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Computers have been progressively becoming smaller and more mobile. The past few years have 

seen computers evolve from the desktop to the notebook to current handheld systems. Each new device 

is more portable and less cumbersome than last. The next step in this progression is the wearable com­

puter: a computer consisting of parts small enough to be worn as clothing or accessories. However, the 

portability gained from a wearable computer is lost if the input devices are no smaller than existing ones. 

The main concept behind this thesis is that, in order for wearable computers to be effective, they need to 

throw away the mouse and keyboard interfaces in favour of a new style of input. These new interfaces 

should be designed to be easily transportable, quickly accessible, easily usable in a variety of environ­

ments, and minimise interference with “real world” interactions. In order to test this theory we have built 

a graphic (Biofeedback Pointer) and a text input device (Chording Glove) based on these design princi­

ples. These devices are designed to work in tandem, with the Chording Glove’s text input complementing 

the Biofeedback Pointer’s graphic input.

The Chording Glove is a text input device made from mounting the keys of a chord keyboard onto the 

fingers of a glove. Chords are made by pressing the fingers against a firm surface. After 11 hours of use, 

the average input speed on the Chording Glove was 16.8wpm, with an error rate of 17.4%. The Chording 

Glove’s entire 97 character keymap takes, on the average, 80 minutes to learn, with users needing to look 

up chords around 0.5% of the time after 6 hours of use. There is evidence of keymap retention after 

significant absence from the device, but this remains to be proven. Evidence also shows that there is no 

significant difference in performance on the Chording Glove while standing or sitting, implying that the 

device is as mobile as intended.

The Biofeedback Pointer is a graphic input device controlled by wrist motion. Moving the wrist 

causes the pointer to move in that direction. The pointer works by measuring the Electromyograms 

(EMGs) of four of the main muscles used to move the wrist. This data is interpreted by a neural network 

which is trained for each user. The network takes about half a minute to learn to recognise the user’s 

EMG signals. After the training the user learns to fine tune the pointer control through a biofeedback 

process. Fitts’ Law was used to compare the performance of the Biofeedback Pointer with a standard 

mouse. The average index of performance of the Biofeedback Pointer was found to be 1.06, while the 

mouse was 7.10. This is about half of the lowest performance of a common graphic input device. Using a 

more sophisticated neural network or better training may improve the device to a more comparable level.

These results show that the design criteria established here for mobile input devices can be used to 

build workable computer interfaces which encompass both graphic and text input. Hence input devices 

are shown to exist which are transportable and usable, thereby making wearable computers a viable tech­

nology.



Acknowledgements



Acknowledgements 5

First off, I would like to give a special thanks to my supervisor Mel Slater. His constant advice and 

support throughout the entire course of my degree are very much appreciated.

I would also like to thank Mike Craggs for building the Biofeedback Pointer hardware and by being 

an invaluable resource in helping me understand the practical side of bioelectric measurement. Derek 

Coppen and Tim Barnes also deserve credit for their help in designing and building the Chording Glove’s 

circuitry.

I am extremely grateful to the members of the Virtual Environments and Graphics Group at UCL 

for just being there to answer questions, offer advice, or just to bounce random ideas off. The subjects 

of the experiments deserve thanks for volunteering to help. The data they provided were essential to this 

thesis.

Another special thanks go to Anu Hyttinen who one day asked, “Is there anything I can do to help?” 

Except for a few computer-generated pictures, all the illustrations in this thesis were drawn by Anu. I am 

indebted to her continued help despite the fact that every time she thought she was finished, I would find 

I needed “just one more” drawing.

Lastly, I would like to thank my parents for their unwavering encouragement and support.

A final note: The work for this thesis began at Queen Mary and Westfield College. This is where 

the bulk of the Chording Glove research, including the experiment, was performed. Due to a transfer in 

1996, the remainder of the research was carried out at University College London.



Contents

1 Introduction 15

1.1 The Limitations of Mobile C o m p u tin g .......................................................................................  16

1.2 Designing Mobile Input D e v ic e s .................................................................................................  16

1.3 O bjectives.........................................................................................................................................  17

1.4 S c o p e ................................................................................................................................................ 18

1.5 C o n trib u tio n s..................................................................................................................................  18

1.6 O rganisation...................................................................................................................................... 19

2 Input Devices and Mobile Computing 20

2.1 In troduction...................................................................................................................................... 21

2.2 An Overview of Text I n p u t ...........................................................................................................  21

2.2.1 Conventional and Alternative K e y b o a rd s .................................................................... 21

2.2.2 Soft K eyboards..................................................................................................................  26

2.2.3 Chord K eyboards............................................................................................................... 27

2.2.4 Handwriting Recognition.................................................................................................  30

2.2.5 Glove-Based Text E n t r y .................................................................................................  32

2.2.6 V o ic e ..................................................................................................................................  34

2.2.7 Summary of Text Input D e v ic e s ....................................................................................  35

2.3 An Overview of Pointer Input ....................................................................................................  36

2.3.1 Fitts’ L a w ............................................................................................................................ 37

2.3.2 Arrow K e y s ........................................................................................................................  39

2.3.3 Jo y s tick ...............................................................................................................................  39

2.3.4 T ra c k b a ll............................................................................................................................ 40

2.3.5 The M o u s e ........................................................................................................................  40

2.3.6 T ra c k p a d ............................................................................................................................ 41

2.3.7 Touch Screens .................................................................................................................. 42

2.3.8 S ty lu s ................................................................................................................................... 42

2.3.9 Gesture, Eye Tracking, and V o ic e .................................................................................  42

2.3.10 Bioelectric-Controlled Input Devices ..........................................................................  43

2.3.11 Summary of Graphic Input D e v ic e s .............................................................................. 49



Contents 7

2.4 The State of the Art of Mobile C om puting .................................................................................  50

2.4.1 Portable C om puters............................................................................................................ 51

2.4.2 Handheld C om puters........................................................................................................  52

2.4.3 Wearable C o m p u te rs ........................................................................................................  52

2.5 S u m m a ry .........................................................................................................................................  55

3 Wearable Text and Graphic Input Devices 56

3.1 In troduction ...................................................................................................................................... 57

3.2 The Chording Glove .....................................................................................................................  57

3.2.1 The H ardw are.....................................................................................................................  57

3.2.2 Chord R ecogn ition ...........................................................................................................  60

3.2.3 The Chord K eym ap...........................................................................................................  60

3.2.4 Uses for the Chording G lo v e ...........................................................................................  71

3.3 The Biofeedback P o in te r ..............................................................................................................  72

3.3.1 Measuring Bioelectric S ig n a ls ........................................................................................ 72

3.3.2 Which Muscles to Use? .................................................................................................  73

3.3.3 H ard w are ............................................................................................................................ 75

