aspects of the cursors. 

P4 was the only other participant with CP to make no Attended movements. Whilst she did not 

use the zoom, she mentioned preferring the expansion cursor because she felt confident 

knowing the zoom was there if she needed it. Approximately half (5 of 11) of the participants 

W/o CP preferred the expansion cursor. Two of the participants who preferred the standard 

cursor made no Attended movements. 

 DISCUSSION 

 DOES IT WORK? 

The primary function of the expansion cursor was to allow users to make target acquisition 

easier for annoyingly small targets. To this end, the expansion cursor succeeded. When people 

decided to make use of it, accuracy improved at the cost of the task taking longer. 

However, there were three clear cases where the expansion cursor failed to improve accuracy. 

Firstly, zooming did not help find the target. Pilot testing with a person with a visual 

impairment and CP MACS level II revealed she had difficulty seeing the target, and if she 

zoomed in on the wrong area, the zoom did not help her find the target. Also, zooming in on 

the wrong area can inadvertently occlude the target. Secondly, pilot testing was undertaken 

with a person with CP MACS level III who uses a trackball. The expansion cursor was of no 

use to him because it required him to be able to hold the mouse button down and move the 

track ball simultaneously. Thirdly, several participants were intent on not using the zoom, 

even when this resulted in missing the target. 

Aside from improving accuracy via Attended movements, the expansion cursor was also 

intended to catch slip clicks (accidental mouse movements during clicking) to reduce errors 

during Not Attended movements. During Not Attended trials, slip clicks only occurred three 

times and all were caught by the expanding target. 

One area where the expansion cursor fell short is avoiding affecting typical use of a computer; 

Not Attended movements took slightly longer than the Standard ones. More concerning was 

the accuracy rate of Not Attended movements for the smallest targets. This high rate of failure 

may be down to the visual representation of the expansion cursor. Given that it was a 

horizontal and vertical cross, and the targets were in a grid with lines at the same angles, it 
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made it difficult to distinguish the cursor position for the trials with the smallest targets. 

Several participants commented about this too. Whilst the test scenario is rather abstract, most 

interfaces involve a lot of horizontal and vertical lines, so this cursor representation is clearly 

limited. In future, it may be better to use the standard arrow cursor representation, whilst 

making it slightly larger when the mouse button is held down. This could retain an element of 

affordance.   

 WHY DO PEOPLE CHOOSE TO USE THE ZOOM OR NOT? 

Target size clearly affected users’ choice to make use of the expanded area (rate of Attended 

movements). This was the case for 13 of the 18 participants (the other five did not vary their 

rate of Attended movements at all). It seems likely that users make this decision based on the 

subjective difficulty of the task. When using the standard cursor, the group with CP displayed 

worse accuracy than the W/o CP group, especially for smaller targets. This indicates the task 

was subjectively more difficult to complete for the participants with CP. In response, 

participants with CP started making Attended movements for larger targets than the group W/o 

CP did. 

However, four participants (P2, P4 two participants W/o CP) never used the expanded area, 

and one participant (P3) used it all the time. It seems target size and subjective difficulty did 

not affect their decision to use the zoom. Most of the participants (3 of 4) who never used the 

zoom made multiple errors when using the expansion cursor, suggesting it could have helped 

them. Contrarily, P3 only made one error when using the standard cursor, suggesting he did 

not need the zoom. 

Social and psychological factors may be determining whether participants make use of the 

zoom or not. From talking to participants, making use of the expanded area was viewed as a 

form of help. Some participants mentioned wanting the challenge of not using it, seeing it as 

‘not for them’, or not the ‘right’ way of doing the task. On the other hand, P4 did not use the 

tool but said she felt more confident knowing it was there if she needed it. To my knowledge, 

why people choose to accept or reject help for mouse-based target acquisition has not been 

studied specifically, but there has been research into social reasons for adoption and 

abandonment of assistive technology (Shinohara, Wobbrock 2011). Generally it seems that 

assistive technology can socially mark users as “other”. For this reason it is pleasing that most 

participants with and without CP chose to attend to the expansion cursor, albeit for slightly 

different target sizes. Despite this, it is clear from participants’ comments that social and 
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psychological factors still pervade the decision to make use of the expanded targets or avoid 

doing so. 

 HOW CAN IT BE IMPROVED? 

There are many ways this zooming function can be greatly improved. Ideally it would be a 

target-agnostic zoom lens instead of the current target-aware set-up. That is, it should not need 

to rely on recognising potential targets to function. Practically, the enlargement area also needs 

to be a fixed area of pixels, and not vary in size like this one does for the different levels. The 

results suggest that an enlargement area somewhere between the ones used for the 7 and 20 

pixel targets (21×21 pixels and 60×60 pixels respectively) should be sufficiently large. The 

magnification level as a function of time also needs to be refined. It should focus on being 

unobtrusive when users do not want to zoom, but responsive enough when they do want to 

zoom. 

Pilot testing with a track ball revealed there should be an alternative method for participants to 

lock the zoom open. This would reduce the dexterity requirements to make use of the zoom 

and reduce a barrier to use. Likewise, ideally the user could move the enlarged area around. 

This may help people visually search for the target, specifically for cases where zooming in 

inadvertently occluded the target. Perhaps something similar to the Ring lens (Appert, Chapuis 

et al. 2010) would work well. 

As far as real-world implementation goes, there are potential issues with other user operations 

that are not purely target acquisition. For example, the expansion cursor would interfere with 

dragging icons. Furthermore, the generalisability of these results to real-world situations needs 

to be explored in future work. The task in this study was very much a controlled lab 

experiment where participants had no extrinsic task goal except for clicking the square with 

the ‘X’ in it. Another limitation was that the task set-up resulted in varying sample sizes for 

different participants, which combined with the number of participants, limits statistical 

power. 

 CHAPTER SUMMARY 

This chapter aimed to answer Q.2 How can movement planning abilities be used to improve 

target acquisition? To do that, this chapter began by defining the specific target acquisition 

goal this thesis addresses in practical terms. The practical goal is to help people with and 

without CP accurately acquire small targets in a way that does not prevent using a computer in 

the same way as they always have. In 7.2, three key solution properties that make use of 
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planning ability and that respond to the practical definition of the goal were outlined. They 

are: 1) user control over target size so small targets can be avoided via an alternative 

acquisition method, 2) click-by-click control & responsiveness so users can choose when to 

use the alternative method, and 3) not interfering with standard use so larger target acquisition 

is not negatively affected. 

These properties were then (7.3) related to the opportunities and issues of previous work, as 

well as to assistive technology design paradigms (these were previously described in 3.1.5, 

3.1.6, and 2.5). The solution properties should provide an alternative method of acquiring 

targets that the user would otherwise find difficult to acquire. The resulting alternative method 

is not intended to be activated for every click. In that sense, the properties make use of the fact 

that sub-optimal and varying target sizes are present in user interfaces. The properties also 

make use of the fact that small targets are acquired infrequently. Other positives are that the 

solution properties make use of user-ability to choose an appropriate interaction method, and 

the properties do not rely on unused screen space. 

A prototype expansion cursor was then designed based on these properties, and evaluated in a 

user study. The study shows the potential of a zoom lens that can be activated by the user’s 

choice at every individual click. This gives the user an on-going level of control over target 

size for mouse-based target acquisition. The evaluation showed that using the zoom increased 

accuracy and time taken. Using the zoom function of expansion cursor effectively replaced 

one difficult movement with two easier ones. The results also indicate that people with and 

without CP chose to use the tool based on the subjective difficulty of the task. However, from 

talking to participants, it seems social and psychological factors also influence how they 

interact with the tool. To implement this in a real-world situation, social and psychological 

factors need to be considered along with how it would interact with other mouse functions 

(e.g. dragging icons). Finally, the main appeal of this design is that it is both discretionary and 

fluid. Combined, this gives the user agency (the user can make quick, real-time decisions 

whether to use it or not) and avoids segregating them (based on using it or not). So, in most 

respects it achieves its practical goal of helping people with and without CP accurately acquire 

small targets in a way that does not prevent using a computer in the same way as they always 

have. 

A key drawback of the expansion cursor was that making use of its zoom function 

significantly increased acquisition time. However, this chapter’s user study was not a 

controlled throughput experiment. In the following chapter (8) a theoretical model and an 
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empirical study investigate if it is possible for the expansion cursor to improve throughput. 

Furthermore, it examines if adding a movement layer and increasing target size can possibly 

improve throughput compared to a single direct movement.  
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8. HOW CAN ADDING A MOVEMENT 

LAYER IMPROVE INTERACTION 

EFFICACY? 

The expansion cursor, a novel target acquisition method was presented and evaluated in the 

previous chapter. Whilst using its zoom function improved accuracy for small target 

acquisition, the extra movement layer it entailed resulted in significantly increased target 

acquisition times. This chapter is the final chapter of the research section focused on target 

acquisition. The purpose of this chapter is to reflect on whether the expansion cursor could 

possibly improve throughput. As such, this chapter aims to answer Q.3, Does using movement 

planning necessarily reduce target acquisition efficacy? 

To investigate this question, this chapter presents a theoretical model (8.2) of the trade-off 

between having to make an extra movement, and the increase in target size that adding a 

movement layer affords. Then, the rest of the chapter presents an empirical study comparing 

single and double movements, as well as how the expansion cursor relates to them in terms of 

throughput. The benefit of the model is that many conditions can easily be compared (so many 

magnification levels can be tried), whereas the number of experiment conditions is limited by 

the time requirements it places on participants. The benefit of the experiment is that it 

necessarily accounts for the practical elements of target acquisition that a model has difficulty 

including (such as the effects of scale and small target acquisition). 

This chapter is an adaptation of a paper a similar name, to be published as part of INTERACT 

’17 (Payne, Plimmer et al. 2017a). The next chapter (9) presents an overall discussion of this 

thesis as well as the overall conclusions. 

 INTRODUCTION 

The expansion cursor improves accuracy by allowing the user to make a trade-off between 

increasing target size and increasing the number of movement layers. (This trade-off was first 

discussed in subsection on common design issues, 3.1.6). Any interaction method that 
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leverages planning to give a choice of making targets larger is likely to engage with this trade-

off. So it is worth considering if there is the potential for an added movement layer to improve 

efficacy, or whether an increase in acquisition time is an inherent part of making multiple 

movements. 

This chapter aims to investigate the trade-off between target size and number of movement 

layers without the confounding effect of the interaction method. Therefore, it directly 

compares making a single movement to a smaller target, versus a double movement to larger 

targets. To do this, the chapter begins by constructing a theoretical model of the effects on 

throughput of adding a movement layer. A likely factor in this trade-off is the magnification 

level, i.e. how many times larger can the targets be when a second movement layer is added. 

As will be shown, when the model is purely based on Fitts’s Law it suggests that adding a 

movement layer will almost always improve efficacy. However, when click time is included 

the model suggests that adding a movement layer will almost never result in improved efficacy 

(with the possible exception of a very large magnification level). These implications are then 

investigated in a throughput experiment which also includes a modified version of the 

expansion cursor. 

In the experiment, the expansion cursor is evaluated compared to 1) a single movement layer 

to a smaller target, and 2) two movement layers to larger targets. This aims to give an 

indication of the expansion cursor’s potential in terms of efficiency, and how close the 

expansion cursor is to meeting its potential. Since the expansion cursor effectively allows a 

choice between making a single or a double movement, the better of single and double 

movements are potentially the limit of how good the expansion cursor could be for any given 

situation. The experiment also allows the investigation of scale and small targets which could 

not be easily modelled. 

The single movement trials are a baseline and represent a typical user interface. The double 

movement trials represent two things. Primarily they represent designing an interface with 

larger, more accessible targets that result in an additional movement layer. Secondly, the 

double movement trials potentially represent a theoretical upper bound of efficacy for a zoom. 

The double movement trials do not involve the decision time costs of an optional zoom like 

the expansion cursor, so it is unlikely using an optional zoom could ever increase efficacy 

compared to double movement trials (in cases where double movement trials are more 

efficient than single movement trials). 
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Regarding task set-up, the main differences of this experiment compared to the previous 

chapter are that the magnification factor is increased from 3 to 10, and that the evaluation task 

in now 1-D instead of 2-D. Furthermore the evaluation is set-up to control for task factors that 

could affect throughput.  

Traditional throughput experiments focus on the effects of interaction techniques on pointing 

performance (the speed and accuracy). In those experiments the interaction techniques is 

varied (either by hardware or software) whilst the layout of targets is held constant (for 

example as per ISO 9241-9 (2002)). By contrast, this research focuses on the effects of 

varying target layout whilst the cursor control is held more or less constant. Although the 

expansion cursor is a variation of interaction technique, the primary interest is in how quickly 

information is conveyed to a computer via target acquisition, not via pointing per se. Using 

the traditional pointing paradigm, the size of a target and the amplitude of a movement directly 

inform the amount of information a user is conveying (as per index of difficulty, Equation 

8-2). Whereas this chapter uses an outcome paradigm where the number of possible targets 

inform the amount of information a user is conveying (as per entropy change, Equation 8-4) 

 THEORETICAL IMPLICATIONS OF AN EXTRA MOVEMENT 

LAYER 

This chapter investigates if using movement planning necessarily reduces target acquisition 

efficacy. In the context of the expansion cursor, the key consideration is does using the zoom 

reduce efficacy? That question is based on the assumption that not using the zoom (i.e. Not 

Attended movements from chapter 7) should not affect efficacy since it is supposed to be the 

same as standard pointing. The purpose of the zoom is to allow users to replace a single 

movement with two movements to larger targets. Therefore, we must consider the general 

question, does adding a movement layer ever improve efficacy? 

This subsection explores the effects of replacing one difficult movement with two easier ones 

from the perspective of conveying information (the time it takes to convey a set amount of 

information). It presents a simplified theoretical model based on Fitts’s Law and information 

theory (subsection 8.2.1). The model is then used to compare theoretical efficacy values of one 

and two movement layers (subsection 8.2.2), and the limitations of the model are discussed 

(subsection 8.2.3). This model explores the trade-off between 1 and 2 movement layers 

assuming Fitts-like pointing. As such, a drawback of the model is that cannot account for the 

effects of scale since “there is probably no simple law for small target acquisition” (Chapuis, 
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Dragicevic 2011). Scale will be examined later in the chapter via an experiment (subsection 

8.3 onwards). The benefit of this model is that many different magnification levels can be 

investigated, whereas this would not be practical to do with and experiment due to the high 

number of trials it would require. To some extent both the model and the experiment 

investigate the effects of motor skills although in different ways. As will be shown, the model 

contains a and b values from Fitts’s Law which account for user performance. The experiment 

involves participants with and without CP, so it should give a more real-world indication of 

the effects of motor skills. 

This model is based on two key theoretical assumptions. Firstly, movement times are modelled 

by Fitts’s Law (Equation 8-1 and Equation 8-2). As such, the model is based on 1-D 

movements similar to the original Fitts pointing paradigm. 

𝑀𝑇 = 𝑎 + 𝑏 × 𝐼𝐷 

Equation 8-1 Fitts’s Law (Fitts 1954). MT=movement time, a and b are empirically determined constants, 

ID is the index of difficulty. 

𝐼𝐷 = log2 (
𝐴

𝑊
+ 1) 

Equation 8-2 Shannon formulation (MacKenzie 1992) of index of difficulty (ID). A=amplitude of the 

movement, W=width of the target. 

Secondly, the amount of information being communicated is defined by the number of 

possible outcomes (as per information theory, Equation 8-4). As will be shown later, the 

number of possible outcomes also directly relates to the magnification level. When 

information is communicated, the number of possible outcomes reduces which results in a 

change in entropy, H. 

The model replicates a situation that aims to optimise the rate of entropy change. To maximise 

the amount of information being conveyed with each target acquisition (i.e. change in entropy, 

H), the model assumes the screen is filled with equally sized targets. Therefore, there is no 

unused screen space. Likewise, the model also assumes that acquiring each target is 

equiprobable. According to information theory, for a given number of possible outcomes the 

most amount of information is conveyed when each outcome is equiprobable (Seow 2005). 

Furthermore, since each target has the same width and is equally likely to be acquired, the 



8. Communication Trade-Off 

Doctoral Thesis 

Alexander R. Payne  163 | P a g e  

 

target width is therefore proportional to the probability of acquisition (i.e. targets are 

appropriately sized). 

𝐻 = ∑ 𝑝𝑖 log2 (
1

𝑝𝑖
)

𝑛

𝑖=1

 

Equation 8-3 The amount of information being communicated can be defined by the Shannon-Weiner 

measure of information (Seow 2005). In this equation, H, is the entropy change (reduction in uncertainty of 

the outcome), n, is the number of alternative outcomes, and pi is the probability of outcome i occurring.  

𝐻 = log2(𝑛) 

Equation 8-4 Information communicated when each outcome is equiprobable. In this case the number of 

possible alternatives directly informs the amount information being communicated. Seow (2005) comments 

that this maximises H. That is, as soon as the probabilities are unequal, the amount of information reduces. 

Note that this definition of information (entropy change) differs from the one used in Fitts’s 

Law (ID). The entropy change (H) reflects the amount of information communicated to the 

computed. Whereas ID reflects the amount of information processed by the person in order to 

make an accurate movement. These values do not necessarily relate to one another. For 

example, if there were a screen with one small target and a lot of unused space, then the 

entropy change would be small but the index of difficulty would still be high. 

The main question this model explores is: for a given screen space (bandwidth), and a set 

amount of information to convey (entropy), is it ever better to do this in two movements 

instead of one? It also explores whether this relationship is likely to change for different 

amounts of information (i.e. different numbers of possible outcomes, Equation 8-4), different 

screen sizes, and different people (a and b values in Equation 8-1). 

The aim of this model is to compare values of time per information (i.e. time per change in 

entropy). To obtain these values for different numbers of movement layers, we must calculate 

an expected time for a given amount of information (Equation 8-5). 
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𝑇𝑖𝑚𝑒

𝐼𝑛𝑓𝑜
=

𝑀𝑇

𝐻
 

Equation 8-5 Time taken to communicate a set amount of information, Time/Info. The time taken, MT, 

divided by the change in entropy, H. 

 SIMPLIFIED MODEL 

Firstly, let’s consider the screen layout. By limiting movements to 1-D and making the targets 

equal width, we end up with a certain number of vertical columns, c, as per Figure 8-1. 

W

SW

i=1 i=2 i=3 i=... i=c

A1

A2

A3

A...

Ac

Starting cursor position

 

Figure 8-1 Simplified screen layout of width, SW. There is no unused space, movements are one 

dimensional, and there are c number of equally sized target columns (which have a width of W). 

Amplitudes, A, show the distance from the cursor starting at the edge of the screen to the centre of the ith 

target. 

KNOWN TARGET, KNOWN CURSOR LOCATION 

For a single movement, Equation 8-4 describes the entropy since the number of possible 

outcomes, n, is equal to the number of columns, c. Calculating an expected time to acquire a 

randomised target based on the cursor starting in a randomised location is more complex 

(since Fitts’s Law requires a movement amplitude, A). 

To start simply, let us consider a known target and a known cursor start location. If we assume 

the cursor starts from the far left of the screen, we can calculate the time to acquire the target 

based on Fitts’s Law (Equation 8-1 and Equation 8-2). The width of the target, W, will be the 

screen width, SW, divided by the number of targets, c: 
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𝑊 =  
𝑆𝑊

𝑐
 

Equation 8-6 Target width, W, as a function of screen width, SW and number of target columns, c. 

If we number the columns from 1 at the left of the screen, to c at the right edge, we can 

calculate the amplitude for the ith target. This is the distance from the left edge of the screen 

(the starting cursor location) to the centre of the target. 

𝐴𝑖 = 𝑖 × 𝑊 −
𝑊

2
= 𝑊 (𝑖 −

1

2
) =

𝑆𝑊

𝑐
(𝑖 −

1

2
) 

Equation 8-7 Amplitude from the left edge of the screen to the centre of the ith target, Ai. 

If the cursor starts at a known distance from the left edge of the screen, x, we can generalise 

this amplitude for different cursor locations: 

𝐴𝑖 =
𝑆𝑊

𝑐
(𝑖 −

1

2
) − 𝑥 

Equation 8-8 Amplitude from the cursor starting at x distance from the left edge of the screen, to the 

centre of the ith target, Ai. 

With these values, we can calculate a value for the time taken for a set change of entropy. 

𝑇𝑖𝑚𝑒

𝐼𝑛𝑓𝑜
=

𝑀𝑇

𝐻
=

𝑎 + 𝑏 log2 (

𝑆𝑊
𝑐 (𝑖 −

1
2) − 𝑥

𝑆𝑊
𝑐

+ 1)

log2(𝑐)
=

𝑎 + 𝑏 log2 (𝑖 + 0.5 −
𝑥 × 𝑐
𝑆𝑊 )

log2(𝑐)
 

Equation 8-9 Time per information for acquiring a known target from a known cursor location. The 

variables are screen width, SW, number of target columns, c, cursor start location, x, and which target is 

acquired, i. It also depends on the subject specific variables from Fitts’s Law, a and b. 

KNOWN TARGET, RANDOMISED CURSOR LOCATION 

Now, this value of time per information will be generalised for a randomised starting location 

for the cursor. For these calculations it is assumed that the cursor is equally likely to start from 

any screen position. This will affect the movement time but it will not affect the change in 

entropy. To find an average movement time for one target, the movement times for all possible 

starting locations will be summed (i.e. an integral), and then divided by the range of all 

possible starting locations (i.e. the screen width). 
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𝐴𝑣𝑒 𝑀𝑇𝐴 =
∫ 𝑀𝑇 𝑑𝐴

𝑆𝑊
=

∫ 𝑎 + 𝑏 log2 (
𝐴
𝑊 + 1) 𝑑𝐴

𝑆𝑊
 

Equation 8-10 Average movement time across all possible amplitudes, Ave MTA, for a known target 

location. Movement amplitude, A. Screen width, SW. Target width, W. 

 

Figure 8-2 Movement time as a function of distance from that target. The integral divided by the range (i.e. 

the screen width) will equal Ave MTA. 

The function that defines the distance from the mouse start location to a target centre is 

discontinuous. Therefore, the integral needs to be split up into one for each direction, left and 

right. 

∫ 𝑀𝑇 𝑑𝐴 = ∫ 𝑎 + 𝑏 log2 (
𝐴𝐿

𝑊
+ 1) 𝑑𝐴𝐿 + ∫ 𝑎 + 𝑏 log2 (

𝐴𝑅

𝑊
+ 1) 𝑑𝐴𝑅 

Equation 8-11 The integral of movement times split up based on whether the cursor starts to the left, AL, or 

right, AR, of the target. 

If we define, A=0 as the centre of the target, then to the left of the target the distance goes 

from 0 to L, and to the right of the target the distance goes from 0 to R where: 

𝐿 = 𝑊 (𝑖 −
1

2
) 

Equation 8-12 The distance from the centre of the of the target to the left edge of the screen, L. 

𝑅 = 𝑆𝑊 − 𝑊 (𝑖 −
1

2
) 

Equation 8-13 The distance from the centre of the of the target to the right edge of the screen, R. 

M
T

i=2 i=3 i=c

W

SW
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Therefore we can perform a definite integral to help evaluate the average movement time to a 

specific target location from a randomised start location. 

∫ 𝑀𝑇 𝑑𝐴 = ∫ 𝑎 + 𝑏 log2 (
𝐴𝐿

𝑊
+ 1) 𝑑𝐴𝐿

𝐿

0

+ ∫ 𝑎 + 𝑏 log2 (
𝐴𝑅

𝑊
+ 1) 𝑑𝐴𝑅

𝑅

0

 

= [𝑎𝐴𝐿]0
𝐿 +

𝑏

ln(2)
[(𝐴𝐿 + 𝑊) ln (

𝐴𝐿

𝑊
+ 1) − 𝐴𝐿]

0

𝐿

+ [𝑎𝐴𝑅]0
𝑅

+
𝑏

ln(2)
[(𝐴𝑅 + 𝑊) ln (

𝐴𝑅

𝑊
+ 1) − 𝐴𝑅]

0

𝑅

 

= 𝑎𝑆𝑊 +
𝑏

ln(2)
((𝐿 + 𝑊) ln (

𝐿

𝑊
+ 1) + (𝑅 + 𝑊) ln (

𝑅

𝑊
+ 1) − 𝑆𝑊) 

Equation 8-14 Calculating the integral of movement time across all possible starting cursor locations for a 

known target. This is based on a definite integral. 

Therefore: 

𝐴𝑣𝑒 𝑀𝑇𝐴 =
∫ 𝑀𝑇 𝑑𝐴

𝑆𝑊

= 𝑎 +
𝑏

𝑆𝑊
((𝐿 + 𝑊) log2 (

𝐿

𝑊
+ 1) + (𝑅 + 𝑊) log2 (

𝑅

𝑊
+ 1) − 𝑆𝑊 log2 𝑒) 

Equation 8-15 Average movement time across all possible amplitudes, Ave MTA, for a known target 

location. This is now in terms of the distance from the centre of the target to the left edge of the screen, L, 

and to the right edge of the screen, R, as well as a, b, W, and SW. 

The above version of Ave MTA is significant. It says that if we know a target width, its position 

on the screen, and the width of the screen, then we can define the average movement time it 

will take to select that particular target. As an aside (see 10.7 Appendix G), an average 

acquisition time can be theoretically generalised as a property of a specific target based on its 

proportional position and width, hence screen width becomes irrelevant. 

Now, we can substitute in the values of L and R to obtain an expression in terms of the target 

column location, i. 
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𝐴𝑣𝑒 𝑀𝑇𝐴 = 𝑎 +
𝑏

𝑆𝑊
(𝑊 (𝑖 +

1

2
) log2 (𝑖 +

1

2
) + (𝑆𝑊 − 𝑊 (𝑖 −

3

2
)) log2 (

𝑆𝑊

𝑊
− 𝑖 +

3

2
)

− 𝑆𝑊 log2 𝑒) 

Equation 8-16 Average movement time across all possible amplitudes, Ave MTA, for a known target. This is 

now based on which target is being selected, i, instead of distances L and R. 

If we rearrange this in terms of the number of target columns, c, instead of the target width, W, 

we can see that the screen width, SW, becomes irrelevant. To do this, Equation 8-6 is 

substituted into Equation 8-16. 

𝐴𝑣𝑒 𝑀𝑇𝐴 = 𝑎 +
𝑏

𝑆𝑊
(

𝑆𝑊

𝑐
(𝑖 +

1

2
) log2 (𝑖 +

1

2
) +

𝑆𝑊

𝑐
(𝑐 − 𝑖 +

3

2
) log2 (𝑐 − 𝑖 +

3

2
)

− 𝑆𝑊 log2 𝑒) 

= 𝑎 +
𝑏

𝑐
((𝑖 +

1

2
) log2 (𝑖 +

1

2
) + (𝑐 − 𝑖 +

3

2
) log2 (𝑐 − 𝑖 +

3

2
) − 𝑐 log2 𝑒) 

Equation 8-17 Average movement time across amplitudes for a known target based on the number of 

target columns, c, and which target is being acquired, i. The value e is the base of the natural logarithm 

and is constant (i.e. not a variable). 

This means that for a given target, i, and number of targets, c, the time taken for a set change 

in entropy can be calculated for a randomised starting cursor location. This still depends on the 

personal properties a and b from Fitts’s Law. 

𝑇𝑖𝑚𝑒

𝐼𝑛𝑓𝑜
=

𝐴𝑣𝑒 𝑀𝑇𝐴

𝐻
=

𝑎 +
𝑏
𝑐 ((𝑖 +

1
2) log2 (𝑖 +

1
2) + (𝑐 − 𝑖 +

3
2) log2 (𝑐 − 𝑖 +

3
2) − 𝑐 log2 𝑒)

log2(𝑐)
 

Equation 8-18 Time per information for acquiring a known target from a randomised cursor location. The 

variables are number of target columns, c, and which target is acquired, i. It also depends on the subject 

specific variables from Fitts’s Law, a and b. 

RANDOMISED TARGET, RANDOMISED CURSOR LOCATION 

So far, a value of time per information (Time/Info) has been derived based on a movement 

from a randomised cursor location to a known target. To determine a generalised time per 

entropy change for a single movement, the target location has to be randomised as well. 

Similarly to randomising the cursor location, this will not affect the amount of information 
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(entropy change) but it will affect the expected movement time. For a randomised target 

location, the movement time must be averaged across all possible target locations. To do this, 

the sum of the movement times of each target is divided by the number of targets. 

𝐴𝑣𝑒 𝑀𝑇𝑐 =
∑ 𝐴𝑣𝑒 𝑀𝑇𝐴

𝑐
𝑖=1

𝑐

=

∑ 𝑎 +
𝑏
𝑐 ((𝑖 +

1
2) log2 (𝑖 +

1
2) + (𝑐 − 𝑖 +

3
2) log2 (𝑐 − 𝑖 +

3
2) − 𝑐 log2 𝑒)𝑐

𝑖=1

𝑐
 

Equation 8-19 Average movement time across all possible target columns for a randomised starting cursor 

location, Ave MTc. The only variables are the number of target columns, c, and the human performance 

values from Fitts’s Law, a and b. 

Therefore, we can determine an expression for time per information for a single layer 

movement, to a screen of 1 dimensional targets (equally sized and equally likely to be 

acquired) for the cursor starting at a randomised location. 

𝑇𝑖𝑚𝑒

𝐼𝑛𝑓𝑜
=

𝐴𝑣𝑒 𝑀𝑇𝑐

log2(𝑐)

=

∑ 𝑎 +
𝑏
𝑐 ((𝑖 +

1
2) log2 (𝑖 +

1
2) + (𝑐 − 𝑖 +

3
2) log2 (𝑐 − 𝑖 +

3
2) − 𝑐 log2 𝑒)𝑐

𝑖=1

𝑐 log2(𝑐)
 

Equation 8-20 Time per information for acquiring a randomised target from a randomised cursor location. 

The main variable is number of target columns, c. It also depends on the subject specific variables from 

Fitts’s Law, a and b. 

MULTIPLE MOVEMENT LAYERS 

In order to account for different numbers of movement layers, l, both the information 

component and the time component need to be adjusted to calculate Time/Info. If we assume 

that the same target layout is repeated for each movement layer, the time component is given 

by adding the time of each layer together: 

𝑇𝑖𝑚𝑒 = 𝑙 × 𝐴𝑣𝑒 𝑀𝑇𝑐  

Equation 8-21 Total time for multiple movement layers is the expected time for one movement, Ave MTc, 

multiplied by the number of movement layer, l. 
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Regarding the amount of information communicated, the total number of options, n, is the 

number of target columns for each layer, c, multiplied by itself l times since the order of the 

options being selected is important: 

𝑛 = 𝑐𝑙 

Equation 8-22 Total number of possible outcomes, n, as a function of target columns per screen, c, and 

number of movement layers, l. 

Therefore the amount of information being conveyed to the computer is: 

𝐻 =  log2(𝑐𝑙) 

Equation 8-23 Change in entropy, H, as a function of target columns per screen, c, and number of 

movement layers, l. 

Note that this is the same as if the amount of information conveyed at each layer was 

multiplied by the number of layers: 

log2(𝑐𝑙) = 𝑙 × log2(𝑐) 

Equation 8-24 Logarithmic identity is used to equate total entropy with entropy per movement layer 

multiplied by the number of movement layers. 

As expected, for a set number of target columns on the screen, c, the Time/Info value does not 

change by making more movements. 

𝑇𝑖𝑚𝑒

𝐼𝑛𝑓𝑜
=

𝑙 × 𝐴𝑣𝑒 𝑀𝑇𝑐

𝑙 × log2(𝑐)
=

𝐴𝑣𝑒 𝑀𝑇𝑐

log2(𝑐)
 

Equation 8-25 Time per information depends on the number of target columns per screen, c, and not 

directly the number of movement layers, l. 

However, the thing we want to compare is time taken for a fixed amount of total information, 

H (which depends on the total number of possible outcomes, n, regardless of the number of 

movement layers). Therefore, for a set number of possible outcomes, the number of targets per 

layer is: 

𝑐 = √𝑛
𝑙

 

Equation 8-26 Target columns per screen, c, as a function of total possible outcomes, n, and number of 

movement layers, l. 
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Therefore, Time/Info can be expressed in terms of movement layers for a fixed number of 

total outcomes, and a and b values. 

𝑇𝑖𝑚𝑒

𝐼𝑛𝑓𝑜
=

𝐴𝑣𝑒 𝑀𝑇𝑐

log2(√𝑛
𝑙

)

=

∑ 𝑎 +
𝑏

√𝑛
𝑙 ((𝑖 +

1
2) log2 (𝑖 +

1
2) + (√𝑛

𝑙
− 𝑖 +

3
2) log2 (√𝑛

𝑙
− 𝑖 +

3
2) − √𝑛

𝑙
log2 𝑒)√𝑛

𝑙

𝑖=1

√𝑛
𝑙

log2(√𝑛
𝑙

)
 

Equation 8-27 Time per information for acquiring a randomised target from a randomised cursor location 

based on the total number of possible outcomes, n, and the number of movement layers, l. It also depends 

on the subject specific variables from Fitts’s Law, a and b. 

The number of movement layers, l, can vary and is a positive integer (so its minimum value, 

lmin, is 1). This means the maximum value of c, for lmin, is the total number of options: 

𝑙𝑚𝑖𝑛 = 1, 𝑐𝑚𝑎𝑥 = 𝑛 

Equation 8-28 The minimum number of movement layers, lmin, and the resulting maximum number of 

target columns, cmax, which relates to the total number of possible outcomes, n. 

For practical purposes, the number of target columns must be a positive integer, and greater 

than or equal to 2 (so cmin is 2). Therefore the maximum value of l, for cmin, is the change in 

entropy (from Equation 8-23): 

𝑐𝑚𝑖𝑛 = 2, 𝑙𝑚𝑎𝑥 = 𝐻 

Equation 8-29 The minimum number of target columns, cmin, and the resulting maximum number of 

movement layers, lmax, which relates to the total amount of information, H. 

Given these constraints, and that the model so far assumes that the number of target columns 

between movement layers will remain constant, not many fair comparisons can be made. From 

1 to 8 bits of information (total number of options=2 to 256), there are only 15 different values 

of n (4, 9, 16, 25, 36, 49, 64, 81, 100, 121, 144, 169, 196 225, 256) where a single movement 

can be directly compared to two movement layers. As shown below in Table 8-1, these values 

of n correspond to magnification levels of integers from 2 to 16. 
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 SUGGESTIONS BASED ON SIMPLIFIED MODEL 

In this subsection, theoretical time per entropy change values (Time/Info) are calculated with 

the simplified model. The first 15 different magnification levels (i.e. values of n in the model) 

are used where comparisons are possible between one and two movement layers. 

The following table (Table 8-1) shows the different values of n (total number of possible 

outcomes) being considered, the corresponding values of c (number of target columns per 

screen) for one and two movement layers, and the associated magnification level. 

Number of possible 

outcomes, n 

Number of target 

columns for 1 

movement layer, c1 

Number of target 

columns for 2 

movement layers, c2 

Magnification 

level 

4 4 2 2 

9 9 3 3 

16 16 4 4 

25 25 5 5 

36 36 6 6 

49 49 7 7 

64 64 8 8 

81 81 9 9 

100 100 10 10 

121 121 11 11 

144 144 12 12 

169 169 13 13 

196 196 14 14 

225 225 15 15 

256 256 16 16 

Table 8-1 Different numbers of target columns being compared for one and two movement layers. 

Magnification level reflects how many times larger targets would be for two movement layers compared to 

one. Note that for higher numbers of possible outcomes, having a second movement layer results in a 

larger level of magnification. 

FITTS’S LAW CONSTANTS ‘A’ AND ‘B’ 

Aside from choosing the different values just mentioned (l, n, and c), the constants in Fitts’s 

Law must be chosen to make comparisons. There are no definitive values for these constants 

and they tend to vary for different people and tasks. Therefore, a variety of values are used 

from several sources. 
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MacKenzie (1992) calculated values for a and b based on the data in Fitts’s original 

experiment. This was done for the original form of ID (Equation 8-30) and resulted in 

a=0.0128 and b=0.0947. The Shannon formulation (Equation 8-2) was also used and resulted 

in a=-0.0314 and b=0.1220. 

𝐼𝐷 = log2 (
2𝐴

𝑊
) 

Equation 8-30 Fitts’s formulation of index of difficulty, ID. Like the Shannon formulation, it is based on 

the amplitude of a movement, A, and the width of the target, W. 

Soukoreff and MacKenzie (1995) constructed of theoretical model of typing speeds with a 

stylus and ‘soft keyboard’. They used an a value of zero and they argue that a non-zero value 

is unreasonable because it is not rational. They also point out that a is not included in Fitts’s 

original model. In their model, they investigate two different b values. Based on prior work of 

Fitts and Peterson (1964), and MacKenzie, Sellen and Buxton (1991), they use values (in bits 

per second) that equate to b values of 0.0714 and 0.2041 respectively. 

In his book, Raskin (2000) suggests using a=0.0500 and b=0.1500 for “back of the envelope” 

calculations. These five sets of a and b values (Table 8-2) are considered with the simplified 

model presented here. 

Reference a (s) b (s/bit) a/b 

Lowest 

magnification level 

favouring 2 layers. 

MacKenzie (1992) 0.0128 0.0947 0.1352 4 

MacKenzie (1992) -0.0314 0.1220 -0.2574 2 

Soukoreff and MacKenzie (1995) 0.0000 0.0714 0.0000 4 

Soukoreff and MacKenzie (1995) 0.0000 0.2041 0.0000 4 

Raskin (2000) 0.0500 0.1500 0.3333 5 

Table 8-2 Fitts’s Law constants, a and b, used with the simplified model to create the graphs in Figure 8-3. 

The magnification levels where 2 movement layers are better than 1 are taken from the graphs in Figure 

8-3. 
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THEORETICAL COMPARISONS BETWEEN ONE AND TWO MOVEMENTS 

 

Figure 8-3 Graphs of modelled Time/Info for the 15 magnification levels (i.e. values of n where a direct 

comparison is possible). The five graphs are for the five different sets of a and b values from Table 8-2. 

The graphs in Figure 8-3 show theoretical comparisons between one and two movement layers 

for the 15 comparison points outlined at the start of this subsection (Table 8-1). 
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This simplified model suggests that for larger magnification levels, two movement layers are 

likely to be more efficient than one (they require less time per information). We might expect 

this, since higher magnification levels self-evidently indicate that adding an extra movement 

layer results in the target width dramatically increasing. 

On the other hand, these graphs also show this simplified model is clearly not an accurate 

representation of reality. It seems to suggest adding a movement layer will result in decreased 

Time/Info even for very small numbers of possible outcomes. In the extreme, when using a=-

0.0314 and b=0.1220, it implies that making two movements is always more efficient than 

making one movement. 

Overall, it appears that the model does not place enough cost in having to make an extra 

movement. This is probably due to the fact it is entirely based on a model of movement time 

(Fitts’s Law), and does not include other aspects of target acquisition such as choice reaction 

time, or the time it takes to visually verify that a movement was accurate and to click the 

mouse button. It could be argued that Fitts’s Law at least includes a reaction time. However, 

this can only be true for positive a values. In contrast, if a is zero, and the movement 

amplitude is zero, then the predicted movement time is zero (which clearly does not include 

any reaction time). 

INCLUDING CLICK TIME AND CHOICE REACTION TIME 

Originally, only movement time was included in the model to make it as simple as possible. 

Including click time and choice reaction time may make the model more accurate despite 

adding complexity. It should more accurately reflect all aspects of target acquisition and not 

just target selection. Card, Newell et al. (1983) use an approximate figure of 0.2s for 

modelling the duration of a click for their keystroke level model (a.k.a. KLM). Including this 

click time in the simplified model can be done by simply incorporating the duration into the a 

constant of Fitts’s Law. The a value of Fitts’s Law is a constant amount of time, regardless of 

task difficulty. Clicking clearly fits this description. Furthermore, even if we treated click 

duration as an entirely separate entity to the expected movement time, the maths works out the 

same anyway. We can examine the effects of including click time by using the updated a and 

b values in Table 8-3. The subsequent figure (Figure 8-4) shows updated graphs of time per 

entropy change for 1 vs. 2 movement layers. 
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Reference a (s) b (s/bit) a/b 
Lowest magnification 

level favouring 2 layers. 