3.3.4 Pattern Recognition...........................................................................................................  81

3.3.5 Biofeedback .....................................................................................................................  87

3.3.6 Uses for the Biofeedback Pointer .................................................................................  88

3.4 A pplications...................................................................................................................................... 88

3.5 S u m m a ry .........................................................................................................................................  89

4 The Chording Glove Experiment 91

4.1 In troduction...................................................................................................................................... 92

4.2 Materials .........................................................................................................................................  92

4.2.1 Shift and Function Key C h an g es ....................................................................................  92

4.2.2 Finger S e n s o r s .................................................................................................................. 93

4.2.3 The K e y m a p .....................................................................................................................  94

4.3 M e th o d ............................................................................................................................................  95

4.3.1 Subject S e lec tio n ............................................................................................................... 95

4.3.2 T u to r ia l ...............................................................................................................................  95

4.3.3 Chording S e s s io n s ...........................................................................................................  96

4.4 R esults................................................................................................................................................ 97

4.4.1 Text Entry Speed and Error R a te ....................................................................................  97

4.4.2 Keymap Learning R a te ..................................................................................................... 97

4.4.3 Portability ............................................................................................................................  99

4.4.4 Questionnaire Results ..................................................................................................... 99

4.4.5 Analysis of Questionnaire Data and Final R e su lts ......................................................... 101



Contents 8

4,5 D iscussion............................................................................................................................................ 106

5 Testing the Biofeedback Pointer 109

5.1 In troduction .........................................................................................................................................110

5.2 Materials ............................................................................................................................................ 110

5.2.1 The M o u s e ............................................................................................................................110

5.2.2 The Biofeedback P o in te r .....................................................................................................110

5.2.3 The Performance Test Window S e t u p ..............................................................................110

5.3 M e th o d ................................................................................................................................................I l l

5.3.1 The S u b je c ts ........................................................................................................................ 112

5.3.2 The Performance Test ........................................................................................................113

5.4 R esults ...................................................................................................................................................113

5.4.1 T rain ing .................................................................................................................................. 113

5.4.2 Index of Performance........................................................................................................... 114

5.4.3 The Neural N etw orks........................................................................................................... 116

5.5 D iscussion............................................................................................................................................ 119

6 Future Directions 121

6.1 Sources of Error in the E x p e rim en ts ..............................................................................................122

6.1.1 The Chording G lo v e ...........................................................................................................122

6.1.2 The Biofeedback P o in te r .................................................................................................... 123

6.2 Future W o rk ........................................................................................................................................ 125

6.2.1 The Chording G lo v e ...........................................................................................................125

6.2.2 The Biofeedback P o in te r .................................................................................................... 127

6.2.3 General Input Device Research ....................................................................................... 129

6.3 S u m m a ry ............................................................................................................................................132

7 Conclusions 134

7.1 In troduction ........................................................................................................................................ 135

7.2 Review of Design G o a l s ................................................................................................................. 135

7.3 Suimnary of C o n tribu tions.............................................................................................................. 136

7.3.1 Review of Input Devices and Mobile C o m p u te rs ......................................................... 136

7.3.2 The Chording G lo v e ...........................................................................................................137

7.3.3 The Biofeedback P o in te r .................................................................................................... 138

7.4 C onclusions........................................................................................................................................ 139

A Glossary 140

A .l Special Sym bols..................................................................................................................................141

A.2 Glossary of Physiological T e rm s .................................................................................................... 141

B Relative Character Frequency for Keymap Design 143



Contents 9

C The C hording Glove H ardw are 148

C l  In troduction .......................................................................................................................................149

C.2 LED O u tp u t s ................................................................................................................................... 149

C.3 Finger Sensors ................................................................................................................................149

C.3.1 Double Foil P l a t e s .............................................................................................................. 150

C.3.2 Interlaced Foam ................................................................................................................. 151

C.3.3 Foil Plate and Single Laced F o a m ....................................................................................152

C.3.4 Single Laced Foam and Conductive Unlaced Foam with Foil B a c k in g .....................152

C.3.5 Single Laced Foam and Foil Cover Finger S e n so r ......................................................... 153

C.3.6 Moulded Resistive Foam with Foil Backing Finger S e n s o r .........................................154

C.3.7 Moulded Low Density Resistive Foam with Foil B acking............................................154

C.3.8 Resistive Foam with Silvered F a c e s ................................................................................ 155

C.3.9 Resistive Foam with Foil B a c k in g ....................................................................................156

C .3.10 Hard Copper P l a t e ..............................................................................................................156

C.4 Shift B u t to n s ...................................................................................................................................157

C.4.1 Taped Aluminium Foil Plates .......................................................................................... 158

C.4.2 Taped Copper Foil P la te s .................................................................................................... 158

C.5 Function K e y s ...................................................................................................................................158

D The C hording Glove Experim ent Details 159

D .l Questionnaires ................................................................................................................................160

D.1.1 Preliminary Questionnaire for the Glove Text Input E x p e r im e n t........................... 160

D .l.2 Daily Questionnaire for the Chording Glove E x p erim en t.........................................160

D.2 The T u to ria l...................................................................................................................................... 165

D.3 The Chording S e s s io n s .................................................................................................................. 178

E C alculating the Effective W idth  for F itt’s Law  183

F Deriving the N eural N etw ork 185

F. 1 D efinitions..................................................................................................................................... 186

F.2 D erivation ..........................................................................................................................................186

G Technical Specifications fo r the Biofeedback Pointer 188

G .l The Physiological A m plifiers........................................................................................................ 189

G.2 The Analogue-Digital C o n v e rte r..................................................................................................190

H  The Biofeedback Pointer Software 191

H .l In troduction ...................................................................................................................................... 192

H.2 Using the A pplication......................................................................................................................192

H.2.1 Button control .................................................................................................................... 192

H.2.2 M enus.................................................................................................................................... 194



Contents 10

H.2.3 H o tk ey s................................................................................................................................ 194

H.2.4 Main Display A r e a .............................................................................................................194

H.2.5 Status B a r ............................................................................................................................. 195

H.3 Internai P rocesses..............................................................................................................................195

References 196



List of Figures

2.1 The QWERTY la y o u t....................................................................................................................  21

2.2 The Dvorak Simplified Keyboard la y o u t ...................................................................................  22

2.3 A generalised split k e y b o a rd .......................................................................................................  23

2.4 Top view of the K-Keyboard, with left and right sections bent downward at 4 5 ° .............. 24

2.5 The preferred slope of a k e y b o a rd .............................................................................................  25

2.6 Diagram of a key showing preferred sizes and spacing ......................................................... 25

2.7 A generalised chord keyboard ..................................................................................................... 29

2.8 Two methods for handwriting re c o g n itio n ................................................................................. 30

2.9 The five basic strokes in the unistroke a lp h a b e t ......................................................................  31

2.10 Diagram of an action p o te n tia l .................................................................................................... 44

2.11 Graphs of the EMGs for low muscle use and high muscle u s e ............................................... 45

3.1 Side view of the Chording G lo v e .................................................................................................. 58

3.2 The finger s e n s o r ............................................................................................................................ 59

3.3 The hand positions in American Sign Language for the letters I, M, N, and Y ...................  68

3.4 The chords which resemble the characters they m a k e .............................................................  68

3.5 Normalised finger work d is tr ib u tio n .......................................................................................... 69

3.6 The one degree of freedom of the e lb o w ....................................................................................  74

3.7 The three degrees of freedom of the w r i s t ................................................................................. 74

3.8 The superficial muscles in the lower right arm which control wrist m o t io n ........................  76

3.9 The main hardware of the Biofeedback P o i n t e r ......................................................................  79

3.10 Diagram of the bio-amplifier s e tu p .............................................................................................  80

3.11 The signal p rocessing ....................................................................................................................  82

3.12 The Biofeedback Pointer’s simple perceptron neural n e tw o rk ............................................... 83

3.13 The pointer training m o tion ..........................................................................................................  84

3.14 Error levels of the Backpropagation Neural N e tw o r k ............................................................  87

4.1 Circuit diagrams for the two types of finger s e n s o r s ...............................................................  93

4.2 Sample text from the tutorial se s s io n .......................................................................................... 95

4.3 A sample section of a chording session ......................................................................................  96

4.4 Average chording speed in WPM per session .........................................................................  98



List o f  Figures 12

4.5 Average percent error per session ................................................................................................ 98

4.6 Average time spent looking up chords per s e s s io n ..................................................................  98

4.7 Distribution and mode of fatigue levels per s e s s io n ...............................................................  99

4.8 Average muscle strain over t i m e ...................................................................................................100

4.9 Muscle Strain vs. F a tig u e ................................................................................................................105

4.10 Chording speed vs. Musical ab ility ............................................................................................... 106

4.11 Correlations of writing preferences............................................................................................... 106

5.1 The button arrangement in the Performance Test w in d o w ........................................................ I l l

5.2 The position of the electrodes on the forearm ............................................................................113

5.3 Calculating the effective width of the t a r g e t ...............................................................................114

5.4 Index of performance for the m o u s e ............................................................................................ 115

5.5 Index of performance for the Biofeedback P o in te r ..................................................................... 115

5.6 The neural networks weights used in the experiment for each su b je c t....................................116

5.7 The average and standard deviation of the weights of 4 neural networks generated by sub­

ject A ..................................................................................................................................................117

5.8 The total of the absolute values of all the weights for each muscle, averaged over the 4

neural networks produced by subject A ......................................................................................... 118

5.9 The total of the absolute values of each frequency bin, averaged over the 4 neural net­

works produced by subject A ..........................................................................................................118

5.10 The average of the neural networks of all the su b je c ts .............................................................. 119

5.11 The total weights for each muscle, averaged over all su b je c ts ...................................................119

5.12 The total weights for each frequency bin, averaged over all s u b je c t s ..................................... 119

5.13 Relative performance on various graphic input d e v ic e s ........................................................... 120

6.1 Comparison of the average chording speeds including and excluding the old finger sensors 122

6.2 Comparison of the average percent error including and excluding the old finger sensors . 122

C .l Circuit diagram of the LED se tu p ...................................................................................................149

C.2 Circuit diagrams for the finger s e n so rs .........................................................................................150

C.3 Double Foil Plate Finger S e n s o r .................................................................................................. 151

C.4 Interlaced Foam Finger S e n s o r ......................................................................................................151

C.5 Foil Plate and Single Laced Foam Finger S ensor........................................................................ 152

C.6 Single Laced Foam and Conductive Unlaced Foam with Foil Backing Finger Sensor . . 153

C.7 Single Laced Foam and Foil Cover Finger S e n s o r ..................................................................... 153

C.8 Moulded Resistive Foam with Foil Backing Finger S e n s o r ..................................................... 154

C.9 Moulded Low Density Resistive Foam with Foil Backing Finger S e n s o r ...............................155

C.IO Resistive Foam with Silvered Faces Finger S ensor..................................................................... 155

C .l l  Resistive Foam with Foil Backing Finger Sensor ..................................................................... 156

C. 12 Hard Copper Plate Finger S en so r ............................................................................................. 157



List o f  Figures 13

C .l3 Taped Aluminium Foil Plate Shift B u t t o n ...................................................................................158

D .l The Preliminary Questionnaire: Cover p a g e ...............................................................................161

D.2 The Preliminary Questionnaire: Page 1 .........................................................................................162

D.3 The Preliminary Questionnaire: Page 2 .........................................................................................163

D.4 The Daily Q u estio n n a ire ................................................................................................................164

E .l The button and the approach vector............................................................................................... 184

H .l The Biofeedback Pointer S o ftw are ............................................................................................... 192

H.2 The real-time displayed plot for one EMG signal .....................................................................194



List of Tables

2.1 A comparison of the normalised performance of six graphic input d e v ic e s .......................  39

3.1 The evolution of the Chording Glove k e y m a p ......................................................................... 65

3.2 The chord patterns for num bers...................................................................................................  66

3.3 Mnemonic relations between shifted and unshifted characters..............................................  67

3.4 Common trigrams and their c h o rd s ............................................................................................  68

3.5 Chords related to other c h o r d s ...................................................................................................  68

3.6 Normalised finger work d is tr ib u tio n .........................................................................................  69

3.7 Theoretical Input Speed and Error Rate ..................................................................................  70

3.8 The muscles controlling movement of the w r i s t .....................................................................  77

3.9 The muscles used by the Biofeedback Pointer and the motions they control ...................  78

4.1 The reduced k e y m a p ...................................................................................................................  94

4.2 Top 5 positive and negative conunents about the Chording G lo v e .......................................... 101

4.3 Experimental data for each su b je c t............................................................................................... 102

4.4 Correlations of Personal, Experimental, and Opinion d a t a ........................................................104

4.5 Summary of significant c o rre la tio n s ............................................................................................104

5.1 Comparison of performance results for the Biofeedback Pointer and m o u s e ...................... 116

B .l Character probability sorted by ASCII c o d e ...............................................................................145

B.2 Character probability in order of decreasing p ro b ab ility ...........................................................146

B.3 Character probability by ty p e .........................................................................................................147

G .l Physiological Amplifier specifications.........................................................................................189

G.2 Specifications for the Pico ADC-11 ............................................................................................... 190

G.3 Output pin connections for the ADC-1 1 .................................................................................. 190



Chapter 1

Introduction



1.1. The Limitations o f  Mobile Computing 16

1.1 The Limitations of Mobile Computing
The past two decades have seen continuous improvements in computer power and miniaturisation. In the 

early 1990’s this technology reached the point where it was possible to fit all the components of a desktop 

personal computer into a small and lightweight box, while still retaining most of the speed and power of 

the desktop model. When this style of computer is designed to be portable and easily used outside of an 

office, it is called a mobile computer. The extent of the mobility of these machines are determined mostly 

by their size and weight, and to a certain degree by their shape.