MacKenzie (1992) 0.2128 0.0947 2.2471 n/a 

MacKenzie (1992) 0.1686 0.1220 1.3820 n/a 

Soukoreff and MacKenzie (1995) 0.2000 0.0714 2.8000 n/a 

Soukoreff and MacKenzie (1995) 0.2000 0.2041 0.9800 12 

Raskin (2000) 0.2500 0.1500 1.6667 n/a 

Table 8-3 Fitts’s Law constants with a adjusted to include a 0.2s click time from Card, Newell, et. al (1983). 

These values are used to create the graphs in Figure 8-4 and Figure 8-5. The magnification levels where 2 

movement layers are better apply for the graphs in both Figure 8-4 and Figure 8-5. 

These graphs (Figure 8-4 below) show that the model is sensitive to the value of the constant a 

in Fitts’s Law. By including the click time, the majority of the a and b combinations used now 

suggest that a single movement will always be faster than two (for this range of magnification 

levels). 

Furthermore, we can see a possible pattern emerging on how a combination of a and b values 

affect whether the model predicts one or two movements to be more effective. The ratio of a/b 

appears to be important. The smaller it is, the more the model rewards making an extra 

movement. For example in Figure 8-3, when the click time was not included, using a=-0.0314 

and b=0.1220 (i.e. a/b was negative) resulted in two movements always being more effective. 

When a and b values change but the ratio of a/b stays the same, the shape of the graph appears 

to remain the same as well. The two cases in Figure 8-3 where a=0 (i.e. a/b was zero) seem to 

have the same shape. This can be shown by normalising the Time/Info values according to the 

highest value in the range each graph. When we do that the normalised values are exactly the 

same for those two cases in Figure 8-3 where a=0. (Whereas the normalised values are 

different for the case where a=0.0128 and b=0.0947 for example). The larger the ratio of a/b, 

the more the model favours making a single movement. In Figure 8-4, the graph with the 

largest gap between single and double movement efficiencies also has the highest a/b ratio 

(a=0.2000 and b=0.0714). Table 8-2 and Table 8-3 both report a/b ratios and the lowest 

magnification levels where two movements become more efficient than one. 
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Figure 8-4 Graphs of modelled Time/Info for the 15 magnification levels (i.e. values of n where direct 

comparisons are possible). The five graphs are for the five different sets of a and b values from Table 8-3. 

Compared to the graphs in Figure 8-3, this model now includes a click duration of 0.2s. 

Aside from the click time, we can also include the choice reaction time (CRT). To do this, we 

can use the Hick-Hyman Law (Hick 1952, Hyman 1953) which is also based on information 
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theory (like Fitts’s Law). Hick-Hyman Law has a similar structure to Fitts’s Law and the 

following formulation will be used for this model: 

𝐶𝑅𝑇 = 𝑣1 + 𝑣2 log2(𝑐) 

Equation 8-31 Choice reaction time, CRT, as a function of the number of targets on a screen, c. Note that 

log2(c + 1) was not used since Beggs, Graham, et. al (1972) suggest that log2(c) is more appropriate for a 

continuous task. They mention Hicks included the 1 to represent a ‘stimulus present?’ decision, as opposed 

to the ‘which stimulus?’ decision. 

Adding the Hick-Hyman Law and Fitts’s Law together to model a choice followed by a 

movement seems obvious, yet there is some conjecture about whether the resulting model 

would be accurate. Beggs, Graham et. al (1972) tried combining the two laws but found that 

they interacted with one another. Nevertheless, Soukoreff and MacKenzie (1995) combined 

the two laws when modelling soft keyboards. They used the same formulations of Fitts’s Law 

and the Hick-Hyman Law used here (see Equation 8-2 and Equation 8-31). Since they were 

modelling a keyboard, they had a fixed c value so the choice reaction time was really a 

constant. As such, including it is effectively the same as increasing a in Fitts’s Law. For the 

model in this chapter, the c value will change for different numbers of movement layers, so 

including the choice reaction time will not just be the same as increasing the a value in Fitts’s 

Law (i.e. it is not the same process as including the click time). 

𝑇𝑖𝑚𝑒

𝐼𝑛𝑓𝑜
=

𝑇𝑖𝑚𝑒 𝑝𝑒𝑟 𝑙𝑎𝑦𝑒𝑟

𝐼𝑛𝑓𝑜 𝑝𝑒𝑟 𝑙𝑎𝑦𝑒𝑟
=

𝐶𝑅𝑇 + 𝐴𝑣𝑒 𝑀𝑇𝑐

log2(𝑐)
=

𝑣1 + 𝑣2 log2(𝑐) + 𝐴𝑣𝑒 𝑀𝑇𝑐

log2(𝑐)
 

Equation 8-32 Combining choice reaction time (CRT) with movement time to calculated time per entropy 

change. This is based on Equation 8-25 and Equation 8-31. 

As can be seen from Equation 8-32, including the choice time requires specifying values for v1 

and v2 in Equation 8-31. Soukoreff and MacKenzie (1995) justify using v1=0 since, for a 

continuous task, it is temporally predictable when the choice will have to be made. If we 

assume that the user is deciding when to make an input (rather than reacting to stimuli), the 

task modelled here is temporally predictable as well. For v2, Soukoreff and MacKenzie used a 

value of 0.2 seconds per bit. They got this value from the previous work of Hicks (1952) and 

Welford (1968). Using these values for v1 and v2, choice reaction time can be included in the 

model. However, if we use a value of v1=0, then including the choice time results in a simple 

translation of Time/Info values. As Equation 8-33 shows, all values are increased by a fixed 

value of v2. 
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𝐼𝑓 𝑣1 = 0, 

𝑇𝑖𝑚𝑒

𝐼𝑛𝑓𝑜
=

𝑣1 + 𝑣2 log2(𝑐) + 𝐴𝑣𝑒 𝑀𝑇𝑐

log2(𝑐)
=

𝑣2 log2(𝑐) + 𝐴𝑣𝑒 𝑀𝑇𝑐

log2(𝑐)
=

𝐴𝑣𝑒 𝑀𝑇𝑐

log2(𝑐)
+ 𝑣2 

Equation 8-33 When v1=0, including CRT results in pure translation of Time/Info values. 

The following graphs (Figure 8-5 next page) show the results of including choice reaction 

times (as per) and click times (by using the a and b values from Table 8-3). Since a value of 

v1=0 was used, there is no change in the relationship between the magnification level, and 

whether 1 or 2 movement layers results in the lowest Time/Info value. 

In broad terms, these models suggest a few important implications regarding the trade-off of 

adding an extra movement layer. If the only consideration were literally pointing movements 

and the rate of information processing in the brain (i.e. a=0, b has a value, and click time and 

choice reaction time are not included), then a relatively small magnification level (e.g. 4) 

should result in an additional movement layer being beneficial. However, as soon as the 

constant costs of making a movement are considered (e.g. the time it takes to click), then 

making a single movement will almost always be more efficient. These costs are unrelated to 

actually pointing, and can be incorporated into the a value of Fitts’s Law. Since they are 

constant, adding a movement layer effectively multiplies these costs. Furthermore, the ratio 

between the constant costs and the brain’s rate of processing information (i.e. a/b) appears to 

affect when adding a movement layer becomes beneficial. Essentially, the greater the costs in 

proportion to the pointing efficiency, the less likely adding a movement will ever be 

beneficial. 
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Figure 8-5 Graphs of Time/Info for 1 or 2 movement layers. This includes a choice reaction time (CRT) 

and a click time (0.2s). Different graphs are for different Fitts’s Law constants, a and b. When calculating 

the CRT as per Equation 8-31, values of v1=0 and v2=0.2 were used. 

 ASPECTS THE MODEL IGNORES 

Aside from choice time and clicking, there are many potential aspects that the simplified 

model ignores. Generally, these either relate to the mathematical model itself, or the simplified 

0

100

200

300

400

500

600

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Ti
m

e
/I

n
fo

(m
s/

b
it

)

Magnification Level

a=0.2128, b=0.0947
0

100

200

300

400

500

600

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Ti
m

e
/I

n
fo

(m
s/

b
it

)

Magnification Level

a=0.1686, b=0.1220

0

100

200

300

400

500

600

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Ti
m

e
/I

n
fo

(m
s/

b
it

)

Magnification Level

a=0.2000, b=0.0714
0

100

200

300

400

500

600

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Ti
m

e
/I

n
fo

(m
s/

b
it

)

Magnification Level

a=0.2000, b=0.2041

0

100

200

300

400

500

600

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Ti
m

e
/I

n
fo

(m
s/

b
it

)

Magnification Level

a=0.2500, b=0.1500

1 Layer 2 Layers

Choice Reaction Time & Click Time Included



8. Communication Trade-Off 

Doctoral Thesis 

Alexander R. Payne  181 | P a g e  

 

screen layout the model is based on (Figure 8-1). Furthermore, this is only considering 

pointing; there are also many more practical aspects of real-world interfaces. 

Firstly, zero amplitude movements may not be accurately captured by Fitts’s Law. Soukoreff 

and MacKenzie claim (1995) that when the amplitude is zero, “Fitts’s Law does not apply.” In 

the simplified model presented here, zero amplitude movements can occur when the same 

target location is repeated between movement layers. Also, the randomised cursor location 

calculations (Equation 8-10) assume that Fitts’s Law does model these movements. Aside 

from the amplitude literally being zero, there is the question of how to treat movements where 

the cursor starts inside the target, i.e. the amplitude is less than half the target width. In this 

case the target could just be clicked straight away, but the model assumes that some movement 

is made. In Soukoreff and MacKenzie’s (1995) soft-keyboard model, they replace the time for 

zero amplitude movements with an experimentally determined value for repeatedly acquiring 

the same target. So, instead of using the Fitts’s Law predicted time of 0.00s (since the a 

constant was 0), they increased the time taken to 0.153s for repeated targets. For this 

simplified model, adding a movement layer is more likely to have movements where the 

cursor starts inside the target. This is due to the targets taking up a larger proportion of the 

screen space, and the extra movement means there is another opportunity for this to occur. If 

these movements are slower than has been modelled, then two movement layers should be 

comparatively less efficient than they are portrayed. 

The model also assumes that there are no edges to the screen. Some (Wobbrock 2003, 

Wobbrock, Myers et al. 2003) have suggested that targets on the edge of the screen exploit 

Fitts’s Law and are easier to acquire. If the model did include hard screen edges, then this 

would presumably benefit two movement layers compared to one. For two movements, an 

edge target is more likely to be a target since there are less target columns per screen. 

Furthermore, since two movements are made there is also an extra chance for this to occur. 

The model also does not account for accuracy. Soukoreff and Mackenzie (2004) state that 

“speed measurements in the absence of accuracy are meaningless.” For this model, accuracy 

would have an effect on how much information is communicated. Accuracy may vary for 

different numbers of movement layers since accuracy generally decreases with decreased 

target size (Chapuis, Dragicevic 2011). It is unclear how this would interact with the 

comparisons of 1 and 2 movement layers. For a single movement layer, accuracy may reduce 

because the targets are smaller. This would increase time per information conveyed. However, 

for two movements, there is twice the opportunity to make a mistake, so accuracy may not 



8. Communication Trade-Off 

Doctoral Thesis 

Alexander R. Payne  182 | P a g e  

 

increase either. Practically, it is also unclear what should happen once an incorrect target is 

acquired. Not only was the correct information not conveyed, but incorrect information was 

conveyed. The result is a ‘wrong outcome’ as per the single method model in subsection 3.1.2. 

The time cost of correcting this information error is difficult to account for since it would 

depend on the mechanism to correct the mistake. In this simplified screen layout there is no 

means of correcting a mistake. 

The model does not consider screen size, so it may be ignoring a scale effect. For very small 

targets, the size of the target becomes proportionally more important than the movement 

amplitude and Fitts’s Law does not apply as well (Chapuis, Dragicevic 2011). Therefore, if the 

screen is very small, the scale of the target sizes may reduce enough such that Fitts’s Law does 

not apply as well as it did for a larger screen. Presumably for smaller screens, increasing target 

size would be more beneficial and would consequently favour more movement layers. Scale 

was not modelled here because “there is probably no simple law for small target acquisition” 

(Chapuis, Dragicevic 2011). However, the experiment carried out later in the chapter 

investigates scale effects. 

A further aspect that the model ignores is that the cursor starting location for subsequent 

movement layers is unlikely to be evenly distributed. For any one target, the movement 

endpoints are likely to be normally distributed (Soukoreff, MacKenzie 2004). Therefore the 

probable amplitudes of subsequent movements may be slightly affected by this. 

There are also several simplifications that relate to the screen layout the model is based upon. 

For example, the target layout could consist of different sized targets. Equally sized targets 

may not be the most efficient screen layout. Based on Fitts’s Law, it may be more efficient to 

have smaller targets in the middle of the screen and larger targets away from the centre. This 

would be making use of the fact that the movement amplitude is likely to be less for targets in 

the centre of the screen. 

Many more comparisons would also be possible if the model considered varying numbers of 

targets (and hence different sizes) between movement layers. For example, Kiger (1984) 

compared five different structures of input layers when investigating menu navigation of 64 

possible outcomes. Two of those structures involved two movement layers with 16 targets at 

one layer, and 4 targets at the other layer. This was compared to two layers of 8 targets, three 

layers of 4 targets, and six layers of 2 targets. Whilst he was investigating navigation and not 
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pointing movements, he found that reducing the number of layers reduced response times. 

This was even the case when the number of targets varied between movement layers. 

There are many other things that could be done to make this model more practical. The 

probability of each outcome occurring could vary in many ways. This seems sub-optimal since 

it would reduce the amount of entropy change (Seow 2005). However, it would more 

accurately reflect a real interface. Likewise, real interfaces generally comprise 2-D target 

layouts and 2-D movements. Modelling a 2-D environment would be much more complicated 

and would presumably result in a less accurate model. For instance, target width would vary 

depending on the cursor’s direction of approach. Also, the model would perhaps be more 

useful if it considered how to best use a finite subsection of screen space (rather than the entire 

screen). To do this it would need to consider the cursor starting away from target zone rather 

than a randomised position within it. 

Clearly there are many aspects that this simplified model could attempt to incorporate. Even 

then, this is only considering pointing inputs. It is ignoring other elements such as 

communication from the computer to the user. Users must be able to see whether their input 

has matched the selection criteria of a target, and they must be able to determine what outcome 

has occurred once they confirm a selection (as per the model in 3.1.2). Furthermore, users 

must also be able to navigate an interface to achieve their extrinsic task goal. For navigation to 

be possible, the computer must communicate how acquiring any particular target relates to 

achieving a task goal. Navigation and input layers has previously been studied and generally it 

appears that fewer movement layers improve navigation speed (Kiger 1984, Landauer, 

Nachbar 1985, Zaphiris, Shneiderman et al. 2002). 

To summarise, the key findings of the model are: 

 Magnification level interacts with whether an additional movement layer is useful. 

Generally an extra movement is more useful the higher the magnification level. 

 If purely pointing and ignoring click and choice reaction times, an additional layer is 

beneficial for a relatively small magnification factor (number of possible outcomes).  

 The more time spent not pointing (e.g. click time), the less useful an additional 

movement becomes. 

 The ratio of fixed time cost, a, to pointing efficiency, b, influences the level of 

magnification required for an additional movement to improve Time/Info. A small a/b 

value results in an additional movement being preferable for even a low level of 
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magnification. Whereas a high a/b value results in a high level of magnification being 

required for an additional movement to be of benefit. 

 The person performing the task is important since outcome is sensitive to a and b 

values. 

 The initial model appears to be an over simplification since it was sensitive to the 

addition of practical terms such as click time. The results of the experiment later in the 

chapter seem to confirm that practical terms like click time need to be included in the 

model. 

In the rest of the chapter, an experiment is presented which investigates the effects of adding a 

movement layer for a magnification level of 10. When only Fitts-like pointing was considered, 

the model suggested two movements should be faster than one for this magnification level. 

However, once click time was included as well, the model suggested a single movement 

should be faster for this magnification level. The effects of screen size/scale are also explored 

(since the model could not account for them) along with the effects of motor control 

(participant groups with and without cerebral palsy). 

 EXPERIMENT RATIONALE 

Early work discouraged extra inputs as they are likely to take longer and are therefore sub-

optimal (Kiger 1984, Landauer, Nachbar 1985, Zaphiris, Shneiderman et al. 2002). However 

this is conflated with menu navigation and visibility of information (Kiger 1984, Landauer, 

Nachbar 1985, Zaphiris, Shneiderman et al. 2002). Some accessibility tools have improved 

accuracy by making targets larger and adding an input movement (Findlater, Jansen et al. 

2010, Li, Gajos 2014, Ramos, Cockburn et al. 2007) – this generally results in slower 

interaction. This was also the case with the expansion cursor presented in the previous chapter. 

This experiment seeks to answer the question: is it possible for a tool like the expansion cursor 

to improve the rate of communication? Apart from the model just presented, there is currently 

no theoretical framework describing the trade-off between target size and number of 

movements for small targets. In effect, this experiment explores whether it is possible for two 

movements to be faster than one, and which factors contribute. This is considered from a 

purely pointing perspective (as opposed to navigation, or aesthetic). It is hypothesised that 

variable abilities in motor control affect the trade-off between size and additional movements, 

thus making the defining factor user dependent. 
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Figure 8-6. Screen layout for the 1-D clicking experiment. Top shows Larger scale artificial screen, bottom 

shows Smaller scale artificial screen. This is the Single movement task. 

       

 

Figure 8-7. Left: Single movement trials. Centre: Expansion trials where columns inside the purple box are 

expanded when the mouse button is held down. Right: Double movement trials. For all trials the black 

column is the target and the semi-transparent column is the starts zone. In Double trials the purple column 

is the second target. The pink highlight shows which column the cursor is over. 

In a controlled pointing experiment, the most effective way of communicating a fixed amount 

of information via mouse pointing for three trial types is investigated. The three trial types are 

(Figure 8-7): a single movement to a small target; a single movement with access to a zoom 

(i.e. an expansion cursor); and two movements to larger targets. The interaction of this trade-

off with scale was also investigated via two given artificial screen widths (SW) (Figure 8-6). 

Similarly the interaction with motor impairment was also considered via two user groups: 

people with CP, and therefore motor impairment; and people without CP. Whilst 
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communication rate is the primary measure, speed, accuracy, user preference, and workload 

are also recorded. 

As per the model in 8.2, this experiment is concerned with communication rate; the time 

required (Fitts’s Law) to communicate a set amount of information (information theory). The 

task screen layout (Figure 8-6 and Figure 8-7) is intended to be as efficient as possible for a set 

screen size. It is based on the assumption that communication rate is maximised for a screen 

full of targets (number of possible outcomes is maximised and target width is maximised) that 

are equally likely to be acquired (so all target positions are tested). 

These theories also informed the experiment set-up in terms of expected factors (magnification 

level, scale, motor skills) and making fair comparisons. 

Since magnification level affects the main benefit of adding a movement layer, increased 

target width, it seems plausible that increasing the magnification level would more likely 

result in an extra movement improving throughput. The model in subsection 8.2 investigated 

varying magnification levels and seems to agree with this. The expansion cursor in the 

previous chapter used a magnification level of 3, whereas other research has used a 

magnification level of 4 (Findlater, Jansen et al. 2010, Li, Gajos 2014, Ramos, Cockburn et al. 

2007). For this experiment, a magnification level was chosen that is as high as practically 

possible, at a value of 10. If a zoom has too high a magnification level, it is likely to be 

disorienting for the user. In terms of setting up the experiment, increasing magnification level 

is problematic since it increases the number of possible outcomes, n . Since we want to test for 

all possible target locations, this also increases the number of trials. Practically, each 

participant should not be required to make an excessive time commitment as they may lose 

concentration, thus 10 was chosen. Furthermore, this value of 10 allows us to validate the 

inclusion of click time in the model. When click time was not included, the model suggested a 

double movement should be faster, but when it was included, it suggest a single movement 

would be faster. 

Scale relates to the size of the screen and the size of the targets. If the screen is larger, targets 

will become larger as well as the distance between them. Fitts’s Law suggests scale is not 

important as long as the amplitude to width ratio remains constant. However, this invariance 

does not necessarily apply when small targets are involved: acquiring smaller targets takes 

longer than larger targets for the same A/W ratio (Chapuis, Dragicevic 2011). Hence, two 
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different scales are compared. This is a factor that the simplified model could not consider 

since it was based on Fitts’s Law. 