The portability of the older mobile computers was limited by the size of the internal components, 

such as disk drives and the CPU. As the technology progressed, the size of the components was no longer 

the limiting factor. The computer itself could be the size of a small keyboard, but it could not become any 

smaller. It could become thinner and lighter, but any further reduction in size would make the keyboard 

interface more difficult to use. The requirement of a keyboard interface imposed limitations on the sit­

uations in which these computers could be used. The mobile computers were small and light enough 

to be carried anywhere, but operating them required the user to sit down and place the device on their 

lap, a table, or a similar surface. Mobile computers had reached the point where their input devices were 

preventing them from becoming any more portable.

In recent years handwriting recognition has come of age. Systems have been built with more than 

97% accuracy (MacKenzie & Zhang, 1997). This has enabled a new spurt in computer miniaturisation. 

Computers are again partly limited by the size of the components, but they are also limited by the stylus 

input. The stylus needs a flat surface to write, which forces the computer into a notepad-like shape.

The usefulness of a mobile computer is dependent on how well it functions in a mobile environment, 

a place where there are no standard surroundings and the facilities at hand (i.e. power supply, resting sur­

faces, etc) cannot be guaranteed. A notebook computer is portable, but not especially usable in a mobile 

environment, because of the afore mentioned limitations imposed by the keyboard. A handheld computer 

is portable and usable in mobile environments, but is limited in size and shape by the stylus-and-notepad 

interface. The next step in computer miniaturisation is the wearable computer. A wearable computer is 

a computer made up of parts small enough to be worn on or as clothing. The monitor is often worn like 

glasses (although often much bulkier). The CPU is usually attached to a belt, and the input devices are 

located on the CPU or mounted somewhere on the body. This frees the user from needing to carry the 

computer, making it even more portable than a handheld computer. The problem with wearable comput­

ers is that no common input devices are mobile enough to easily interact with them.

1.2 Designing Mobile Input Devices
Since no existing input device is up to the task, in order to make wearable computers a feasible option, 

we need to find a new style of input device which does not put any constraints on the overall shape or size 

of the computer. With this primary requirement, we can derive a set of basic design goals by considering 

four factors. These factors are: the environment the devices will be used in, the kind of person we expect 

to use the devices, the tasks the devices will be used for, and the hardware the devices will interact with.
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These devices should be designed to be used in a mobile environment. In this setting we cannot 

know what surroundings there will be, so the devices must be able to operate without requiring the user 

to be in a specific position, such as sitting down, nor require any surfaces on which to brace the device. 

This can range from hostile environments, such as underwater to more everyday uses such as working 

outside or while commuting.

These devices must accommodate the type of person who currently uses mobile computers, and also 

those who would benefit from the additional mobility of a wearable computer. The former type of user is 

the nomadic user, who takes their computer from place to place, but only uses it while not moving. This 

sort of user is easy to accommodate, even with existing systems. The latter type of user is the continuous 

user, one who uses their computer while moving, and, in all likelihood, performing non-computer tasks 

simultaneously. These people are more difficult to accommodate, since they need to access information 

on a computer quickly, easily, and in a way that does not interfere with their performance of real-world 

tasks. These users need a mobile interface which is invisible enough that they can switch between com­

puter and real-world tasks at will and with detriment to neither.

The expected tasks for these devices are also similar to the normal mobile PC usage. Handheld com­

puters are commonly used for personal information management. Notebook computers in a mobile en­

vironment are often used for some of the simpler tasks performed on a desktop computer. Consequently, 

the new devices should be designed to be capable of operating a windows-style interface as well as being 

able to handle general text input, including basic composition.

Finally, the new input devices should be designed to run using existing wearable computer systems. 

This means that they can be attached to the computer in a standard way, i.e. via keyboard, mouse, serial 

or parallel ports or by using PCMCIA cards. They should also be compatible with existing operating 

systems, preferably windows-based. The input devices should not require excessive computing power to 

run. These devices should be able to be used with existing computer speeds and memory, i.e. requiring 

no more than 133MHz or 16Mb RAM.

These basic design goals are the minimum requirements we have for a mobile input device. In order 

to determine how to design and build a mobile input device we need to examine existing devices and 

extrapolate from their design principles to arrive at a set of guidelines for creating mobile interfaces. This 

is the subject of the next chapter. The remaining sections of this chapter outline the objectives, scope, 

main contributions and structure of this thesis.

1.3 Objectives
This thesis examines the important factors in the design of text and graphic input devices and reconciles 

them with the limitations imposed by a mobile environment. Using these as guidelines we have developed 

new input devices, designed specifically to be unobtrusive, easy to use, and portable. These devices are 

the Chording Glove and the Biofeedback Pointer.

The Chording Glove is a chord keyboard, with the keys mounted directly on the fingers of a glove. 

Instead of the fingers pressing buttons on a board, the buttons are on the fingers and can be pressed against 

any hard surface. The Biofeedback Pointer uses the bioelectric impulses generated by moving the wrist
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to control a two dimensional graphic pointer. Moving the wrist horizontally or vertically causes the com­

puter pointer to move in that direction.

The performance of each device was examined empirically. The goal of this is to show that the con­

cept behind the devices is feasible and that devices based on one or both of these could work as input 

devices for mobile computers,

1.4 Scope
Our primary concern with mobile computing is graphic and text input and how these devices affect the 

portability of a computer. We will not be considering the details of mobile computers themselves, only the 

design of the input devices. Mobile computers are only considered for their size and shape. The internal 

workings of the computer are irrelevant to our discussion. We will merely assume that they work.

The input devices will be considered primarily for their hardware design. Software design will be 

limited only to where it directly involves use of the device, such as pattern recognition or motion scal­

ing, The graphic user interfaces will all be assumed to be based on the standard windows interface. As 

a consequence, the input devices analysed will either be two dimensional pointing devices or devices for 

entering written English text. Three dimensional interfaces and speech-based operating systems are dis­

cussed briefly, but only for comparison. Any further analysis of such devices is beyond the scope of this 

text,

A fair amount of understanding of physiology is necessary to fully appreciate the biological systems 

discussed in this thesis. In order to simplify matters we will limit discussion to bioelectric signals which 

can be detected by surface measurements. In addition, only those bioelectric signals which are involved 

with movement will be considered. This should limit the amount of necessary background to allow a fair 

discussion of the processes without getting bogged down by details.

The devices introduced in this thesis are for proof of concept. The intention is not to make a mar­

ketable device, but to investigate the uses of such a device and how it could be made more efficient,

1.5 Contributions
The following are the three main contribution of this thesis,

1, Several text and graphic input devices are reviewed in order to evaluate their design, determine their 

portability, and compare their performance. The current types of mobile computers are discussed, 

concentrating on how their shape and input devices limit their mobility. These factors are used to 

determine the most portable styles of input devices,

2, The results of the input device analysis are used to design two new input devices with the intent 

to maximise mobility. The Chording Glove is introduced as a wearable text input device. Pres­

sure sensitive triggers mounted on the fingertips of the glove replace the keys on a chord key­

board, Chords are generated by pressing the fingers against any solid surface. In creating the chord 

keymap for the Chording Glove, a method for generating a chord keymap was developed. This can 

be adapted to create a keymap for any chording system, or develop new, specialised keymaps for
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the Chording Glove. In addition, a theoretical method for comparing different chord keymaps is 

introduced,

3. The Biofeedback Pointer is introduced as a new portable graphic input device which translates wrist 

movements into motion of a two-dimensional pointer. This is done by sensing and analysing the 

bioelectric signals generated from the muscles which control the wrist. The methods used to control 

the Biofeedback Pointer can easily be adapted to other muscles or other graphic input styles (such 

as navigation).

1.6 Organisation
This thesis is organised into seven chapters, the contents of which are as follows:

Chapter two provides an overview of existing text and graphic input devices in order to determine 

their portability, performance, and to generate a set of design criteria to assist in creating new input de­

vices. Special attention is paid to the use of Fitts’ Law as a tool for determining the performance of graphic 

input devices and to the physiology necessary to understand bioelectric computer interfaces. The various 

styles of mobile computers are discussed and four factors are introduced by which their input devices can 

be rated for portability.

Chapter three introduces the Chording Glove and the Biofeedback Pointer. Details of the develop­

ment phases of the devices are given, along with the final hardware and software designs. Potential uses 

each of the devices are discussed, both separately and as a unified system.

Chapter four describes the experiment used to determine the input speed, learning rate, error rate and 

other performance features of the Chording Glove.

Chapter five describes the experiment to determine the relative performance of the Biofeedback 

Pointer and the mouse. In addition, the neural networks used to analyse the subjects’ bioelectric signals 

are examined and compared.

Chapter six considers the potential sources of error in the experiments in an attempt to ascertain 

any effects on the validity of the experiments. The second part of the chapter discusses areas for future 

research and experimentation.

Chapter seven provides a summary of the thesis with a discussion of the contributions and their im­

plications.



Chapter 2

Input Devices and Mobile Computing
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2.1 Introduction
For many mobile computers, there is little difference between their text input and the methods for text 

input on the typewriters of over a hundred years ago. The keyboards used by many notebook comput­

ers have more keys and functions than the original typewriters, but the layout and interaction methods 

are essentially the same, despite a century of progress. On the other hand, many handheld computers, 

like the PalmPilot, have forsaken the keyboard in favour of the much more portable stylus input, but this 

introduces an entirely new set of limitations.

Unlike text input devices, pointers have varied widely in the past decade alone. In many mobile 

systems mice have been replaced by trackballs, trackpads and other novel and more mobile pointers. All 

of these new devices are small, but still large enough to impose limits on the size of the device.

New input devices need to be built which are more portable and can free the computer from their 

constraints on its size and shape, allowing it to take a more comfortable and efficient form. In order to 

design these new devices, we need to review existing and historical input devices focusing on their design 

criteria, the extent of their portability, and their performance. By observing the factors which went in to 

building these devices we intend to develop an encompassing set o f design criteria that we can use to cre­

ate new devices in order to make them as ergonomic and efficient as possible. The portability of existing 

devices is examined in order to determine what the limiting factors are. By finding these constraints we 

hope to avoid such limitations in the new devices. Examining the performance of existing devices should 

provide a basis for comparison by which we can judge the new devices.

2.2 An Overview of Text Input
2.2.1 Conventional and Alternative Keyboards

The keyboard is by far the most common text input for computers. The momentum built up from over 

a century of use has guaranteed its dominance despite the problems with both the layout and the basic 

keyboard shape. Over the years, several alternatives to the QWERTY keyboard have been developed 

which claim to solve some its problems. The first alternative keyboards simply redesigned the key layout 

for maximum touch-typing efficiency. More recent ones have reshaped the keyboard in an attempt to 

make it more comfortable to use.

T h e QW ERTY K eyboard

Figure 2.1 : The QWERTY layout
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The first typewriter keyboard was patented in 1868 by Sboles, Glidden, and Soule. Since there were 

no data to choose one layout over another, they chose an alphabetic layout. It soon became evident that 

because of frequent typebar jams, this layout was impractical. Ten years later Sholes patented the QW­

ERTY layout, which was developed to solve the jamming problem. The QWERTY physically separates 

frequent letter pairs, or digrams. Since the keys are further apart, the chance of jamming is reduced, al­

lowing the user to type longer and faster without problems.

The common belief that the QWERTY layout was intended to slow down typists is not true. In fact, 

modem studies comparing alphabetic and QWERTY keyboards show that typing on the QWERTY is as 

fast or even faster than the alphabetic layout it replaced (Noyes, 1983). However, spacing digrams fur­

ther apart requires the fingers to travel longer distances, and consequently do more work. The seemingly 

random placement of the keys on the QWERTY keyboard requires frequent, erratic motions of the fingers 

over a small area. These motions are difficult to learn and require a long time for proficiency. Expert-level 

typing takes even longer to achieve and quickly decays with disuse (Gopher & Raij, 1988).

The shape of the QWERTY keyboard is ergonomically unsound. The hands are held close together 

with the wrists bent outward (ulnar deviation or adduction), and often upwards as well (extension). Ex­

cessive finger use with bent wrists has been linked with Repetitive Strain Injuries (RSI) like tenosynovitis 

(Ilg, 1987). Back and shoulder muscle problems can arise from the slouching and hunched shoulders of­

ten caused by poor typing posture.

T h e Dvorak Sim plified K eyboard

Figure 2.2: The Dvorak Simplified Keyboard layout
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One of the first alternatives to the QWERTY was the Dvorak Simplified Keyboard. August Dvofak 

developed the Simplified Keyboard in 1936 as a solution to the problems of the outdated QWERTY. Sev­

eral design principles were used to solve the problems he saw with the QWERTY keyboard. While these 

principles were intended for a keyboard, they can easily be applied to many kinds of input devices.