A person’s motor skills may affect the trade-off between one and two movements along with 

scale and magnification level. As mentioned, there is a small scale effect whereby acquiring a 

very small target takes longer than a larger target for the same amplitude to width ratio. This is 

due to motor effects and the visibility of targets (Chapuis, Dragicevic 2011). Therefore, a 

person’s motor skills are likely to interact with this effect. This potential interaction is 

investigated by comparing participants with and without CP. Regardless of the small-scale 

effect, the model suggested that the a and b values associated with a particular participant are 

an important factor. 

To generalise the efficacy of a screen layout, we must assume that each target has equal 

likelihood of being acquired, and that the cursor could start from any position (within the 

artificial screen). Practically it is not possible to perform trials to every possible target location 

from every possible cursor location. Hence, the task must control for target position and 

movement amplitude. 

The easiest way to control for target location is to perform trials to every target, but this would 

require performing too many trials. For a 1-D target layout, position can be defined by 

distance from the centre of the screen. Thus, the number of trials can be halved by performing 

trials to every second target (as long as there is some control for left vs. right direction). 

Movement amplitudes must be controlled since Fitts’s Law suggests they will affect 

movement time. The cursor can start from any location on the screen (affecting the amplitude). 

To control these conditions, for each target position an expected average movement time was 

calculated and a representative movement amplitude was inferred. These calculations can be 

found in 10.8 Appendix H. These calculations are greatly simplified by making the task 1-D 

instead of 2-D. For 2-D targets, direction would have an effect on target width (Zhang, Zha et 

al. 2012). 

For fair comparisons, the number of possible outcomes is fixed across trial types since this 

informs how much information is being communicated. For n number of outcomes, a single 

movement has n number of possible targets. For double movements, there will be √n number 

of possible targets for each movement (so it results in √n×√n=n possible outcomes).  
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A suitable number of possible outcomes must also be chosen that results in the desired 

magnification level. For a screen full of equally sized one-dimensional (1-D) targets, double 

movement targets will be √n times bigger than single movement targets. If we were to test 

equally sized 2-D targets, the magnification factor would be much lower (the cubic root of n) 

requiring more targets and therefore trials to test for the same magnification level. Since we 

were testing in 1-D with a magnification level of 10, this results in 100 possible outcomes. If 

we were testing in 2-D, we would require 1000 possible outcomes for the same magnification 

level. 

 METHODOLOGY 

The experiment involved 2 participant groups (W/o CP, CP), 2 scales (Larger, Smaller), and 3 

trial types (Single, Expansion, Double). The key measure reflecting communication rate was 

time per information (Time/Info). Other performance measures were task completion time, 

accuracy, reaction time, traversal time, corrective time, and click time. Subjective measures of 

user preference and workload measures were also considered. 

 PARTICIPANTS 

There were 15 participants; 10 without cerebral palsy (group name W/o CP) and 5 with CP 

(group name CP). Ethical approval was granted by the university and all participants (and 

parents for the two participants under 16) signed a consent form. These populations were 

recruited to establish whether motor skills interact with the trade-off between target size and 

number of movements. Previous work suggests the latter group should take longer to complete 

pointing movements (Davies, AlManji et al. 2014), whilst still being regular mouse users 

(Davies, Chau et al. 2010). All participants had normal or corrected to normal vision. The 

entire group W/o CP (37.1 years ± 11.2) used their preferred right hand. 

Part of the definition of CP is that it causes activity limitation (Rosenbaum, Paneth et al. 

2007). MACS (Eliasson, Krumlinde‐Sundholm et al. 2006) is used to describe the effects of 

CP on people’s hand activities (see 2.2 for more information on MACS). Participants who 

regularly use a computer mouse were sought, and were therefore from levels I & II (the same 

as in chapters 6 and 7). Further (self-reported) demographics of group with CP can be seen in 

Table 8-4. 
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Participant Hand Used Age MACS Level 

P1 Right 34 II 

P2 Left 64 I 

P3 Right 13 I 

P4 Right 15 I 

P5 Left 38 I 

Table 8-4. Participant information for participants with CP. MACS: Manual ability classification system 

(Eliasson, Krumlinde‐Sundholm et al. 2006). 

 TASK DESCRIPTION 

Participants sat at a desk and performed a target acquisition task. A Dell S2240T 21.5” 

Monitor (resolution 1920 × 1080) plugged into a Lenovo T520 laptop computer (Windows 7 

Professional SP1) was used with a Dell optical mouse (Figure 8-8). The pointer speed was set 

to the second fastest option, and enhance pointer precision was enabled. 

 

Figure 8-8. Task equipment. 

All tasks involved acquiring 1-D targets. The screen layout (Figure 8-6) had a progress bar 

showing how many trials had been completed and an artificial screen containing all the target 

columns. The artificial screen width (SW) was 500 or 200 pixels depending on the scale being 

tested (Larger or Smaller). Both participant groups performed the Larger scale trials, whilst 

only the group W/o CP performed the Smaller scale trials. The artificial screen area differed 

from an actual screen since the cursor could leave the area during trials; edges did not 

constrain movement. The corresponding target widths are shown in Table 8-5. The scales were 

chosen since the results of chapter 7 indicate that participants should sometimes choose to 

make use of the zoom for 5 pixel targets or smaller. 



8. Communication Trade-Off 

Doctoral Thesis 

Alexander R. Payne  190 | P a g e  

 

Scale Single Double Expansion Groups 

Larger 5 50 5 => 50 W/o CP, CP 

Smaller 2 20 2 => 20 W/o CP 

Table 8-5. Target widths in pixels for the different conditions. For Expansion trials, the user could enlarge 

targets from the Single width (5 or 2) to the Double width (50 or 20) with the use of an optional zoom. 

The initial movement of every trial was from a semi-transparent start zone (30 pixels wide) to 

a target column. The location of the start zone varied depending on the target location and the 

desired movement amplitude. For each target, the centre-to-centre amplitude of the movement 

was determined based on the target width and location. Using Fitts’s Law, a theoretical 

average movement time to a specific target was calculated for the cursor starting from a 

randomised location (within the artificial screen). This average time was used to calculate a 

representative movement amplitude which was then used in the actual experiment. See 10.8 

Appendix H for the maths used. 

This experiment was intended to test communication via motor input, and visual acuity was 

not intended to be a limiting factor. Target columns did not have a border, but were alternating 

colours in order to make them visually distinguishable. Furthermore, a semi-transparent pink 

highlight was applied to the column of the current cursor location. Note Figure 8-6 Bottom 

shows the cursor over the black target column, compared to Figure 8-6 Top where the cursor is 

next to the target column.. For all trial types, target selection was confirmed by releasing the 

mouse button over them. 

SINGLE 

For Single movement trials, the artificial screen was divided into 100 target columns (Figure 

8-7, left). As such, the target width was either 5 or 2 pixels depending on the scale (as per 

Table 8-5). The current target column was black. 

EXPANSION 

For the Expansion trials, there were 100 target columns, the same as for Single trials. 

However, when the mouse button was depressed the columns near the cursor would expand to 

be 10 times larger (Figure 8-7, centre). The expanded targets were the size of the Double 

movement targets (as per Table 8-5). As with the other trials, the target was acquired via 

releasing the mouse button. This meant that participants could choose to zoom in on the target 

and correct their movement to make sure they were acquiring the right target. Depression of 

the mouse button initiated the zoom with a focal point on the column in which the mouse was 
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positioned. Participants could also choose to ignore the zoom, and just perform the Expansion 

trials in exactly the same way as the Single trials. 

To make it clearer which target columns would be expanded, a purple box followed the cursor 

(Figure 8-7, centre). All the columns inside the purple box were expanded once the zoom was 

activated. When the zoom was active, the zoom area could not be moved. If the target was not 

inside the purple box after zooming, it could not be selected and the movement counted as a 

miss. 

DOUBLE 

For Double movement trials, the artificial screen was divided into 10 target columns (Figure 

8-7, right) so the target width was either 50 or 20 pixels (as per Table 8-5). The initial target 

column was black. Once it was acquired, it would return to its original colour and a second 

target column would appear purple. These columns had to be distinguishable since in some 

instances, the second target column would be the same location as the initial target column. 

Once the second target was acquired, the trial would finish. 

 PROCEDURE 

In a test session, participants performed blocks of 25 trials twice for the three trial types at one 

scale. Therefore each test session involved 150 trials (25×2×3). The order of trial types was 

counterbalanced within a test session in the order ABCCBA. Ordering of trial types was also 

counterbalanced between participants. Counterbalancing should limit learning effects. 

For each trial type, 50 of the 100 possible target locations/combinations were used. For the 

Single and Expansion trials, every second target location was used so targets at every possible 

distance from the screen centre were acquired. For Double trials, the target combinations that 

resulted in equivalent locations to the Single and Expansion trials were used. 

For each trial type, the direction of movements was controlled: there were equal numbers of 

left and right movements. To discourage anticipatory movements, the movement direction was 

made to appear random to participants. However, sometimes the start zone was near the edges 

of the artificial screen so only one movement direction was possible. 

Each test session was conducted at a fixed scale. The test sessions for the group with CP only 

involved the Larger (500 pixel) scale. The group W/o CP performed the two scales, each one 

in a separate test session. Between the participants W/o CP, ordering of scales was 

counterbalanced. 
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Participants initiated an individual trial by clicking the start zone (30 pixels wide). After a 

randomised wait period (1–2s at 0.1s intervals) the target column would turn black. The 

experiment design ensured that the timing and location of the target column being designated 

was not predictable. To prevent anticipation and to control movement amplitudes, the target 

would not appear if the cursor was outside the start zone. If the cursor left the start zone for an 

extended period (0.5s) the trial was aborted and the participant had to reinitiate the trial by 

clicking the start zone again. Participants were instructed to “acquire the target as quickly and 

accurately as you can.” 

Once the target was acquired, participants would receive speed and accuracy feedback. After a 

successful trial, the target column and a box surrounding the artificial screen would turn green. 

This would be recorded in the progress bar (see Figure 8-6). If the trial was inaccurate, the 

feedback was red. After a trial, the participant’s time was also displayed. This allowed a sense 

of speed without being judgemental. 

Once a trial type was completed, participants were asked for feedback of workload measures 

via a NASA TLX based survey (NASA 2016). The six Likert scale questions asked about 

three task properties (Mental Demand, Physical Demand, Time Demand) and three personal 

experience properties (Your Performance, Effort, Frustration). As per NASA TLX 

methodology, participants gave a score out of 20. Once a test session was completed, 

participants were also asked which trial type they most preferred, and which they least 

preferred. 

 DATA PROCESSING 

The data of the 3,750 trials was recorded in Excel workbooks. Trials were discarded when the 

participant was distracted (29), confused about the task (10), activated the zoom near the start 

zone (20), or when they did not notice the second target in the Double task (10). Trials were 

discarded based on observation during experimentation in conjunction with viewing the 

recorded data in Excel. 

For each of accuracy, time per information, preference, and workload, one value was 

calculated for each trial type of a test session (i.e. one value for 50 trials). Accuracy was 

defined as the percentage of successful trials. 

For time per information values, time is the total time of all trials, successful or not (but 

excluding discarded trials). Information was defined as the total number of successful trials for 
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one trial type (i.e. out of 50) multiplied by inherent information, log2(100), in a single trial. For 

Expansion trials, zooming in on the wrong location led to confusion since the target got 

pushed out of the screen unexpectedly. In this case, the time recorded was not an accurate 

reflection of time spent pointing. In calculating time per information, the recorded time for any 

‘push out’ trial was replaced with an average time for that test block. However, if the push out 

occurred because of clicking near start zone (i.e. not near target at all), then the trial was 

discarded. Also, if the push out click was quick (i.e. within the normal range of durations of 

Single trial clicks) and the zoom was not used, the time was not replaced since it did reflect 

time spent pointing. 

Trial types were assigned a preference rank from first (1) to third (3) based on participants’ 

responses to their most preferred and least preferred interactions. 

The time measures (completion times, reaction times, traversal times, corrective times, and 

click times) were calculated for each individual trial. Completion times were the time from 

when the target appeared to when the trial was completed. The four other times were 

components of the completion time. The reaction time was from when the target appeared to 

when the cursor had moved 10% of the direct distance to its final location. The direct distance 

being the distance from the cursor location when the target appeared to the cursor location 

when the target was acquired. Since trials were 1-D, only the x-position of the cursor was used 

to calculate distances. The traversal time was from when the cursor had moved 10% of the 

distance to 90% of the distance. The corrective times were from 90% of the distance to when 

the mouse button was depressed. Lastly, the click time was from when the button was 

depressed to when it was released and the target was acquired. For Double trials, these 

component times were the cumulative values of the two movements. Double trials where the 

target location was the same for each movement had to be excluded since the component times 

could not be determined for the second movement. For the Expansion trials, the component 

times could not be calculated since the distinction between corrective time and click time is 

blurred. More details of the data processing can be found in subsection 4.2. 

 STATISTICS 

Statistical analysis was performed using IBM’s SPSS Statistics version 22. The only 

independent variable directly analysed was Trial Type. 

For accuracy, time per information, preference, and workload measures, non-parametric 

Friedman tests were used to test for overall significance. For pairwise comparisons, Wilcoxon 
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signed-rank tests were used along with Bonferroni correction. Since there were 3 comparison 

pairings, significance was set at p<0.017. Reported p-values are all unadjusted. 

A repeated measures mixed model was used for time values. Trial Type and Trial# were used 

as repeated variables. Trial Type was the only fixed factor, whilst Participant was a random 

variable. The data sets were natural log transformed to improve kurtosis and skewness except 

for the traversal times. Outliers that were 3.29 standard deviations outside the mean were 

deleted. For time values, a Bonferonni correction was applied to reported p-values by SPSS. 

 RESULTS 

The following subsections discuss the significant results (and those close to significance). The 

means for completion times and standard error values are shown in Table 8-6 and Figure 8-9, 

along with medians and quartiles for Time/Info and accuracy. Figure 8-10 shows means and 

standard error values of times for the different components of the task. 

 TIME PER INFORMATION (TIME/INFO) 

Trial Type had a significant effect on Time/Info for the group W/o CP for both Larger 

(χ2(2)=9.600, p=0.008) and Smaller scales (χ2(2)=16.800, p<0.001), but it did not reach 

significance for the group with CP (χ2(2)=5.200, p=0.074). 

For Larger scale pairwise comparisons in the group W/o CP, the difference between Single 

and Expansion trials was closest to significance (Z=-2.191, p=0.028). For 9 of the 10 

participants, Single trials elicited a lower Time/Info value. The difference between Single and 

Double trials did not reach significance (Z=-1.886, p=0.059). The medians were almost 

identical, although for 9 of the 10 participants Single trials elicited a lower Time/Info value 

than Double trials. 

For Smaller scale sessions, Double trials involved significantly less Time/Info than both Single 

(Z=-2.803, p=0.005) and Expansion (Z=-2.803, p=0.005) trials. In both cases and observed in 

all 10 participants, the Double trials elicited lower Time/Info values. Single trials did not result 

in significantly less efficacy compared to Expansion trials (Z=-2.191, p=0.028). 

 COMPLETION TIMES & COMPONENTS 

For all groups, Trial Type significantly affected completion times (W/o CP Larger: 

F(2,978.261)=54.782, p<0.001; W/o CP Small: F(2,982.607)=91.763, p<0.001; CP: 

(F(2,481.980)=18.311, p<0.001). For W/o CP Larger scale sessions, Single trials were 
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performed significantly faster than both the Double trials (p<0.001) and the Expansion trials 

(p<0.001). Contrary to the Larger scale results, for the Smaller scale the Single trials were 

performed significantly slower than both the Double trials (p<0.001) and the Expansion trials 

(p<0.001). Double trials were also significantly faster than Expansion trials (p<0.001). 

 

Figure 8-9. Time/Info, task completion times, and accuracy across different groups and trial types. Mean 

completion times are shown with error bars for standard error (since this is based on analysis of variance). 

Other measures show medians with error bars for the 25th and 75th percentiles (since analysis was based on 

non-parametric Friedman tests). 
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  W/o CP – Larger W/o CP – Smaller CP 

Time/Info (ms/bit) Single 269* (234,298) 422* (393,500) 420 (356,667) 

 Expansion 308* (257,330) 346* (317,425) 448 (338,935) 

 Double 268* (257,313) 292* (269,333) 364 (313,545) 

Completion Time (ms) Single 1649* (56) 2448* (94) 2283* (429) 

 Expansion 1845* (63) 2164* (83) 2656* (499) 

 Double 1833* (62) 1911* (74) 2453* (461) 

Accuracy (%) Single 96.0 (93.5,98.5) 93.9* (87.9,94.0) 77.6* (69.5,89.9) 

 Expansion 97.0 (92.2,100) 96.0* (87.7,98.5) 83.3* (82.6,92.9) 

 Double 100 (96.9,100) 98.0* (96.0,100) 100* (86.0,100)  

Table 8-6. Median values (with quartiles) for Time/Info and accuracy, and mean completion times (with 

standard error) across different groups and trial types. * denotes that Trial Type was a significant main 

effect of the relevant measure for that participant group and scale. 

For the group with CP, the Single trials were performed significantly faster than both the 

Double trials (p=0.012) and the Expansion trials (p<0.001). This is similar to the Larger scale 

results for the group W/o CP. On the other hand, Double trials were significantly faster than 

Expansion trials (p=0.005), which was similar to the Smaller scale results. 

For each test session type (W/o CP Larger, W/o CP Smaller, CP) all component times were 

significantly different (all p<0.001) between Single and Double trials (Figure 8-10). The 

durations of reaction times, traversal times, and click times were all larger for Double trials. 

Conversely, corrective times were always shorter for Double trials even though two targets 

had to be acquired. One apparent interaction is that the difference in corrective times between 

Single and Double trials is the largest for the Smaller scale trials. This is also the only case 

where Time/Info significantly reduced for Double trials. 

 

Figure 8-10 Graphs of mean component times (ms) with standard error bars of Single and Double trials. 

R: Reaction time, T: Traversal time, Cor: Corrective time, Clk: Click time. 
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 ACCURACY 

Trial Type had a significant effect on accuracy (Figure 8-9) for the W/o CP Smaller sessions 

(χ2(2)=6.821, p=0.033) and the group with CP (χ2(2)=6.400, p=0.041). For W/o CP Smaller 

scale, there was a significant difference between Double and Single trials (Z=-2.550, p=0.011). 

For 9 of the 10 participants, Double trials were more accurate than Single trials. 

For the group with CP, the difference between Double and Single trials was closest to 

significance (Z=-2.023, p=0.043). Despite not reaching significance, Double trials were more 

accurate than Single trials for all 5 participants. 

 PREFERENCES 

For W/o CP Smaller scale sessions, Trial Type had a significant effect on preference ranking, 

(χ2(2)=6.200, p=0.045). Double was significantly preferred over Single (Z=-2.495, p=0.013). 

Double was ranked higher by 9 participants, and lower by the other 1. The actual preference 

responses can be seen in Table 8-7. 

 Preferred (+Most/-Least) 

 Single Expansion Double 

W/o CP – Larger +4/-4 +1/-5 +5/-1 

W/o CP – Smaller +1/-7* +4/-3* +5/-0* 

CP +1/-2 +2/-1 +2/-2 

Table 8-7. Votes for most preferred and least preferred trial types. * denotes significance Trial Type had a 

significant effect for that participant group and scale. 

As an observation, for both Larger and Smaller scale, half the participants W/o CP preferred 

Double, and almost none disliked it. When the scale got smaller, it seems votes went from 

Single towards Expansion. The group with CP’s data does not reveal any preferences in 

particular. 

 WORKLOAD MEASURES (NASA TLX) 

The main workload measure that varied with Trial Type was Frustration (Figure 8-11 shows 

this along with Performance and Effort ratings). This was significant for the group W/o CP at 

both Larger (χ2(2)=7.784, p=0.020) and Smaller scales (χ2(2)=9.556, p=0.008). It did not 

reach significance for the group with CP (χ2(2)=5.333, p=0.069). 
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Figure 8-11. Median TLX workload measures for Frustration, Performance and Effort. Error bars show 

the 25th and 75th percentiles. L: W/o CP Larger, S: W/o CP Smaller, CP: CP. 

For Larger scale trials, there was a significant difference between Double and Expansion trials 

(Z=-2.699, p=0.007). For 9 of the 10 participants, Double trials were less frustrating than 

Expansion trials. For the other participant, they were tied. The median ratings were 1.0 and 3.5 

respectively. 

For Smaller scale trials, Double trials were significantly less frustrating than Single trials (Z=-

2.524, p=0.012), but not significantly less than the Expansion trials (Z=-2.243, p=0.025). For 

Expansion trials, 7 participants rated frustration as higher, two as equal, and one as lower than 

Double. For Single trials, 8 participants rated frustration as higher and two as equal. The 

median value for Single was 8.5, whereas the median for Expansion was 4.0 and the median 

for Double was 1.0. 

Further examination of the group with CP revealed Frustration was most likely to be different 

between Double and Single trials (Z=-2.121, p=0.034). This seems counterintuitive since the 

medians suggest there should be a greater difference between Double and Expansion trials. 

Yet for all 5 participants, Double trials were less frustrating than Single trials. Regardless, the 

Friedman test suggested there was no main effect of Trial Type (recall, p=0.069). 

Performance ratings for the group W/o CP changed significantly with Trial Type for Smaller 

scale sessions (χ2(2)=6.324, p=0.042). No pairwise comparisons were significant, but in 

general participants rated their performance as being worse for the Single trials to both the 

Expansion trials (Z=-2.222, p=0.026) and the Double trials (Z=-2.200, p=0.028). In both cases, 

8 of the 10 participants rated their performance as worse for Single trials. The median value 
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for Single was 12.0, whereas the median for Expansion was 14.5 and the median for Double 

was 13.5. 

Also for Smaller scale sessions, changes in Effort were close to significance (χ2(2)=5.852, 

p=0.054). If we permit ourselves to perform pairwise comparisons on the Effort data, 

participants came closest to rating Single trials as requiring more effort than Double trials (Z=-

2.207, p=0.027), and to a lesser extent Expansion trials (Z=-1.897, p=0.058). Compared to 

Double trials, 6 of the 10 participants rated effort as being higher for Single trials, the other 4 

participants rated it as being equal. Compared to Expansion trials, 5 participants rated effort 

higher for Single trials, 4 rated them equal, and 1 rated the Single trials as requiring less effort. 

The medians were 7.5 for Single trials, 4.5 for Expansion trials, and 3.5 for Double trials. 

 DISCUSSION 

This experiment investigated the efficacy trade-off between having one movement to a smaller 

target, versus two movements to larger targets purely from a pointing and motor control 

perspective. Therefore the roles of navigational and cognitive effects, such as searching for 

targets and deciding which one to acquire, were minimised. However these effects were 

present to some extent since the implications of user choice were investigated with the 

Expansion condition. Users could choose between, in effect, making one or two movements, 

via access to an elective zoom lens. 

Previous work has clearly shown that it is common for fewer movements to a broader 

selection of targets to be faster than more movements to smaller numbers of targets (Kiger 

1984, Landauer, Nachbar 1985, Zaphiris, Shneiderman et al. 2002). The model earlier in the 

chapter agreed with this once it included click time. This paradigm is problematic, not only for 

people with motor impairments, since newer higher-resolution displays allow for interfaces to 

contain targets that are very small in both visual and motor spaces. For example, the current 

Microsoft Surface Book displays 3000×2000 pixels on a 13.5” screen resulting in some targets 

similar in size to those in this experiment. Historically, a combination of low-resolution 

displays and the need to visually communicate the purpose of a target may have formed a 

lower limit on target sizes for mouse interaction. Since this is no longer the case, the effect of 

this design trade-off on pointing efficacy is now important for everybody. 

Hence, this experiment sought conditions where two movements to larger targets decreases the 

time it takes to communicate a set amount of information. The model earlier in this chapter 

indicated that a large magnification level may facilitate this. Compared to the model, this 
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experiment also considered scale and motor impairment as factors. These can lead to the target 

of the single movement being too small, such that Fitts’s Law (and hence the model in 8.2) can 

no longer model acquisition times accurately. For this trade-off, ‘too small’ potentially 

involves a combination of magnification level, scale/target size, and user motor abilities. 

 MAGNIFICATION LEVEL 

The larger the magnification level, the greater the difference in target sizes between Single and 

Double trials. The model in subsection 8.2 indicated that the larger the magnification level, the 

more likely Double trials would be more efficient than Single trials. However, for the 

magnification level used in this experiment (10), the predicted change in efficacy of adding a 

movement depended on whether click time was included in the model or not. When it was not 

included, the model indicated that Double trials should be faster, but when it was included, the 

model indicated Single trials should be faster. The Larger scale trials of both participant 

groups demonstrate that click time should be included in the model since Single trials were 

significantly faster than Double trials. On the other hand, the results of the Smaller scale trials 

could be used to argue that click time should not be included. Yet since the model is based on 

Fitts-like pointing, the Larger scale trials are more likely to reflect the model. 

Regardless of scale, the larger the magnification level, the more likely that Double targets will 

conform to the type of rapid pointing Fitts’s Law expects, and that Single targets will result in 

unexpectedly long pointing durations. In this experiment a magnification level of 10 was used, 

such that Double targets were 50 and 20 pixels in width. Presumably Fitts’s Law would model 

these acquisition times reasonably well since scale did not have a large effect on the group 

W/o CP’s Double trial results across scales. 

By contrast, the Single trial targets were 5 and 2 pixels in width. It appears that Fitts’s Law 

would not model the Smaller scale Single trials very well since they are drastically slower and 

less effective than the Larger scale Single trials. The corrective time of Smaller scale Single 

trials also stands out as being disproportionately long. Fitts’s Law assumes a rapid movement 

towards a target without pauses mid-trial (Soukoreff, MacKenzie 2004). The results suggest 

this is not what occurred for the Smaller scale Single trials. Anecdotally, many fiddly 

corrective movements were observed during trials. For example, the left graph in Figure 8-12 

shows the trace of a mouse movement for a Smaller scale Single trial and the completion time 

is close to the mean. The majority of the time was evidently spent making small corrective 

movements rather than traversing from the start zone to the target area. By contrast, the right 
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graph in Figure 8-12 shows a trace from a Double trial of the same scale. Notably the 

component times of Double trials did not appear to vary with scale. Combined, this suggests 

that Fitts-like pointing did not occur for the Smaller scale Single trials, but it did occur for 

Double trials. Since this relates to the differences in target sizes, it indicates a higher 

magnification level increases the likelihood of this distinction. 

 

Figure 8-12. Cursor traces from trials. Left: Smaller Single trial (time=2418ms). Right: Smaller Double 

trial (time=1950ms). The dotted lines show the target boundaries. The recordings start when the target 

appeared. The vertical lines show when the mouse button was pressed down, and when it was subsequently 

released. 

 SCALE 

Scale also had a clear effect on the trade-off. For the Larger scale, adding the extra movement 

resulted in significantly slower completion times. In stark contrast, adding the extra movement 

resulted in significantly faster and more effective communication for Smaller scale trials. This 

shows that in combination with magnification level, scale is clearly important. This is likely 

due to the small scale effect already mentioned (Chapuis, Dragicevic 2011), whereby reducing 

the scale results in reduced conformity to Fitts’s Law for smaller Single targets, but not for 

larger Double targets. 

This is also reflected in the component times. When the scale is reduced there is a large 

increase in the corrective times of Single trials. By contrast, all of the other component times 

do not appear to vary greatly across the different scales. Furthermore, corrective times are the 

only component where Double trials are faster than Single trials. All of this suggests that 

corrective movements are a problem for the Smaller scale Single trials, and as a result the 

Double trials increase efficacy. 
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 MOTOR IMPAIRMENT 

The effects of users’ motor skills were more difficult to interpret. The results of both the 

Smaller scale sessions and the group with CP’s sessions suggested they were subjectively 

more difficult than the Larger scale trials were for the group W/o CP since they were 

generally slower. However, the Smaller scale results and the group with CP’s results did not 

really replicate one another. 

In contrast to the Smaller scale sessions, it is difficult to determine if the small scale effect is 

present in the Single versus Double results for the group with CP. For that group, there was a 

significant difference in accuracy (and almost frustration) between the two trial types. These 

differences suggest the Single targets were sufficiently small to be ‘too small’, whilst the 

Double targets were not. Despite this, the Single trials were still significantly faster than the 

Double ones. For users with CP, acquiring targets of any size may or may not be well 

modelled by Fitts’s Law (Smits-Engelsman, Rameckers et al. 2007, Davies, AlManji et al. 

2014, Almanji, Payne et al. 2014). So it is not clear whether the concept of adherence to Fitts’s 

Law varying with target size (i.e. Single versus Double) can be applied to users with motor 

impairments. 

If we compare the component times for the group with CP, it is clear that the difference in 

corrective times between Single and Double trials bears more similarity to the Larger scale 

sessions than the Smaller scale ones of the group W/o CP. An initial hypothesis was that motor 

impairments would increase the benefit of an additional movement since motor impairments 

tend to result in an increased number of sub-movements (Hwang, Keates et al. 2005a, 

Saavedra, Joshi et al. 2009, Hwang, Keates et al. 2004) and larger targets may ameliorate this. 

Whilst Single trials did on average involve over a second of corrective time, the significant 

reduction in corrective time for Double trials was not enough to make them faster. This pattern 

is similar to the group W/o CP’s Larger scale trials even though the completion times suggest 

the difficulty is more like the Smaller scale trials. 

Another clear distinction is that there is much greater variability in the results of participants 

with CP. Whilst this trend is common in pointing tasks (Smits-Engelsman, Rameckers et al. 

2007, Payne, Plimmer et al. 2015, Al Manji, Davies et al. 2015, Davies, AlManji et al. 2014), 

it also suggests a larger sample size would benefit future research. 
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 EXPANSION 

Allowing the participant to choose, in effect, between making one or two movements had 

mixed results. The value of this lies in the fact that the user has some agency and can decide if 

they want to make one or two movements. However, participants will have to spend some time 

making that decision during trials, unless they make a predetermination to constantly use the 

zoom or ignore it. 

The best case scenario for the expansion cursor was the Smaller scale trials, where the option 

to use the zoom resulted in significantly faster times and a possible improvement in efficacy 

compared to Single trials. Given that Double trials were better than Single trials for the 

Smaller scale, it is clear that using the zoom and thus making two movements was potentially 

useful in this situation. 

By contrast, the context of the Larger scale trials did not afford much use to the zoom. In this 

situation Expansion trials were significantly slower compared to Single trials for both groups 

and potentially less effective for the group W/o CP. Previous work has suggested that 

participants occasionally elect to use the zoom for 5 pixel targets or 7 pixel targets depending 

on motor control (chapter 7). It is possible that the decision making process costs time. It is 

equally possible that the expansion cursor results in slower times precisely because the zoom 

is used occasionally, and Double movements are slower than Single ones in the same context. 

When designing the expansion cursor in chapter 7, one of the key aims was to help people 

with and without CP accurately acquire small targets. In this experiment, access to the zoom 

did not significantly improve accuracy compared to Single trials for both groups. However the 

statistical power of this analysis could be better since the pairwise comparison between Single 

and Double trials for the group with CP did not even reach significance. As a general trend, it 

seems access to the zoom resulted in accuracy between Single and Double trials. In this sense 

the Double trials (i.e. simply making the targets larger) were akin to an upper bound of 

accuracy performance.  

 OVERALL THEORETICAL IMPLICATIONS 

Overall, it appears that the main trade-off is really between the costs of non Fitts-like pointing. 

Adding a movement requires participants to perform all elements of target acquisition twice, 

including the ones that are not pointing. For example, by adding a movement a user must click 

an extra time. Clicking takes time, so regardless of time spent pointing, an extra movement is 

already slower than one. This was exemplified by reaction times, traversal times, and clicking 
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times taking significantly longer for Double trials compared to Single trials for all participant 

groups and scales. On the other hand, a very small target can result in the user spending a large 

portion of their time making fiddly corrective adjustments to the cursor position. Adding a 

movement can avoid these finicky adjustments (since the targets can be larger). This is clear in 

the corrective times for both scales and participant groups; Double trials always significantly 

reduced corrective time compared to Single trials. Furthermore, the only occasion where 

Double trials were faster was for the Smaller scale set-up where the Single trials had 

disproportionately large corrective times. 

How this interacts with user’s motor control is complex. Motor impairments often result in an 

increased number of corrective sub-movements (Hwang, Keates et al. 2004, Hwang, Keates et 

al. 2005a) which may favour larger targets. But increased reaction times (Smits-Engelsman, 

Rameckers et al. 2007) may favour fewer movements. Therefore, a trade-off decision that is 

suitable for a person without motor impairments might not be at all suitable for a person with 

motor impairments. 

The model in 8.2 did not take into account the accuracy of movements. In subsection 8.2.3 it 

was suggested that an extra movement layer may adversely affect accuracy since there are 

twice the number of opportunities to make a mistake. On the other hand, it was suggested that 

a single movement may result in reduced accuracy since the targets are smaller. The results of 

the experiment suggest that small target size is a bigger impediment to accuracy than number 

of movements. 

 USER EXPERIENCE 

So far, this discussion has neglected to mention what the participants thought about the 

experiment. I believe the user experiences actually provide the most informative results 

regarding trade-off decisions that are suitable for as many users as possible. From a user-

perspective, there seems to be a larger risk to making targets too small, than there is to 

introducing an extra movement layer. 

When comparing the smallest targets (Smaller scale Single trials) to larger ones (Smaller scale 

Double trials), participants reported increased frustration and effort that resulted in worse 

performances. This was reflected in participants’ comments. For Single trials, participants 

mentioned that you “find yourself going over and back trying to get it (the target)”, you had to 

be more precise, it was a matter of getting it right, and that it was frustrating trying to make 

such a small adjustment when you were 1 pixel off the target. 
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By contrast, half of the participants W/o CP preferred the Double movement for Larger scale 

trials, even though it was significantly slower than Single trials. They mentioned that it was 

easier, the targets were bigger and less stressful, and that you didn’t have to think too much 

about it. Only one participant (out of 10) W/o CP rated Double as their least preferred for 

Larger trials. 

Furthermore, all 5 of the participants in the group with CP rated Double trials as less 

frustrating than Single trials. Again, this is despite Double trials being significantly slower. 

 LIMITATIONS 

Most limitations of this experiment relate to it being a controlled lab experiment. First, it did 

not aim to accurately represent real-life interaction. The targets were 1-D instead of 2-D, and a 

set-up goal was to minimise the effects of navigation and other practicalities. Likewise, the 

participants were only aiming to click a black target column; they had no other intrinsic task 

goal informing their experience. This test scenario avoided confounding factors and allowed 

pointing to be explicitly investigated. Also, if this trade-off is to be more thoroughly 

understood, future work should investigate a broader range of magnification levels and scales. 

This experiment would also benefit from more participants, particularly in the group with CP. 

In a couple of cases it seems possible the lack of statistical power resulted in a Type II error. 

For example, it appeared as though the group with CP were more accurate for Double trials 

than Single trials, and found that the Double trials involved less effort. Yet neither of these 

results reached significance. Likewise trends in preferences may be evident if there were more 

than five participants with CP. 

 CHAPTER SUMMARY 

The experiment in this chapter aimed to answer Q.3, Does using movement planning 

necessarily reduce target acquisition efficacy? It demonstrated that it is possible for two 

movements to result in more effective pointing than one movement. It seems that this is a 

trade-off of the time spent performing actions not directly related to pointing. For two 

movements, the cost is related to performing all actions twice. The theoretical model in 8.2 

highlighted this since improved efficacy from an additional movement layer was susceptible to 

fixed time costs of target acquisition (i.e. the constant a in Fitts’s Law). For a single 

movement, the cost is related to making corrective adjustments to the cursor position. The 

experiment highlights this since a change in scale altered the results. Likewise, for an elective 

zoom there might be a time cost of deciding whether to use it. In a similar vein, Regardless, 
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the key finding of this experiment is that a double movement can possibly become more 

effective only when the target for a single movement would be too small. 

This trade-off is an important factor of accessibility. Accuracy is key to a device being usable, 

and small targets result in reduced accuracy (Kiger 1984, Landauer, Nachbar 1985, Zaphiris, 

Shneiderman et al. 2002). New high-resolution displays can result in targets that are small in 

both visual and motor spaces. Hence this is a current and relevant problem. Designers have the 

opportunity (and are perhaps incentivised by throughput) to design small targets that are quick 

to access for people with average motor skills. Yet this same practice may result in targets that 

are difficult for people with motor impairments (and possibly visual impairments) to acquire 

accurately. 

Outside of the effects on communication, the user experiences tell a slightly different story. To 

the designer, there is a greater risk of making a target too small than there is of adding an extra 

movement. When the target was too small, users found it frustrating, that it required more 

effort, and they performed worse. By contrast, even when the added movement was slower, 

more participants preferred it than a single movement to a small target. As such, the 

implications on pointing efficacy of this trade-off are important for everybody. 

This concludes the experiment component of the thesis. The following chapter discusses the 

studies undertaken in relation to one another. Also, the core messages of this thesis are 

summarised via a discussion on the potential, benefits, and costs of using movement planning 

ability to improve mouse-based target acquisition. 
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9. DISCUSSION & CONCLUSIONS 

The previous chapter concluded the experiment component of this thesis. This chapter begins 

by summarising the experiments. The findings of the experiments are also discussed in 

relation to one another, and the overall goal and research questions of this thesis. Later in the 

chapter, discussions on the potential (9.1), benefits (9.2), and costs (9.3) of utilising movement 

planning to improve computer accessibility are presented. Finally, the contributions of this 

thesis (9.4), and potential future work (9.5) are detailed. 

At the beginning of this thesis (subsection 1.1), the overarching goal and three research 

questions were outlined. The primary goal of this thesis is: 

To investigate the use of movement planning ability to improve mouse-based target 

acquisition for people with cerebral palsy (CP) whilst avoiding negative social aspects 

of assistive technology. 

To achieve this goal, three key questions were considered: 

Q.1 How does cerebral palsy affect movement planning for people who use a mouse? 

Q.2 How can movement planning abilities be used to improve target acquisition? 

Q.3 Does using movement planning necessarily reduce target acquisition efficacy? 

In order to investigate the use of movement planning, first an understanding of the effects of 

CP on movement planning was sought (Q.1). As outlined in the background (subsection 2.3), 

the effects of CP on movement planning are complex and difficult to measure. This thesis 

contributes novel work looking into eye-hand movement onset asynchrony. This measure was 

chosen to examine movement planning behaviour since it can be measured for very simple 

movements, and thus avoid interactions with movement execution. Previous work has 

considered fingertip force scaling (Eliasson, Gordon et al. 1991, Duff, Gordon 2003, Gordon, 

Charles et al. 1999, Gordon, Charles et al. 2006a, Rosenbaum, Meulenbroek et al. 2001) and 

grip placement (Steenbergen, Meulenbroek et al. 2004, Mutsaarts, Steenbergen et al. 2005, 

Mutsaarts, Steenbergen et al. 2006). However, those measures are not particularly relevant to 

using a computer. Onset asynchrony was used as the main measure for movement planning 
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research in this thesis because it can be applied to simple goal-directed reaching movements. 

Using a mouse and computer to acquire a target is a form of goal-directed reaching. 

The drawback of using onset asynchrony is that it is a less well established measure. In the 

literature onset asynchrony goes by many names and is often not the main focus of studies 

(even when it is measured). So in order to be thorough, before conducting the actual 

experiment into CP and movement planning (chapter 6), a systematic review explored factors 

that affect onset asynchrony (chapter 3.2), and a case study examined the repeatability of onset 

asynchrony measurements (chapter 5). The key finding of the eye tracking study in chapter 6 

was that movement execution difficulties associated with CP seem to have a greater effect on 

pointing than any differences in planning behaviour. This contributes to answering how CP 

affects target acquisition (Q.1). Furthermore, in relation to the overall goal, this finding 

suggests that a person’s planning ability can be used to avoid difficult to execute movements. 