One design principle was to minimise the distance travelled by the fingers. The QWERTY layout 

requires fingers to move large distances because the digrams are placed far apart. The DSK places digrams 

close together, reducing the distance fingers travel by as much as 90% (Potosnak, 1988). The QWERTY 

was designed for use by two fingers, even though by 1936 touch-typing was standard practice. Dvorak 

attacked this problem by distributing the work amongst the fingers, giving the strongest ones the most 

work. Also, by noting that simple motions are easier to learn than complex ones, Dvorak was able to
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exploit the frequent use of certain letter sequences, using simple motions to type them. He hoped that 

these easier motions would be easier to learn and less tiring than the seemingly random finger motions of 

the QWERTY.

There have been several experiments which compare the performances of the DSK and QWERTY. 

In general, most of these show that the DSK is on the order of 2%-5% faster than the QWERTY (Potosnak, 

1988), which is a minimal improvement. If there is any real advantage it is not that the user types faster, 

but that the user does less work. Judging by comments made by users of the DSK, the reduction of finger 

work does help reduce typing injuries.

Split K eyboards

Tab

Figure 2.3; A generalised split keyboard

Split keyboards are designed to tackle the problem of ulnar deviation when touch typing, in an at­

tempt to reduce typing-related injuries. On a standard keyboard, touch typing is performed by placing the 

fingers on the home keys, which are fairly close together. In order to align the fingers on these keys, the 

wrists must be bent, with the hands facing outward. A split keyboard straightens the wrists by splitting 

the keyboard down the middle (usually along the line between the T -G -B  and Y-H-N) and bending the 

sides back to make a V shape. Some split keyboards are jointed and allow the user to control the angle 

between halves. However, most split keyboards have a fixed angle. It has been confirmed experimen­

tally that a split keyboard with a wrist rest can significantly reduce ulnar deviation and wrist extension 

(Rempel et al., 1996).

With the rising media interest in RSI, split keyboards have become more common. The Microsoft 

Natural Keyboard alone has sold over a million units worldwide (Microsoft Corporation, 1997). Experi­

ments were performed using people with hand and wrist pains on three different kinds of split keyboards 

when used over a period of 3 months. The Apple Adjustable and Comfort HealthCare Keyboards showed 

a decrease of 18% and 11 % in the level of pain, while the Microsoft Natural Keyboard showed a 48% de­

crease in pain levels (Tittiranonda et al., 1996).

While the split keyboard solves some of the ergonomic problems of a standard keyboard, only trained 

touch typists benefit from its use. Touch typing assigns each half of the keyboard exclusively to one hand. 

A split keyboard physically separates these halves. Touch typists can easily adjust to this because of their
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training. Non-trained typists often will have their own way of typing which does not split the keyboard 

in the same manner. These people might find the split keyboard inconvenient to use, thus reducing their 

productivity.

Tilt K eyboards

Figure 2.4: Top view of the K-Keyboard, with left and right sections bent downward at 45°

Down

H inges

The K-keyboard was developed in 1972 in order to be able to type with the hands in the least stress­

ful position, minimising the strain on the wrists, fingers, and shoulders. In this position, the fingers are 

slightly curled, the wrists are straight, and the palms face inward and are tilted at an angle of approxi­

mately 45° to vertical (Kroemer, 1972).

The K-keyboard is split into two boards, one for each hand (Figure 2.4). The boards are tilted down­

ward at an adjustable angle between 0° and 90°, to minimise pronation. Most users preferred an angle 

of 45°. Note that at 0° the device effectively becomes a split keyboard. The hinges are tilted forward 

at a fixed angle of 25° to minimise wrist extension. Keys are offset to match the length of the fingers. 

There is one large curved space bar for the thumb. This arrangement allows the user to hold their hands 

in a more comfortable position: with wrists straight and no unnecessary pronation. This is opposed to the 

QWERTY keyboard which has the wrists extended, adducted, and fully pronated.

Experiments done on the K-keyboard show some improvement over the QWERTY keyboard. While 

there is no significant difference in typing speed, subjects made fewer errors (7.7% vs. 12.7% for QW­

ERTY). In the experiments, subjects were told to type until they were unable to do so. The subjects who 

used the QWERTY keyboard tended to stop because of physical pain. Users of the K-keyboard tended 

to stop because they could no longer concentrate.

Keyboard Sum m ary

The research carried out on the above keyboards has generated a mass of data on the options for keyboard 

design. Many of these have been adopted into national or international standards (International Organiza­

tion for Standardization, 1994). The rest are just good ideas to keep in mind when designing a keyboard.
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In our analysis of keyboards we have uncovered nine important factors for efficient keyboard design.

1. Hand position The least stressful hand position for typing is with the thumbs facing up and inward

at around 45°-60°, palms facing together, and fingers slightly curled (Kroemer, 1972), Reducing 

extension and adduction of the wrists has been shown to reduce pain levels up to 48% in people 

who suffer from hand or wrist pain (Tittiranonda et al., 1996).

2. Keyboard layout According to IS09995-3 (International Organization for Standardization, 1994),

the QWERTY is the international standard keyboard with the DSK being the standard alternative 

layout. Changes in the layout have little effect on the speed of the device, but minimising finger 

travel tends to reduce work and the number of errors (Potosnak, 1988).

3. Keyboard slope (Figure 2.5) Most users prefer a keyboard sloped towards them at an angle of at least

15° (Potosnak, 1988). The preferred slope is related to the user’s hand length and stature. While 

the slope of the keyboard affects how much the user likes it, the slope does not affect the users 

performance.

Figure 2.5: The preferred slope of a keyboard Figure 2.6: Diagram of a key showing preferred 
sizes and spacing
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4. N um ber of keys There is not enough data to know the upper and lower limits for the number of keys

on a keyboard. The only guidelines are the obvious. Too few keys slows typing by requiring mul­

tiple keystrokes to make some characters. Too many keys slows typing by making it harder to find 

a specific key (Potosnak, 1988).

5. Key size and shape Keys should be rectangular so they fit well together without large gaps between

them. A square shape is the most preferred design. To guide the finger to the centre of the key, the 

tops should be concave, with a radius of at least 30mm (llg, 1987). While there is no data for the 

upper limit of key size, the lower reasonable limit is 12.7mm square for the key tops, with 19.1mm 

between centres (Potosnak, 1988) (Figure 2.6) The typing speed is dependent on the key size. A 

square key with a width of 20mm is between 50% and 100% faster than a key width of 5mm (Sears 

et al., 1993).

6. Key force and travel Keys should require somewhere between 20cN (0.7oz) and 70cN (2.5oz) of

pressure to activate. The finger should have to travel 4mm to activate the key (llg, 1987).
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7. Tactile feedback Some sort of tactile feedback is preferred. This can be done by some kind of change

in the resistance force of the key once it has been pressed (Potosnak, 1988). Experienced typists, 

however, may not need tactile feedback or key travel (Guggenbuehl & Krueger, 1991).