Following on from the research into onset asynchrony, thought was given to what constitutes 

improving target acquisition whilst avoiding negative social implications in practical terms. A 

rationale is presented at the start of chapter 7 which was largely based on the ideas and related 

literature on improving target acquisition reviewed in subsection 3.1, along with the various 

philosophies on assistive technology in subsection 2.5. The literature on improving target 

acquisition was useful for examining the possible functional changes that can be made to 

target acquisition. The literature on assistive technology philosophies was useful for 

considering the true purpose of improving target acquisition. The interaction between function 

and purpose becomes quite complex. In subsection 7.1 the overall goal is refined from abstract 

notions such as ‘improving target acquisition’ and ‘avoiding negative social aspects’ to 

practical terms that add context. The goal was refined to “to help people with and without CP 

accurately acquire small targets in a way that does not prevent using a computer in the same 

way as they always have.” In subsection 7.2, a further step towards a practical implementation 

was taken by defining some solution properties that should result in achieving the goal. The 

three key properties are 1) user control over target size, 2) click-by-click control / 

responsiveness, and 3) not interfering with standard interaction mechanics. These properties 

and the practical definition are not intended to be the only possible way of achieving the 

overall goal, they just represent the method that I used. 

In response to the second question (Q.2), an interaction method was designed to make use of 

people’s planning ability for situations involving difficult to execute movements. This 

interaction method (the expansion cursor) was evaluated in chapter 7. Whilst the cursor’s 
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optional zoom lens aimed to make use of planning ability, the expansion cursor also 

considered accessibility from a holistic point of view, as discussed in 7.3. For example, social 

implications are considered even though they do not obviously relate to movement planning. 

The expansion cursor is an exploration of a practical answer to the overall research goal. It 

demonstrates that participants with and without CP will choose to use an alternative method of 

target acquisition when targets become very small. 

When investigating the expansion cursor, it was observed that using the zoom function (i.e. 

making an extra movement) resulted in slower target acquisition. The theoretical model in 

subsection 8.2 also predicts this when click time was included. However, the model could not 

include the small scale effect, and the evaluation of the expansion cursor was not a controlled 

throughput experiment. So in the rest of chapter 8, a controlled throughput experiment was 

performed to determine if adding a movement layer would necessarily result in reduced 

efficacy (as per Q.3). It was shown that two movements can only increase efficacy when a 

single movement target is so small that many fiddly corrections are required (as per the small 

scale effect). The experiment also showed there was probably a time cost to the decision 

making processes involved in using the expansion cursor. 

During the refining of the goal into a practical definition, it was assumed that improving 

acquisition of small targets was the key element to improving target acquisition on the whole. 

Reflecting upon this, the throughput experiment in chapter 8 also clarified that small target 

acquisition is indeed the problem it was thought to be. That is, an omnipresent problem 

regarding accessibility. An interface that is optimised for the interaction efficacy of an 

‘average’ user is likely to contain targets that are too small for a user with motor impairments. 

Furthermore, the user feedback in the experiment supports the requirement for an alternative 

method (such as the expansion cursor) of acquiring targets that are too small. The user should 

have access to recourse when they encounter difficulty. 

All of the research in this thesis was intended to answer the three research questions. However, 

it also starts to paint a picture of how movement planning can be leveraged to improve target 

acquisition. To highlight the implications of this work, it will now be discussed in terms of 

potential, costs, and benefits. 

 POTENTIAL 

The research undertaken in this thesis demonstrates the potential of leveraging movement 

planning abilities to improve target acquisition for people with CP. Potential can be viewed in 
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terms of two questions: ‘is it possible?,’ and ‘how can it be done?’ Here is a list of key points 

regarding potential that will then be discussed: 

 CP does affect movement planning behaviour. 

 However, potential deficits in movement planning ability do not significantly 

contribute to difficulty using a mouse for people with CP. 

 The user’s ability to judge and adapt to their situation can be leveraged to improve 

target acquisition. 

 To make use of planning ability, users must be given choice in how they interact. 

 Making a choice is likely to require an extra input. 

 IS IT POSSIBLE? 

A key consideration for the possibility of using movement planning abilities is assessing if CP 

negatively affect those abilities. Previous literature has suggested deficits exist for planning 

ahead using motor imagery, and integrating weight information into movement plans. Grip 

planning studies (Steenbergen, Meulenbroek et al. 2004, Mutsaarts, Steenbergen et al. 2005) 

have shown that participants with HCP did not grasp objects according to the ‘end-posture 

comfort effect’ (Rosenbaum, Vaughan et al. 1992). Furthermore, in one study, participants 

with HCP grasped a knob with their less-affected hand in such a way that achieving the task 

goal was not possible (Mutsaarts, Steenbergen et al. 2006). These results suggested the 

participants with CP had difficulty with motor imagery and planning ahead. Based on a series 

of anticipatory fingertip force regulation studies (Eliasson, Gordon et al. 1991, Duff, Gordon 

2003, Gordon, Charles et al. 1999, Gordon, Charles et al. 2006a, Rosenbaum, Meulenbroek et 

al. 2001), Steenbergen & Gordon (2006) also suggest participants with HCP had difficulty 

integrating sensory information into movement plans of their affected hand. 

However, these effects are not particularly relevant to computer mouse use. The motor 

imagery involved in moving a cursor is not as complex as grasping and rotating an object. The 

limits of dexterity are less likely to be involved, and end-posture comfort will be achieved by 

default. It could be argued that people with CP engage in step-by-step planning to 

intermediary goals when using a cursor since there are often a higher number of sub-

movements (Hwang, Keates et al. 2004, Findlater, Jansen et al. 2010, Almanji, Davies et al. 

2014). However, inaccuracy of the primary sub-movement is likely due to motor noise (Harris, 

Wolpert 1998, Fitts 1954), or possibly due to uncertainty in muscle force generation (Smits-

Engelsman, Rameckers et al. 2007) rather than difficulty planning. Compared to direct 
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pointing, using a mouse and cursor entails an added transformation of muscle-effector 

mapping to predict the response of the cursor to hand movements being made. Yet, in the 

experiment in chapter 6, it was shown that participants with and without CP adapted their 

onset asynchronies in very similar ways when using a mouse instead of direct pointing. 

The ability to regulate fingertip force generation in an anticipatory manor is also not 

particularly relevant to mouse use. It could be argued that every time the mouse is moved, a 

user must anticipate how much fingertip force is required. However, the fingertip force 

experiments considered integrating novel weight information into movement plans. Even for 

the one case where that was done poorly (using sensomotory experience of the affected hand 

to anticipate for the affected hand), internal representations of weight still improve with 

practice (Gordon, Charles et al. 1999). If someone is a regular mouse user, they are likely to be 

highly familiar with the weight of their mouse. Regardless, the weight of a computer mouse is 

unlikely to vary to a great level from one mouse to the next. It is not like picking up a 

cardboard box which could have anything in it. Perhaps the most relevant parameter for 

moving a mouse is not its weight, but anticipating the amount of friction involved in sliding it. 

It is conceivable that this could vary more than weight since a mouse could be used on many 

different surfaces. Although again, unless the surface is completely novel, the user is likely to 

account for this with experience. This thesis is aimed at improving mouse use precisely 

because it is the type of input device that people use for an extended period of time (in the 

work or educational settings for example). Furthermore, the fingertip force experiments 

(Eliasson, Gordon et al. 1991, Duff, Gordon 2003, Gordon, Charles et al. 1999, Gordon, 

Charles et al. 2006a, Rosenbaum, Meulenbroek et al. 2001) suggested that when participants 

used their less impaired hand, there was no deficit at all in anticipatory behaviour. Whilst this 

thesis is not specifically focused on people with HCP with an ‘affected’ and ‘less-affected’ 

side (it is just focused on people who usually use a mouse), all people with CP are likely to 

have a preferred side. It is possible that the preferred side is also better at integrating weight 

information (than the non-preferred side) since it is likely to have much more experience at 

doing so. 

The experiment in chapter 6 also demonstrated a difference in planning between participants 

with and without CP. When eye and hand movements where decoupled, onset asynchronies 

were significantly different between participants with and without CP. This potentially reflects 

a reduced ability to isolate control of each system. However, this should not be an issue for 
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improving target acquisition as long as the method of improving target acquisition does not 

necessitate isolated control. 

Although CP does affect planning ability in several ways, the important question for this 

context is ‘does CP affect planning ability in a way that negatively impacts mouse use?’ In 

several ways that are more relevant to computer mouse use, the experiment in chapter 6 

demonstrated that there are unlikely to be planning deficits. As mentioned already, participants 

with and without CP significantly adjusted their onset asynchronies when a mouse was used 

instead of direct pointing. It also seems possible that the participants with CP were capable of 

integrating spatial task information into movement plans and pre-planning movements. The 

experiment itself lacked statistical power for this conclusion, but on face value both participant 

groups reduced their onset asynchronies slightly when they knew where a target would appear. 

This is relevant since it reflects an ability to make use of a familiar screen layout. 

By contrast, the same onset asynchrony experiments showed that participants with CP still 

took significantly longer to acquire targets. This suggests that movement execution problems 

are making a greater contribution to activity limitation than any planning effects. This is 

critical since it shows the potential of using movement planning to avoid difficult to execute 

movements. 

As well as all of these theoretical experiments around CP and movement planning, later 

experiments collected practical evidence. The expansion cursor experiment in chapter 7 

demonstrated users with CP making use of their planning ability to avoid difficult to execute 

movements. The users with CP were perfectly capable of choosing to hold down the mouse 

button and make corrective movements. This could be viewed as step-by-step planning, 

however it is important to note that using the zoom was a planned decision and not done by 

accident. The click durations of Attended movements (where the zoom was used) were outside 

four standard deviations from the mean click duration of standard cursor trials. Participants 

with CP made corrective movements for 65 (42.2%) of the 154 Attended movements they 

made. Furthermore, Attended movements only became common when the targets were small. 

Clearly this shows participants used their planning ability to adapt to the difficulty of the task.  

There is an important caveat to movement planning ability being a suitable resource to avoid 

difficult to execute movements. This thesis largely investigates this for people with CP MACS 

levels I and II, who usually use a computer mouse. Two participants with CP of a higher 

MACS level (III / IV) were involved in the repeatability experiment in chapter 5, and the 
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movement planning experiment in chapter 6. For both of these participants, onset asynchrony 

values and patterns were vastly different to participants without CP, and it was difficult to 

draw any conclusions regarding their planning ability. There were much higher levels of 

variability in the results. Indeed, the repeatability study showed that the onset asynchronies in 

that experiment were not repeatable between sessions. With that in mind, it seems unlikely 

that the findings for the participants with CP MACS levels I and II would generalise to people 

with higher levels of impairment. 

 HOW CAN IT BE DONE? 

The other key question of potential is determining how is it possible to make use of planning 

abilities. Since planning involves selecting a method of achieving a task goal, I contend that 

making use of it is really using people’s ability to judge and adapt to different situations. 

In previous work aiming to improve target acquisition, this ability is ignored. In most related 

work the novel acquisition method is forced upon the user in an omnipresent fashion. For 

example, the ideas of bubble cursor (Grossman, Balakrishnan 2005), sticky icons (Worden, 

Walker et al. 1997), expanding targets (McGuffin, Balakrishnan 2002, Bohan, Scarlett 2003, 

Lee, Kwon et al. 2012, Hwang, Hollinworth et al. 2013), click-and-cross and cross-and-cross 

(Findlater, Jansen et al. 2010) are assumed to be in use every time a target is acquired. Some 

further work has attempted to account for context. For example adaptive click-and-cross only 

activates the click-and-cross element when the cursor is clicked near a smaller target (Li, 

Gajos 2014). Similarly PointAssist (Hourcade, Perry et al. 2008) reduces C-D gain when it 

senses the user having difficulty acquiring a target. However in both of these cases the user is 

not adapting to their situation, the system is determining the situation for the user. Using a 

user’s ability to adapt to different situations is the opportunity space where leveraging 

planning ability can be effective. 

For the acts of judgement and adaptation to be possible, users must have some sort of choice 

in how they interact. That is if there is no choice, no adaptation can occur. If only one plan can 

achieve a goal, planning ability is not really used. Herein lies a key contribution of this thesis, 

ongoing user choice over target width has not previously been investigated for people with 

motor impairments. A ‘SHIFT’ key activated C-D gain reduction has been reported (Appert, 

Chapuis et al. 2010). However the choice involved in activating it was not investigated and its 

intended application was avoiding the quantization issue of focus+context environments (such 

as map navigation). Choice has been investigated for stylus interaction (Ramos, Cockburn et 
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al. 2007), although not for people with motor impairments. Both ninja cursors (Kobayashi, 

Igarashi 2008) and pointer wrapping (Quinn, Cockburn et al. 2011) also involve an element of 

user choice since multiple amplitudes are possible to acquire a target. However, neither of 

these concepts aim to improve accessibility. 

For choice to exist, different inputs must be possible. This will likely to lead to an extra input 

step being required. If there is to be control over target size (in visual and/or motor space), an 

additional input must be made to indicate a change in target size is desired. For example, the 

Key precision lens (Appert, Chapuis et al. 2010) uses the ‘SHIFT’ key to reduce C-D gain, 

thus increasing the target size in motor space. Similarly, Ramos et al. (2007) used dwell time, 

stylus pressure, and an additional movement to active zoom lenses with a stylus. In these 

methods, it is possible for the user to acquire the target without activating the zoom lens or 

reducing the C-D gain. Other research has investigated improving accessibility via acquiring a 

target with two steps instead of one (e.g. Findlater, Jansen et al. (2010)), however there is no 

choice over acquisition method. 

Likewise, traditional interfaces generally do not allow for users to adapt to a situation and 

choose how they want to acquire a target. The selection and confirmation criteria are often 

rigid. For some functions (e.g. ‘Save’, ‘Print’), there are multiple icons that can be acquired on 

different screens, although for many functions that is not the case. Shortcut keys are 

sometimes available (e.g. Ctrl + S, Ctrl + P), although these are intended for the ‘expert’ user 

to save time, and not to improve accessibility. 

Despite the relatively fixed nature of software, some user adaptation already occurs at the 

hardware level. In their study investigating adapting user interfaces to user preferences, Gajos 

et al. (2008) mention how participants with motor impairments control a mouse or trackball. 

Different parts of their body are used in a way that best suits them: one hand, two hands, backs 

of the fingers, bottom of the wrist, bottom of the fist, and chin are reported. 

 BENEFITS 

Since leveraging planning ability is possible, it is important to consider why one might want to 

do so. Here is a list of key benefits that will then be discussed: 

 Choice can be used to improve accuracy via providing a method of recourse for target 

acquisition. 
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 Interfaces are likely to always contain some small targets that are difficult to acquire 

accurately. 

 Allowing choice makes it possible to avoid interfering with typical use. 

 Leveraging user choice and planning avoids needing to predict or interpret when the 

user is encountering difficulty. 

 Choice allows users to adapt to their situation. 

 A method of recourse enables access and prevents users from getting stuck. 

 Having a method of recourse can improve user confidence even if they do not use it. 

 Allowing choice accounts for subjective user preferences. 

 Ongoing user choice can avoid segregating users into groups based on ability, i.e. 

‘those who need help’ and ‘those who do not need help’. 

 Interaction methods based on planning and choice should be more readily adoptable. 

 FUNCTION 

As already mentioned, this thesis proposes leveraging movement planning ability by giving 

users the option of replacing one difficult movement with two easier ones. The main purpose 

of using planning to choose an extra movement layer is to make targets accessible, i.e. they 

can be acquired accurately. 

In the expansion cursor experiment (chapter 7), using the zoom (i.e. taking an extra step) 

improved accuracy for smaller targets. This result is consistent with other work that improves 

accessibility by adding a step to the target acquisition process. The visual-motor magnifier, 

click-and-cross, and cross-and-cross all significantly improved accuracy for participants with 

motor impairments (Findlater, Jansen et al. 2010). Likewise, the trailing lens, the delay-

activated lens, and the pressure activated lens all improved accuracy compared to direct 

pointing with a stylus (Ramos, Cockburn et al. 2007). All of these techniques work by 

replacing one difficult movement with two easier ones. 

Improving accuracy of acquiring small targets is important since interfaces will inevitably 

contain some small targets. The throughput experiment in chapter 8 demonstrated that fewer 

movements to small targets is more efficient than a greater number of movements to larger 

targets. This agreed with the suggestions of the theoretical model in subsection 8.2.2. It seems 

extra movements are only faster when the fewer movements are to targets so small (e.g. 2 

pixels) that users spend most of their time making fiddly corrective movements. So, from a 

pointing perspective, interface designers are incentivised to fit as many targets on a screen as 
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possible. Hence targets will tend to be as small as possible. Likewise, previous work into 

menu navigation has shown that it is faster to navigate fewer layers of menus (Kiger 1984, 

Landauer, Nachbar 1985, Zaphiris, Shneiderman et al. 2002). For these reasons, interfaces are 

likely to always contain small targets which are difficult to acquire for people with motor 

impairments. 

Improving accuracy for small target acquisition is also important since users often do not like 

small targets. In the throughput experiment (chapter 8), participants found the smallest targets 

(2 pixels wide) increased frustration and effort compared to simply making two movements. 

For the larger scale (5 pixel targets), participants without CP still preferred making two 

movements to larger targets, even though the single movement was significantly faster.  

Aside from improving accuracy, making use of a user’s planning ability makes it possible to 

avoid interfering with typical use. The expansion cursor aims to do this. Ramos et al.’s (2007) 

pointing lenses for stylus interaction also aim to do this. In both of these studies, participants 

only activated the zoom lens when the targets were smaller than 8 pixels. For larger targets 

participants could just acquire them via the same method they typically would (with either the 

mouse or the stylus). By comparison, cross-and-cross has to be used every time a target is 

acquired, and it increased acquisition times for larger targets (16 pixels) for users with motor 

impairments (Findlater, Jansen et al. 2010). 

Furthermore, by using movement planning and leaving participants to choose if they find 

something difficult, the issue of predicting a user’s desires and intentions can be avoided. 

Many algorithms reduce C-D gain based on cursor kinematics (Al Manji, Davies et al. 2015, 

Wobbrock, Fogarty et al. 2009, Hourcade, Perry et al. 2008, Worden, Walker et al. 1997). The 

risk of doing this is that the cursor movement may become unpredictable to the user. 

 USER-CENTRED 

Using movement planning ability is also putting the user first. It is trusting their ability to 

decide for themselves and adapt to their situation. It is not forcing anyone to use an interaction 

method in situations when they do not want to. As such, allowing the user to exercise choice 

should be seen as a benefit. Most interaction methods do not allow users to make decisions for 

themselves. The result is that users are forced to use a particular method all of the time, or that 

the system attempts to decipher when the user is having difficulty. 
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Not allowing users to choose how they interact is ignoring that their preferences may be fluid, 

change over time, and depend on their circumstance. A user may be tired or alert, they may be 

using a computer seated comfortably or using a laptop on public transport. Furthermore, users 

will always encounter a wide variety of target sizes. 

Allowing users a method of recourse when they encounter difficulty helps avoid them getting 

stuck or frustrated. Furthermore, the knowledge that an alternative method is available can be 

reassuring. A participant in the expansion cursor experiment (chapter 7) mentioned that she 

felt more confident knowing the zoom was there even though she did not use it. Another 

participant in the throughput experiment (chapter 8) also mentioned they liked the back-up of 

being able to zoom. 

Inevitably, all users are different and will have slightly different preferences. Herein lies 

another advantage of creating an interaction method where the user has control over how they 

use a computer. Some participants did not like the zoom since they did not think they needed 

it. This should not be seen as a problem. They should not have to use it if they do not want to. 

Likewise, the zoom is intended to be useful when users encounter difficulty. Since difficulty is 

subjective, it appears ideal that the user has control over this decision. 

 BROADER CONTEXT OF ASSISTIVE TECHNOLOGY 

Another benefit of using planning ability is that the design philosophy fits in well with the 

broader context and purpose of assistive technology. Critically in both the expansion cursor 

experiment and throughput experiment, users without CP also made use of the zoom. This is 

important for two reasons. 

First, let us consider the social implications of this. It avoids segregating and marking users 

based on whether they use it or not. By allowing the user constant choice over whether they 

use a tool or not, the tool can be designed for a specific situation rather than a specific user 

group. That situation may be encountered by people at varying frequencies. Using assistive 

technology that is unfamiliar to other people can create a barrier to use. As mentioned in one 

study (Shinohara, Wobbrock 2011), a user effectively had to establish a siege mentality in 

order to feel comfortable using assistive technology. This psychological challenge can be 

completely avoided if technology is not viewed as being ‘for people with disabilities.’ That is 

why it is important that both participants with and without CP chose to use the zoom in the 

expansion cursor study. This is socially important and reduces the social cost of using it. 
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Second, let us consider the practical implications. A tool is more likely to be available if more 

people use it. One key issue with assistive technology and accessibility options is that users 

may not be aware they exist and often they are not adopted by people with motor impairments 

(Davies, Chau et al. 2010). However, if an interaction method can useful for a large scope of 

users without interfering with typical use, then it seems more likely that it can be made widely 

available, omnipresent, and adoptable. 

In short, it seems likely the tool will be more accessible for people with CP if people without 

CP use it too. 

 COSTS 

Despite the key benefits of improving accuracy whilst avoiding negative social implications, 

there are some costs to giving users choice and making use of their planning ability. Here is a 

list of key costs that will then be discussed: 

 Exercising choice often involves an extra movement layer which is likely to increase 

acquisition durations. 

 Allowing choice can slow interaction due to decision times. 

 Allowing choice may increase cognitive load. 

 It is not possible to completely avoid interfering with typical use. 

 The inputs required to exercise choice will occupy some of the input bandwidth. 

 It is difficult for an alternative interaction method to be discoverable and easy to 

perform without occasionally being activated unintentionally. 

 The inputs required to exercise choice will likely have to replace another function that 

is already present. 

 TIME COSTS 

There is a time cost of allowing users to make target acquisition easier via an extra movement. 

As demonstrated in the throughput experiment (chapter 8), an additional movement layer is 

likely to result in slower target acquisition unless the single movement target is frustratingly 

small. In the expansion cursor experiment (chapter 7), it was clear that using the zoom resulted 

in target acquisition requiring more time. 

Furthermore, the throughput experiment further demonstrated that the expansion cursor was 

never as efficient as an ideal interface. Depending on the situation it was either slower than 
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single movement, double movement, or both. Since the expansion cursor effectively allows the 

user to choose between a single movement and a double movement, it seems likely that the 

expansion cursor could never be faster than the optimal choice of movement layers. 

Aside from the movement layer aspect, there is probably a time cost to introducing a decision 

making process. This could also result in additional cognitive load. During the throughput 

experiment, some participants mentioned that they found the element of choice distracting, 

that it added complexity, and that it required more concentration. 

 IMPACT ON USE 

Whilst avoiding interference with typical use is a benefit of movement planning based design, 

it is not possible to do this with 100% efficiency. In an absolute sense, if an interaction method 

did not interfere with typical use at all, then it would have no effect and no benefit. This 

problem was evident in the expansion cursor experiment in chapter 7. The expansion cursor 

did not require users to change how they functionally made inputs. However it did result in 

visual changes. One was a change to the cursor representation (the aim was to signal that 

zooming was possible). Another was that a small amount of zooming occurred even for quick 

clicks. Both of these are visual artefacts of attempting to make a fluid design. Possibly due to 

the altered cursor representation, accuracy decreased for Not Attended movements to small 

targets. 

Choice, and by extension making use of planning ability, also uses up a portion of input 

bandwidth. Some input must be assigned to performing an alternative acquisition method. 

Therefore that new input combination must replace something. For example, the expansion 

cursor functionality interferes with dragging. This type of interference is almost unavoidable 

since computers generally do not have buttons or combinations of inputs free that currently 

serve no function. Especially not inputs that are easy for the user to perform.  

 USABILITY OF THE TOOL 

The aforementioned requirement for choice to use up part of the input bandwidth can lead to 

usability issues. It is very difficult for a choice-signifying action to be immediately accessible 

without it interfering with everyday interaction. 

There is a difficult trade-off in balancing discoverability with avoiding distraction and 

interference. This is true in several senses. If target widths are to change, there must be some 

sort of transition, which must take time. If this transition is too quick, targets appear to ‘jump 
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out’ of the screen. That is, they are enlarged in such a way that the user is not expecting and 

not desiring. If the transition is too slow, the activation method may seem unresponsive. This 

can be a hurdle to use, and also result in the function not being discoverable. 

Along with the transition speed, there is a similar problem with defining the inputs required to 

activate an alternative method (e.g. zoom). A design decision must be made regarding the 

‘distance’ of the alternative input from standard use. First, an explanation of what I mean by 

‘distance’. A short distance would be an input that requires minimal deviation in physical 

movement and effort from the user. For example, if a typical use involves left clicking with 

the mouse, then an alternative input of right clicking is only a short distance away. By 

contrast, if the alternative input involved the user having to move their hand from the mouse to 

the keyboard to press a button, then that would be a large distance. There is a trade-off 

involving this distance. A short distance to the alternative input would be easier to perform 

and fluid, but there is a risk of accidental activation. For example, the activation method of the 

expansion cursor is holding down the mouse button for an extended duration. This is a very 

short distance but it is easy to perform unintentionally. However, a large distance is likely to 

result in a difficult and unusual input, that is not discoverable, and probably adds to the time 

barrier of choosing to do it (i.e. users ‘can’t be bothered’). For example, if one is in the process 

of using a mouse, then shortcut keys for saving a file are a large distance from the typical 

input. It is much easier to just click a ‘save’ icon. Note that this distance is relative to what the 

user is already typically doing. In the case of target acquisition it is assumed that the user 

already has one hand on the mouse. 

So, a short ‘distance’ is desirable but it is difficult to integrate with standard functions. Inputs 

that are a short distance from typical use are likely to already perform another function since 

they are easy to perform and more discoverable. As mentioned, the expansion cursor mechanic 

interferes with dragging. 

There are also some paradoxes here. For a new input to be discoverable and easy to activate, 

does it have to happen by accident occasionally? Thereby making it interfere with standard 

use? Ideally, if we return to the concept of user planning ability, interaction should be 

predictable so users can choose to avoid unintentional inputs. Even if a new input is ‘in the 

way’, accidental activation should not be a problem once the user is accustomed to the 

functionality. Furthermore, activating an alternative input method (e.g. a zoom) should not 

impede the action the user is trying to perform. For example, activating a zoom by accident 

when acquiring a target should not prevent the user from acquiring the target. However, 
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activating zoom by accident when trying to perform an unrelated action would be very 

annoying, For example, unintentionally activating a zoom whilst trying to drag an icon would 

be frustrating since it would preclude achieving the task goal. 

 CONTRIBUTIONS 

Here is a summary of the key contributions of this thesis. They are categorised according to 

which research question they best relate to. 

Goal: To investigate the use of movement planning ability to improve mouse-based 

target acquisition for people with cerebral palsy (CP) whilst avoiding negative social 

aspects of assistive technology. 

 An outline of the potential, benefits, and costs of leveraging movement planning ability 

to improve target acquisition for people with CP that can be used to inform interaction 

design (in chapter 9). 

Q.1 How does cerebral palsy affect movement planning for people who use a mouse? 

 Systematic review and analysis of factors affecting onset asynchrony that can be used 

to inform experiment designs and interpretation of results (in subsection 3.2). 

 First onset asynchrony measurements for a person with CP making a discrete 

movement which show that previously reported decreases of onset asynchrony in 

participants with CP are only applicable to reciprocal trials with grasping (in chapter 5). 

 First investigation into the repeatability of onset asynchrony measurements which 

shows that it is a reliable measurement in comparison to movement times (in chapter 5). 

 Furthering knowledge of the effects of CP on movement planning and showing that 

movement execution problems are more likely to contribute to activity limitation (in 

chapter 6). 

Q.2 How can movement planning abilities be used to improve target acquisition? 

 Novel taxonomy and analysis of literature on improving target acquisition which 

provides a more complete mapping of the design space than has previously been 

reported (in subsection 3.1). 

 Design and evaluation of a novel interaction tool that improves small target acquisition 

by making use of a user’s movement planning ability (in chapter 7). 
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 Equally, creation of an interaction tool that avoids the assistive technology paradox of 

functionally useful technology marking users as ‘needing help’ (in chapter 7). 

Q.3 Does using movement planning necessarily reduce target acquisition efficacy? 

 Theoretical model of the pointing throughput trade-off between a single movement to a 

smaller target and several movements to larger targets (in subsection 8.2). This 

demonstrates the sensitivity of the trade-off to fixed time costs of pointing movements. 

 Controlled experiment investigating the efficacy trade-off between a single movement 

to a smaller target and two movements to larger targets. Also investigating the costs of 

leaving the user to choose whether to make one or two movements (in chapter 8). This 

shows that adding a movement layer only has potential to improve efficacy for very 

small targets. 

 Demonstration of a driver of inaccessible design: interfaces are likely to always 

contain small targets for speed reasons, even though they are difficult for people with 

motor impairments to acquire accurately (in chapter 8). 

 FUTURE WORK 

The research undertaken in this thesis can lead to many areas of future work. In terms of the 

overall goal, the work in this thesis is relatively theoretical. So, the clearest direction to take is 

to apply the findings in a more practical setting. That can take form in several ways. Firstly, 

the expansion cursor could be developed into an actual tool that can be used with a real 

interface. The implementation would need to be refined (e.g. a fish-eye type visualisation) and 

a method of avoiding interference with dragging determined. The expansion cursor would also 

be more useful to a wider range of people if there were a setting where the user did not need to 

hold the mouse button down to keep the zoom open (so the dexterity requirement could be 

reduced), and if the zoom area could be moved once it is open (to facilitate visual searching). 

Secondly, aside from the implementation, the test environment could be made more realistic. 

The task in the expansion cursor study was very much a controlled lab experiment where 

participants had no extrinsic task goal except for clicking the square with the ‘X’ in it. 

Investigating a task where the user had a realistic extrinsic task goal would improve the 

generalisability of the results to real-world situations. Furthermore, if the expansion cursor 

was developed into an actual tool, a qualitative analysis over an extended test period could be 
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performed (e.g. over several weeks). Participants could use the tool at home and report their 

experience. 

Individual chapters also point to future work that is not as closely related to the overall goal of 

the thesis. The systematic literature review into onset asynchrony factors (chapter 3.2) 

revealed that many factors have only been evaluated in one or two studies. As such, the overall 

picture is incoherent in parts. However, a trend in publication dates suggests that there are 

likely to be more studies involving onset asynchrony in the coming years. If the systematic 

review were performed again in another 10 years then a more coherent picture of onset 

asynchrony factors may emerge. 

The most surprising result of the repeatability experiment in chapter 5 was that completion 

times were not repeatable. This is a commonly used measure (indeed it was used in later 

chapters) so further experimentation is required to determine the repeatability of this measure 

between test sessions. De Boer et al. (2013) also demonstrated significant changes in 

movement times between test sessions. 

The movement planning experiment in chapter 6 has many interesting results that warrant 

further investigation. First, an experiment with greater statistical power is required to confirm 

the suggestion that participants with CP pre-plan movements in the same way as participants 

without CP. 

Also in chapter 6, the clearest difference between participant groups was for the Eyes Apart 

trials which were intended to decouple eye and hand movements. The reasoning for this can be 

further investigated. It is not clear if the key element to decoupling movements is the different 

directions of making eye and hand movements, or if the key element is a change in the way 

visual information is used. 

The onset asynchrony adjustments to using a mouse and cursor could be evaluated with a 

superior experiment technique. Ideally the hand onset would be measured via the same method 

for both direct pointing and using a mouse. This could be done with a video and marker 

system, or possibly with EMG (electromyography) measurements of a suitable muscle. 

With all of the research into movement planning, more specific participant groups and clinical 

assessments would strengthen results. For example, age may be a factor since the 

developmental timeline patterns in onset asynchrony are not known. Also, Craje et al. (2009) 
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suggested that some planning deficits (in people with HCP) may be specific to people with 

right sided hemiparesis. 

In terms of computer interaction, there are also many paths of future research that could be 

followed. During the expansion cursor experiment, it occurred to me that some participants 

may choose to use zoom less if they believe it is designed for people other than them. More 

specifically, for people who have (more) impaired motor abilities. This hypothesis of social 

interaction could be tested via a deception experiment. The experiment design would be 

almost identical to the one presented in chapter 7 except that one participant group (without 

CP) would be told the expansion cursor is ‘for people with disabilities’, and another 

participant group (also without CP) would be told the expansion cursor is an advanced new 

cursor type. It would then be interesting to observe if there is any difference in zoom usage 

rates. This would require a large sample size. 

The throughput trade-off model in subsection 8.2 could also be the basis of future research. 

Using a similar derivation to the model, it may be possible to create and algorithm to predict 

the efficiency of a screen layout. This could be based on a generalised acquisition time for 

each target based on its screen position and proportional width (see 10.7 Appendix G). It may 

also be possible to create a tool that guides accessible design for designers who have little 

knowledge of accessibility. For example, it could check target sizes and locations, and 

question if an alternative method of achieving the same goal is available. 

The practical evaluation of this model, the efficacy experiment, could also be refined further. 

As always, more participants and replication would solidify results. More real-world scenarios 

could also be investigated by adding complexities such as two dimensions (2-D), screen 

boarders, the cursor starting outside target zone, and by making the task a more realistic 

representation of a functional interface. Future work should also investigate a broader range of 

magnification levels and scales. 

 THESIS SUMMARY  

This thesis investigated making use of movement planning ability to improve mouse-based 

target acquisition for people with cerebral palsy (CP).  

In Research Section 1: CP and Movement Planning (chapters 5, and 6), CP’s effects on 

movement planning were studied. A novel method of using onset asynchrony to investigate 

movement planning was established in this thesis. The groundwork in subsection 3.2 and 
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chapter 5 established a general understanding of which factors affect onset asynchrony, and 

whether onset asynchrony measurements are likely to be repeatable. They informed the main 

experiment into planning behaviour in chapter 6. For reaching tasks across different planning 

conditions, temporal coordination (eye-hand movement onset asynchrony) was generally 

similar between participants with and without CP. Notably, movement durations were 

significantly longer for the group with CP. This suggests that movement execution difficulties 

are making a greater contribution to activity limitation than any movement planning deficits. 

Research Section 2: Improving Target Acquisition (chapters 7 and 8) sought to leverage 

movement planning ability to improve mouse-based target acquisition. The goal was refined 

into practical terms and proposed solution properties were outlined. Based on this, the 

expansion cursor was then devised (chapter 7) that allowed users to plan around difficult 

movements and accurately acquire small targets without interfering with typical use. The 

expansion cursor effectively allowed users to replace one movement to a small target with two 

movements to larger targets (which took longer). In the final experiment (chapter 8), the 

potential for an additional movement layer to be more efficient than a single movement was 

evaluated. Results suggested that two movements are only faster when the smaller single 

target requires many corrective movements. 

In conclusion, using movement planning ability has great potential to improve accessibility of 

acquiring small targets without segregating users. However, introducing choice is unlikely to 

improve speed, and it is difficult for this choice to be readily available to the user without 

affecting typical use in some small way. 
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  APPENDIX A : TABLE OF RELATED WORK IMPROVING TARGET ACQUISITION 

Table 10-1        

Interaction 

Name 

Authors Description Selection Criteria Confirmation 

Criterion 

Select Rep.= 

f(Select Input) 

Feedback 

Channel 

# of 

Layers 

Standard n/a Standard mouse-based target acquisition. Range of cursor x-

positions & range of 

cursor y-positions. 

MouseUp(), 

MouseDown(), 

or both. 

C-D Gain. Graphical User 

Interface. 

1 

Sticky Icons (Worden, 

Walker et al. 

1997) 

Reduces C-D gain over icons.   Cursor position.   

Semantic 

Pointing 

(Blanch, 

Guiard et al. 

2004) 

Increases C-D gain when far from icons, 

decreases C-D gain when close to icons. 

  Cursor position.   

Bubble 

Cursor 

(exp.1) 

(Grossman, 

Balakrishnan 

2005) 

Dynamically resizes the activation area of the 

cursor to select nearby items, allowing them to 

be selected without the cursor being over them. 

Cursor position.     

Bubble 

Cursor 

(exp.2) 

(Grossman, 

Balakrishnan 

2005) 

Dynamically resizes the activation area of the 

cursor to select nearby items, allowing them to 

be selected without the cursor being over them. 

Cursor position.     

Expanding 

Targets 

(spatial 

expansion) 

(McGuffin, 

Balakrishnan 

2002) 

Dynamically resizes icons. Target expands 

gradually over 100ms starting from when the 

cursor has travelled 90% of the distance. The 

icon doubles in size. 

Cursor position & 

timer. 

    

Expanding 

Targets 

(exp.1) 

(Hwang, 

Hollinworth 

et al. 2013) 

Dynamically resizes icons. Target expands 

gradually over 100ms starting from when the 

cursor has travelled 50% of the distance. The 

icon doubles in size. 

Cursor position & 

timer. 

    

Expanding 

Targets 

(exp.2, 

Expanding) 

(Hwang, 

Hollinworth 

et al. 2013) 

Dynamically resizes icons. For expanding, 

targets expand over 50ms to twice the size 

once the cursor is in the area that would be 

occupied by the expanded target. 

Cursor position & 

timer. 
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Table 10-1        

Interaction 

Name 

Authors Description Selection Criteria Confirmation 

Criterion 

Select Rep.= 

f(Select Input) 

Feedback 

Channel 

# of 

Layers 

Expanding 

Targets 

(exp.2, 

Visual) 

(Hwang, 

Hollinworth 

et al. 2013) 

Dynamically resizes icons. For visual, target 

visually expands when the cursor enters it, but 

it is the same size in motor space, this is 

effectively a highlight. 

   Selection criteria 

are made more 

visible. 

 

Expanding 

Targets 

(exp.2, 

Dynamic) 

(Hwang, 

Hollinworth 

et al. 2013) 

Dynamically resizes icons. For dynamic, the 

target expands to twice the size once the cursor 

enters it. 

Cursor position 

(unselection only). 

    

Object 

Pointing 

(exp.1) 

(Guiard, 

Blanch et al. 

2004) 

Creates secondary cursor that highlights/goes 

to a predicted target when the primary cursor is 

in unused space. One condition didn't display 

the actual cursor and just the highlighting one. 

Cursor velocity 

(direction). 

    

Object 

Pointing 

(exp.2) 

(Guiard, 

Blanch et al. 

2004) 

Creates secondary cursor that highlights/goes 

to a predicted target when the primary cursor is 

in unused space 

Cursor velocity 

(direction). 

    

Ninja 

Cursors 

(Kobayashi, 

Igarashi 

2008) 

Multiple usable cursors across two screens. Cursor position.     

Pointer 

Wrapping 

(Quinn, 

Cockburn et 

al. 2011) 

Allows cursor to wrap around the screen.   Boundaries 

changed. 

  

Ninja 

Cursors 

(Quinn, 

Cockburn et 

al. 2011) 

Multiple usable cursors on one screen. Cursor position.     

Motor 

Magnifier 

(Findlater, 

Jansen et al. 

2010) 

A visually represented circular zone is 

constantly around the cursor, when the user 

clicks, the C-D gain is reduced within the 

circle, the cursor becomes a bubble cursor, and 

a target can be selected. 

Cursor position.  Button click & 

cursor position. 

 2 
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Table 10-1        

Interaction 

Name 

Authors Description Selection Criteria Confirmation 

Criterion 

Select Rep.= 

f(Select Input) 

Feedback 

Channel 

# of 

Layers 

Visual-

Motor 

Magnifier 

(Findlater, 

Jansen et al. 

2010) 

Similar concept to Motor Magnifier except the 

circle area is zoomed (enlarged in visual and 

motor space). 

Cursor position.    2 

Click-and-

Cross 

(Findlater, 

Jansen et al. 

2010) 

A visually represented circular zone is 

constantly around the cursor, when the user 

clicks, all of the possible targets within the 

circle are displayed on the periphery of the 

circle. To select a target the user then moves 

the mouse from the centre of the circle across 

the desired target. Stopping the cursor for 

300ms confirms the selection. To unselect a 

target the user needs to move the mouse back 

to the circular zone before stopping it. 

Cursor position path. Cursor velocity 

(speed). 

  2 

Cross-and-

Cross 

(Findlater, 

Jansen et al. 