8. A uditory  feedback Auditory feedback is not as good as tactile, but if the keys are silent and there is

no tactile feedback, auditory feedback helps. Some users find it annoying and there should be the 

option to turn it off (Potosnak, 1988).

9. Key colour Keys which perform a similar function should have the same colour. This aids in finding

the keys on a large keyboard. The keys should also have a matte surface, to reduce glare (Potosnak, 

1988). The colour of the character on the key should highly contrast the colour of the key itself (llg, 

1987).

Despite its problems, the QWERTY remains a fast and relatively efficient method for casual as well 

as intensive desktop text entry. Alternative keyboards, in general, tend to be over-ergonomically de­

signed. That is to say, their design goals of maximising touch typing efficiency has the side effect of 

being even more difficult to use for untrained typists. On a standard keyboard, operators can develop 

their own typing style uniquely suited to themselves. This is more difficult to do on some ergonomic 

keyboards which force the typist into one particular style. The biggest market for a alternative keyboards 

is formally trained touch typists who perform intensive text entry tasks, requiring a more efficient key­

board.

While quite appropriate for desktop use, the keyboard loses its advantages when shrunk down to a 

more portable size. The poor ergonomics, which are just noticeable with casual use on a desktop, become 

quite obvious and limiting on a mobile system. Ergonomic keyboards do not help since they tend to solve 

the standard keyboard’s problems by being bigger. A split keyboard requires extra space for the empty 

middle and a tilt keyboard takes up even more three dimensional space. While conventional keyboards 

make poor mobile text input devices, recent advances in touchscreen technology and miniaturisation has 

produced a new style of keyboard which is more appropriate for a mobile environment: the soft keyboard.

2.2.2 Soft Keyboards
A soft keyboard is not really a keyboard at all, it is just an interesting application of touchscreen technol­

ogy. A touchscreen can be set up to mimic a keyboard by placing the keys on the screen, which can be 

operated as if it were a normal keyboard. Since the keyboard exists only in software, the size, shape and 

even the layout can be adjustable on the fly.

A soft keyboard on a desktop computer or tablet computer has the most potential for flexibility. The 

keyboard can be enlarged to the size of a standard one, or even larger, allowing the user to interact almost 

as efficiently as a real keyboard. A 24.6cm soft keyboard has an input rate of 20.3wpm for novice users 

and 32.5wpm for expert users (Sears et al., 1993). The novice speed is around what one would expect for 

a standard keyboard, but the expert speed is considerably less. The soft keyboard does has one distinct 

advantage over a standard keyboard: it can be interactively changed to fit the user’s personal preferences. 

Given enough screen space, there is nothing which would prevent using it as a split keyboard, or even a
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chord keyboard (see Section 2.2.3). This is a flexibility impossible on any “hard” keyboard.

The smaller displays of notepad-size computers prove to be quite limiting to the flexibility of the 

soft keyboard. There is not enough space to resize it to a convenient size or shape. The best one could 

hope for is to be able to get rid of the keyboard when not using it. Input speeds for a 6.8cm soft keyboard 

are 9.9wpm for a novice and 21,1 for an expert (Sears et al., 1993), significantly less than the speed on 

the large keyboard, but the room for improvement is much larger. On the smaller keyboard an expert will 

type 113% faster, as compared to the large keyboard where the expert only types 60% faster. The wide 

proliferation of mobile computers begs the question of what percentage of users can possibly be experts. 

The benefits of expert use may not be applicable to the majority of users.

The limitations in typing speed due to the cramped space of a smaller keyboard can be offset by us­

ing a stylus to tap on the keys instead of typing with the fingers. A theoretical analysis of upper and lower 

bounds to the input speed yields a range of 8.9wpm to 30.1 wpm for any reasonably sized soft keyboard 

(Soukoreff & MacKenzie, 1995). Experimental results show that a novice user should expect around

21.1 wpm (MacKenzie et al., 1997). This means that, as a keyboard size decreases, typing becomes more 

difficult, but tapping with a stylus remains just as effective. While this has no benefits for a desktop com­

puter, a small handheld computer would benefit greatly.

There are two major problems of a soft keyboard which have not been addressed so far. The first is 

the lack of tactile feedback. The lack of feedback requires the user be constantly looking at the screen 

to know if  they hit the correct key. This can be compensated somewhat by audible feedback, which can 

be performed by a beep from the computer whenever a key is hit. However some users find this rather 

annoying and it should not be depended upon (Potosnak, 1988).

The other major problem is that a soft keyboard takes up valuable screen real-estate. This is espe­

cially a problem for miniaturised computers where the keyboard must take up most of the screen to be 

usable, even with a stylus. As a result, the soft keyboard really cannot be used as a primary text input 

device for a mobile computer. However, it can make a useful secondary, backup text input for when the 

primary input (e.g. handwriting recognition) fails.

The soft keyboard solves the size problem by squeezing the keys into as small a space as possible. 

This exacerbates the problems of the poor ergonomics of the standard keyboard to the point where normal 

typing is impossible. Typing with a stylus does improve the interaction, but there is still the problem of the 

keyboard taking up much of the screen space. This leaves us with a text input device which can be used 

efficiently with a mobile computer, but may not be appropriate for significant amounts of text input. We 

still need a primary text input device which is designed to be small, not shrunk down as an afterthought. 

In the following sections we will discuss input devices which do not suffer the same size limitations of 

keyboards.

2.2.3 Chord Keyboards

All the keyboard alternatives discussed above are just modified versions of the standard keyboard. A 

character is made by pressing one key, or one key in combination with one (or more) shift keys. This 

allows any number of characters, as long as there is room on the keyboard. A chord keyboard takes a
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different approach. There is one key for each finger. Multiple keys are pressed simultaneously to create 

characters, in the same way that a chord is made on a piano. Pressing combinations of keys in this way 

is called chording.

Chord keyboards were first used by the US Post Office in the 1960’s for entering numbers for mail 

sorting (Potosnak, 1988). Most early research on chord keyboards concentrated on limited applications, 

such as entering numeric data. In the 1980’s chord keyboards were reevaluated and applied towards a 

general text keyboard. The first thing which needed to be solved before this could happen was the limited 

number of characters. A one handed chord keyboard has only five keys. This translates to 31 possible 

combinations. This is enough for all the letters, with room for a few more characters, like < S p a c e >  

and < R e tu r n > .  There are numerous ways to increase the number of characters beyond just 31. The 

following are just some of them:

Two handed  chording A ten key chord keyboard has 1023 possible characters. This more than enough 

for general text input.

T hum b keys One or more extra keys can be added in reach of the thumb. Sixteen more characters are 

added per thumb key. More combinations are possible if  the thumb keys can be pressed simulta­

neously. This is the most common solution.