2010) 

Similar to Click-and-Cross except the method 

of activating the circle with possible targets is 

different. When generally browsing, a circle 

follows the cursor with the cursor on its 

leading edge. To activate the selection circle 

the user has to move the cursor back through 

the circle’s trailing edge. 

Cursor position path. Cursor velocity 

(speed). 

  2 

Ballistic 

Square 

(Findlater, 

Jansen et al. 

2010) 

A large area is activated by a click, then it is 

progressively subdivided by gross ballistic 

movements in one of four directions. 

Cursor velocity (speed) 

& cursor velocity 

(direction). 

Cursor velocity 

(speed). 

  2+ 

Scanning 

Area Cursor 

(Findlater, 

Jansen et al. 

2010) 

An area cursor that progressively scans 

through the possible targets once activated. 

Timer.    2 

Gravity 

Wells (with 

Haptic) 

(Hwang, 

Keates et al. 

2005b) 

Target areas that artificially move the cursor 

towards the centre of the target. 

Timer.  Cursor position.   
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Table 10-1        

Interaction 

Name 

Authors Description Selection Criteria Confirmation 

Criterion 

Select Rep.= 

f(Select Input) 

Feedback 

Channel 

# of 

Layers 

Supple++ (Gajos, 

Wobbrock et 

al. 2008) 

Automatically generated user interface layout 

based on specific users' abilities. 

Cursor position.    Variable. 

Ephemeral 

Adaptation 

(exp.1) 

(Findlater, 

Moffatt et al. 

2009) 

Aims to improve finding a target in a list. 

Commonly used items are made more 

prominent via a slight delay in the text of less 

used menu items appearing. 

   Selection criteria 

of some options 

are less visible, 

some are more 

visible. 

 

Ephemeral 

Adaptation 

(exp.2) 

(Findlater, 

Moffatt et al. 

2009) 

Aims to improve finding a target in a list. 

Commonly used items are made more 

prominent via a slight delay in the text of less 

used menu items appearing. 

   Selection criteria 

of some options 

are less visible, 

some are more 

visible. 

 

Area Cursor (Worden, 

Walker et al. 

1997) 

Increases activation area of cursor. But has a 

traditionally small hotspot for when there is 

more than one possible target in the larger 

activation area. 

Cursor position.     

Drag-and-

Pop 

(Baudisch, 

Cutrell et al. 

2003) 

Brings a proxy version of predicted target 

items closer to the cursor when dragging an 

icon. 

Cursor position & 

cursor velocity 

(direction). 

   2 

Drag-and-

Pick 

(Baudisch, 

Cutrell et al. 

2003) 

Brings a proxy version of predicted target 

items closer to the cursor when dragging 

unused space. 

Cursor position & 

cursor velocity 

(direction). 

Mouse button.   2 

Proxy 

Targets 

(Hwang, 

Batson et al. 

2008) 

Brings a proxy version of predicted target 

items closer to the cursor. 

Cursor position.     

Bubble 

Targets 

(exp.1) 

(Cockburn, 

Firth 2004) 

Expanding target for line/window edge 

selection. Appears as a circle on the vertical 

line to be moved, at the height of the cursor. 

Cursor position.     
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Table 10-1        

Interaction 

Name 

Authors Description Selection Criteria Confirmation 

Criterion 

Select Rep.= 

f(Select Input) 

Feedback 

Channel 

# of 

Layers 

Bubble 

Targets 

(exp.2) 

(Cockburn, 

Firth 2004) 

Expanding target for window edge selection. 

Appears as a circle on the outside of the 

window. 

Cursor position.     

Stickiness 

(exp.1) 

(Cockburn, 

Firth 2004) 
The cursor is artificially kept at the centre of a 

target unless the mouse reaches a certain 

velocity threshold. 

Cursor velocity (speed, 

unselection only). 

    

Stickiness 

(exp.2) 

(Cockburn, 

Firth 2004) 
Same as Sticky Icons where the C-D gain is 

dropped to about 10% when the cursor is in the 

target. 

  Cursor position.   

Goal 

Crossing 

(exp.1) 

(Cockburn, 

Firth 2004) 

Hold down both mouse buttons and cross a 

target to acquire it. 

Cursor position path. Mouse button.    

Goal 

Crossing 

(exp.2) 

(Cockburn, 

Firth 2004) 

Hold down both mouse buttons and cross a 

target to acquire it. 

Cursor position path. Mouse button.    

Adaptive 

Click-and-

Cross 

(Li, Gajos 

2014)  

Rearranges the size of icons/targets such that 

frequently accessed ones are enlarged, as per 

adaptive interfaces. Click-and-cross is used for 

less frequently accessed items which remain 

relatively small. 

Cursor position & 

cursor position path. 

Cursor velocity 

(speed). 

  2 

Expanding 

Targets 

(Bohan, 

Scarlett 

2003) 

Target expansion size is proportional to 

distance of cursor. 

Cursor position.     

Expanding 

Targets 

(Lee, Kwon 

et al. 2012) 

A variety of expanding targets were tested in 

close proximity to distracters. Different 

numbers of icons and types of expansion were 

used along with either occluding or pushing 

adjacent targets. 

Cursor position.     
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Table 10-1        

Interaction 

Name 

Authors Description Selection Criteria Confirmation 

Criterion 

Select Rep.= 

f(Select Input) 

Feedback 

Channel 

# of 

Layers 

Delay-

Activated 

Lens (exp.1) 

(Ramos, 

Cockburn et 

al. 2007) 

For stylus input: Activates a zoom lens after 

400ms dwell time. 

Cursor position. Cursor velocity 

path. 

  2 

Delay-

Activated 

Lens (exp.2) 

(Ramos, 

Cockburn et 

al. 2007) 

For stylus input: Activates a zoom lens after 

400ms dwell time. 

Cursor position. Cursor velocity 

path. 

  2 

Pressure-

Activated 

Lens (exp.1) 

(Ramos, 

Cockburn et 

al. 2007) 

For stylus input: Activates a zoom lens once 

the stylus is pressed above a pressure 

threshold. 

Cursor position. Button.   2 

Pressure-

Activated 

Lens (exp.2) 

(Ramos, 

Cockburn et 

al. 2007) 

For stylus input: Activates a zoom lens once 

the stylus is pressed above a pressure 

threshold. 

Cursor position. Button.   2 

Trailing 

Lens (exp.1) 

(Ramos, 

Cockburn et 

al. 2007) 

For stylus input: A constant zoom lens, slightly 

displaced from the active stylus location, when 

the stylus is being registered by the screen. 

Users can jump to the zoom area if they move 

to it quickly. 

Cursor position. Cursor position.   2 

Trailing 

Lens (exp.2) 

(Ramos, 

Cockburn et 

al. 2007) 

For stylus input: A constant zoom lens, slightly 

displaced from the active stylus location, when 

the stylus is being registered by the screen. 

Users can jump to the zoom area if they move 

to it quickly. 

Cursor position. Cursor position.   2 

Steady 

Clicks 

(Trewin, 

Keates et al. 

2006) 

Freezes cursor position on MouseDown unless 

there is a very large following movement. Also 

suppresses clicks whilst moving the mouse at 

speed. 

  Mouse button.   

Goal 

Crossing 

(Wobbrock, 

Gajos 2007) 

Cross a line instead of stopping in an area to 

select a target. Stopping it used for 

confirmation instead of clicking. 

Cursor position path. Cursor velocity 

(speed) 
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Table 10-1        

Interaction 

Name 

Authors Description Selection Criteria Confirmation 

Criterion 

Select Rep.= 

f(Select Input) 

Feedback 

Channel 

# of 

Layers 

Speed-

Coupled 

Flattening 

(fisheye) 

(Gutwin 

2002) 

A fisheye lens that reduces distortion when 

cursor speeds are higher. 

Cursor position & 

cursor velocity (speed) 

& cursor acceleration 

(magnitude). 

    

DynaSpot 

(exp.1) 

(Chapuis, 

Labrune et 

al. 2009) 

An area cursor like Bubble cursor. The area is 

enlarged when the cursor is moving, and then 

stays enlarged briefly after stopping before 

shrinking after a delay. The aim is to minimise 

visual distraction and allow the selection of 

unused space. 

Cursor position & 

cursor velocity (speed) 

& cursor velocity path. 

    

DynaSpot 

(exp.2) 

(Chapuis, 

Labrune et 

al. 2009) 

An area cursor like Bubble cursor. The area is 

enlarged when the cursor is moving, and then 

stays enlarged briefly after stopping before 

shrinking after a delay. The aim is to minimise 

visual distraction and allow the selection of 

unused space. 

Cursor position & 

cursor velocity (speed) 

& cursor velocity path. 

    

Focus + 

context: Key 

(exp.1 only) 

(Appert, 

Chapuis et 

al. 2010) 

Fisheye lens where mouse gain is moderated 

by holding the SHIFT key. Normally the 

mouse moves at the surrounding context gain, 

e.g. high. When SHIFT is held down, gain is 

reduced by the amount the focused area is 

zoomed in by. 

  Button. Selection criteria 

are more visible. 

 

Focus + 

context: 

Speed (exp.1 

only) 

(Appert, 

Chapuis et 

al. 2010) 

Fisheye lens where mouse gain is moderated 

by cursor speed. At high speed the mouse 

moves at the surrounding context gain, e.g. 

high. When it is moved slowly, gain is reduced 

by the amount the focused area is zoomed in 

by. 

  Cursor velocity 

(speed). 

Selection criteria 

are more visible. 
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Table 10-1        

Interaction 

Name 

Authors Description Selection Criteria Confirmation 

Criterion 

Select Rep.= 

f(Select Input) 

Feedback 

Channel 

# of 

Layers 

Focus + 

context: 

Ring (exp.1 

only) 

(Appert, 

Chapuis et 

al. 2010) 

Fisheye lens which can be moved by slower 

movements near its edges, similar to Tracking 

menus and the zoom implementations by 

Ramos et al. (2007). 

Cursor position.  Cursor position & 

cursor velocity 

(speed). 

  

Assistance 

algorithm 

(Ding, 

Rodriguez et 

al. 2015) 

An algorithm aimed at helping people with 

athetoid CP. Works via predicting the intended 

target, then reducing the gain when near the 

target, and expanding the target. 

Cursor position & 

cursor velocity 

(direction). 

 Cursor position & 

cursor velocity 

(direction). 

  

Flick 

gesture 

(exp.1 only) 

(Dulberg, 

Amant et al. 

1999) 

Using imprecise mouse flick towards a target 

to acquire it. 

Cursor velocity (speed) 

& cursor velocity 

(direction). 

Cursor velocity 

(speed). 

   

Angle 

Mouse 

(Wobbrock, 

Fogarty et al. 

2009) 

Reduces C-D gain when angular deviation of 

cursor movement is high, otherwise it is kept 

high. 

  Cursor acceleration 

(direction) 

  

PointAssist (Hourcade, 

Perry et al. 

2008) 

Reduces C-D gain by half under certain 

circumstances. It uses a recogniser to 

determine when users are having trouble 

selecting a target: it detects consecutive slow 

short sub-movements to enable, disables with a 

larger sub-movement. 

  Cursor velocity 

path. 

  

Rake 

Cursor (and 

MAGIC 

cursor) 

(Blanch, 

Ortega 2009) 

Multiple usable cursors like Ninja cursors but 

gaze is used to select which one is active. 

Cursor position & eye 

gaze direction used. 

    

Adaptive 

Gain 

Control 

(Worden, 

Walker et al. 

1997) 

Reduces C-D gain when velocity drops below 

30% of the peak velocity of a movement. 

  Cursor velocity 

path. 
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Table 10-1        

Interaction 

Name 

Authors Description Selection Criteria Confirmation 

Criterion 

Select Rep.= 

f(Select Input) 

Feedback 

Channel 

# of 

Layers 

Curvature-

Index based 

C-D gain 

(Al Manji, 

Davies et al. 

2015) 

Dynamically adjusts the C-D gain based on 

curvature index. 

  Cursor position 

path. 

  

Table 10-1 Table of work related to improving mouse-based target acquisition. Each row represents one experiment testing one idea. As such, multiple ideas from the one 

paper are presented in multiple rows. Likewise, multiple experiments on the one idea from one paper are presented in multiple rows. Note, several of them are not for mouse-

based interfaces, but are potentially relevant. The Selection Criteria, Confirmation Criterion, and Select Rep.=f(Select Input) columns describe the input variables used to 

change the respective criteria and relationship function. The Feedback Channel column describes ways that feedback to the user was altered. The # of Layers column has a 

number in it if multiple selection and confirmation actions are required to acquire a target. 
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  APPENDIX B : ADVERTISEMENT FOR PARTICIPANTS 

 

Figure 10-1 Advertisement for participants exemplar. This one was used for the study in chapter 6 and was 

displayed on the website of the Cerebral Palsy Society of New Zealand. 
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  APPENDIX C : ADULT PARTICIPANT INFORMATION SHEET 
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Figure 10-2 Adult participant information sheet (PIS) exemplar. 
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  APPENDIX D : PARTICIPANT INFORMATION SHEET FOR 

PARENTS 
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Figure 10-3 Participant information sheet (PIS) for parents exemplar. 
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  APPENDIX E : CHILD ASSENT AND PARTICIPANT 

INFORMATION SHEET 
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Figure 10-4 Child assent and participant information sheet (PIS) exemplar. 
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  APPENDIX F : CONSENT FORM 
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Figure 10-5 Consent form (CF) exemplar. 
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  APPENDIX G : GENERALISED ACQUISITION TIME BASED 

ON TARGET POSITION AND PROPORTIONAL WIDTH 

Recall Equation 8-15: 

𝐴𝑣𝑒 𝑀𝑇𝐴 = 𝑎 +
𝑏

𝑆𝑊
((𝐿 + 𝑊) log2 (

𝐿

𝑊
+ 1) + (𝑅 + 𝑊) log2 (

𝑅

𝑊
+ 1) − 𝑆𝑊 log2 𝑒) 

Equation 10-1 The average movement time across all possible amplitudes for a specific 1-D target in a 

known location, Ave MTA. This is the same as Equation 8-15. a and b are Fitts’s Law constants, SW is the 

screen width, W is the target width, L is the distance from the centre of the target to the left edge of the 

screen, R is the distance from the centre of the target to the right edge of the screen, and e is the 

mathematical constant. 

If we define ρ, as the target position as a percentage of the screen width, and ω, as the target 

width as a percentage of the screen width, then we can generalise the above equation such that 

we do not need to know the screen width. Let: 

𝐿 =  𝑆𝑊𝜌 

𝑅 =  𝑆𝑊(1 − 𝜌) 

𝑊 = 𝑆𝑊𝜔 

Equation 10-2 Relationship between absolute target positions and widths, and their proportional position 

and width relative to the screen size for a 1-D target. Proportional position, ρ. Proportional width, ω. 

Therefore: 

𝐴𝑣𝑒 𝑀𝑇𝐴 = 𝑎 +
𝑏

𝑆𝑊
(𝑆𝑊(𝜌 + 𝜔) log2 (

𝑆𝑊𝜌

𝑆𝑊𝜔
+ 1) + 𝑆𝑊(1 − 𝜌 + 𝜔) log2 (

𝑆𝑊(1 − 𝜌)

𝑆𝑊𝜔
+ 1)

− 𝑆𝑊 log2 𝑒) 

= 𝑎 + 𝑏 ((𝜌 + 𝜔) log2 (
𝜌

𝜔
+ 1) + (1 − 𝜌 + 𝜔) log2 (

1 − 𝜌

𝜔
+ 1) − log2 𝑒) 

Equation 10-3 Average movement time for a 1-D target across all possible movement amplitudes, Ave MTA. 

This is a function of proportional screen position, ρ, proportional target width, ω, and Fitts’s constants a 

and b. 

This equation relates target properties of proportional position and width, to how long it will 

take on average to select for a randomised cursor start location. 
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This could be used as the basis for assessing the effectiveness of a screen layout. If we know ρ 

and ω for each target, along with the likelihood of each one being selected, we could assess the 

overall maximum communication rate of a 1-D screen. However, one shortcoming of this 

model is that it would be difficult to verify since it attempts to model general use rather than a 

specific action. Furthermore, the small scale effect is important (as the experiment in chapter 8 

shows) but it is not included in this model. Ideally future work could generalise it to a 2-D 

interface. 
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  APPENDIX H : DETERMINING AN EFFECTIVE AMPLITUDE 

FOR THE EFFICACY EXPERIMENT 

This appendix details how Ave MTA was used to set the movement amplitudes in the efficacy 

experiment in chapter 8 (AAve MT). 

Recall Equation 8-17: 

𝐴𝑣𝑒 𝑀𝑇𝐴 = 𝑎 +
𝑏

𝑐
((𝑖 +

1

2
) log2 (𝑖 +

1

2
) + (𝑐 − 𝑖 +

3

2
) log2 (𝑐 − 𝑖 +

3

2
) − 𝑐 log2 𝑒) 

Equation 10-4 The average movement time across all possible amplitudes for a specific 1-D target in a 

known location, Ave MTA. This is the same as Equation 8-17. The values a and b are Fitts’s Law constants, 

c is the number of target columns on a screen, i is the index number for a specific column, and e is the 

mathematical constant.. 

Where Ave MTA is the average movement time to a 1-D target across all possible movement 

amplitudes. Also recall Equation 8-1 and Equation 8-2 combine to make the Shannon 

formulation of Fitts’s Law: 

𝑀𝑇 = 𝑎 + 𝑏 × log2 (
𝐴

𝑊
+ 1) 

Equation 10-5 Shannon formulation of Fitts’s Law. MT is movement time, A is amplitude, and W is target 

width. 

By using Ave MTA from Equation 8-17 and rearranging the Shannon formulation of ID 

(Equation 8-2), we can obtain an amplitude of an average movement to specific target. Note 

that this is not just the average of all possible amplitudes. 

𝐴𝐴𝑣𝑒 𝑀𝑇 = 𝑊 (2(
𝐴𝑣𝑒 𝑀𝑇𝐴−𝑎

𝑏
) − 1) 

Equation 10-6 The representative amplitude for a movement of average duration to a specific 1-D target, 

AAve MT. 

This formulation contains the individual specific values a and b. However, once Ave MTA is 

substituted in, the a and b values cancel out. 

Recall Equation 8-6: 

𝑊 =
𝑆𝑊

𝑐
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Equation 10-7 Target width as a function of screen width and the number of target columns per screen. 

This is the same as Equation 8-6. 

To cancel out a and b, let’s consider a first. It cancels out since the fraction containing Ave 

MTA in Equation 10-6 has Ave MTA – a as its numerator: 

𝐴𝑣𝑒 𝑀𝑇𝐴 − 𝑎 =  
𝑏

𝑐
((𝑖 +

1

2
) log2 (𝑖 +

1

2
) + (𝑐 − 𝑖 +

3

2
) log2 (𝑐 − 𝑖 +

3

2
) − 𝑐 log2 𝑒) 

Equation 10-8 Cancelling out a. 

Now let’s consider b. It will cancel out in the fraction containing Ave MTA in Equation 10-6 as 

follows: 

𝐴𝑣𝑒 𝑀𝑇𝐴 − 𝑎

𝑏
=

1

𝑐
((𝑖 +

1

2
) log2 (𝑖 +

1

2
) + (𝑐 − 𝑖 +

3

2
) log2 (𝑐 − 𝑖 +

3

2
) − 𝑐 log2 𝑒) 

Equation 10-9 Cancelling out b. 

Therefore, the effective distance does not depend on a or b. 

𝐴𝐴𝑣𝑒 𝑀𝑇 = 𝑊 (2(
𝐴𝑣𝑒 𝑀𝑇𝐴−𝑎

𝑏
) − 1) = 𝑊 (2

1
𝑐

((𝑖+
1
2

) log2(𝑖+
1
2

)+(𝑐−𝑖+
3
2

) log2(𝑐−𝑖+
3
2

)−𝑐 log2 𝑒)
− 1) 

Equation 10-10 The expected amplitude to the ith target, AAve MT as a function of the number of target 

columns, c. This was used to calculate the amplitudes used for the experiment in chapter 8. 

When calculating Ave MTA and AAve MT, the distance of the target from the centre of the screen 

is important. Therefore, the test scenario controls for this by using a target at every distance 

from the centre. 
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