Sticky shift keys A sticky shift, when pressed once, acts on the next one chord. When double-pressed 

(like double-clicking a mouse) it acts on all chords until the shift is hit again. For each shift, the 

number of possible characters doubles.

M ultiple state keys Instead of an on/off key like most keyboards, it is possible to have a three or more 

state key. A three state keyboard uses keys which can be pushed up, down, or not at all. This gives 

243 combinations for one hand.

A dditional finger keys It is possible to have more than one key per finger, such as an extra row, above 

or below the base row. This is effectively the same as using multiple state keys.

By using one or more of these combinations it is possible to create all the same characters that can 

be made on a standard keyboard. With this problem removed, it is possible to use a chord keyboard as a 

general text input device.

The biggest advantage of chord keyboards is that they can be made significantly smaller than a stan­

dard keyboard. Each finger presses only one key, so that key can be placed in the keyboard in the most 

efficient position. In practice, most chord keyboards are around the size of the hand. The palm rests on 

an empty base, while the fingers press keys located radially around it (Figure 2.7). This setup permits a 

full range of text input, but at a fraction of the size, with no real loss of comfort.

The chord keyboard suffers from a similar problem to the split keyboard. Arranging each half of a 

split keyboard for each hand leaves an empty gap in the middle (Figure 2.3). The size of a chord keyboard 

is not limited by the size of the keys, since half a dozen or so small keys cannot take up much space. The 

problem is space between the keys. In the chord keyboard shown in Figure 2.7, most of the device is
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Figure 2.7: A generalised chord keyboard

covered by the hand or the fingers, making the device unnecessarily big. One solution to this problem 

is to put the keys on a small box which is held or strapped to the palm of the hand. This style of chord 

keyboard takes up much less space, but it can also hinder the user’s interactions when performing real- 

world tasks. Extra time must be spent putting the device down, or, if strapped in, it might get in the way 

of the user’s actions.

Another disadvantage of chord keyboards is that the fastest typists will always type faster on a stan­

dard keyboard. The reason for this is key overlap. On a standard keyboard, one often presses more than 

one key at a time. The key which is pressed first is entered first, but another key is in the process of be­

ing pressed. That means up to ten characters can simultaneously be in the process of being made. A one 

handed chord keyboard can make only one character at a time. There is no overlap. For the novice typist, 

this is not a problem. Novices can chord faster on a chord keyboard with less training. After twenty hours 

of training a one-handed chord keyboard user averages around 29wpm, while a QWERTY user averages 

around 20wpm. After 35 hours of use a chord keyboard levels off around 36wpm (Gopher & Raij, 1988).

A further disadvantage is that it is not possible to type without training on a chord keyboard, although 

it is possible is on a standard one. On the other hand, learning to type on a chord keyboard is easier because 

the chord shapes can have some physical correspondence to the letter being created. For example, holding 

out only the thumb and little finger makes a Y shape. If the chord for Y is made with the thumb and little 

finger, it becomes much easier to remember. The chords for an entire character set can usually be learned 

within an hour (Gopher & Raij, 1988).

One advantage chord keyboards have over alternative layouts, like the DSK, is that learning to type
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on a chord keyboard does not have any effect on the ability to type on a standard one. A person can switch 

back and forth without any problem. Touch-typing on a standard keyboard is difficult because the large 

number of keys and movements make it easy to miss a key. This problem is partly alleviated by most 

alternative keyboards. With a chord keyboard each finger uses only one key, since almost no movement 

is involved, it is impossible to miss a key. This is especially useful for blind, or otherwise disabled users. 

The benefits of reduced motion are reflected in the smaller error rates for chord keyboards.

2.2.4 Handwriting Recognition

Handwriting recognition is a particularly attractive method for text input, given the extremely wide pro­

ficiency of writing in the population. In the ideal case a handwriting recognition system would be as easy 

to use as writing on paper. Anyone who can write could pick up the device for the first time and bypass all 

the time normally spent learning to use the interface. Input speeds are comparable to novice QWERTY 

speeds, with printing speeds ranging from 12wpm to 23wpm. Speeds for cursive writing are higher rang­

ing from 16wpm to over BOwpm (Soukoreff & MacKenzie, 1995), but character recognition, even by a 

human, is much more difficult.

C u rio u se r  and c u r lo u s e r l c r i e d  A lic e  (she wa_

s
(a) Text input by writing sequentially on the screen (b) Text input by writing each character in a special block

Figure 2.8: Two methods for handwriting recognition

Most handwriting recognition systems use one of two methods for input. The first is writing on the 

screen itself. In this method, input area is set up as a series of blanks, which are filled in sequentially, one 

character per blank (Figure 2.8(a)), much like filling out a form on paper. This method requires the stylus 

to be positioned over each character. While this may not take up much space, it may cause problems 

since the hand might cover up parts of the screen. It also has the disadvantages of requiring constant 

visual supervision. If the stylus is slightly offset from where the user thinks it is, a character could be 

incorrectly recognised or printed in the wrong place. Finally, the sequential method of writing translates 

poorly to a heads-up display, since it would require a full sized pad to write on, in addition to the display.

The second method for handwriting recognition is writing in place. This consists of writing on a 

special block outside the main part of the screen (Figure 2.8(b)). Each character is written in the block, 

one on top of the next. The character is inserted on the screen at the location of the cursor, just as it is 

done with a keyboard. The cursor can be positioned by using the stylus as the graphic input device as well. 

This simplifies the recognition by adding a constraint on the position. It also avoids the problem of hand 

occluding the display while writing. There is the added benefit of causing less fatigue by minimising hand 

motions (Goldberg & Richardson, 1993). As long as the stylus starts out in the correct position, visual



2.2. An Overview o f  Text Input 31

supervision is unnecessary. In fact, the handwriting recognition block need not even be on the screen at 

all. Writing in place would translate well to a heads-up display, where characters could be written on very 

small pad outside of the field of vision and displayed on a monitor in front of an eye.

In addition to the two methods for handwriting recognition, many systems also include a soft key­

board which can be displayed to allow an alternative to writing. This is especially useful when enter­

ing less frequently used punctuation or other hard-to-recognise characters. While a soft keyboard allows 

faster text entry than handwriting, it is not sufficient for primary use because of the possibility of fatigue 

with long-term use (MacKenzie et al., 1997).

At the time of writing, handwriting recognition is far from perfect. The general agreement is that 

to be widely accepted, a handwriting recognition system would have to have 97% or higher accuracy 

(MacKenzie & Zhang, 1997). For isolated printed characters, human recognition is 96.8%, just short of 

what we would require from a computer. One advantage a handwriting recognition system has over a 

human reader in that it has temporal information as well. For example, the computer would know the 

difference between two very closely spaced v ’s and a w because it would have seen the stylus lift from 

the tablet in between characters. This could help a handwriting recognition system achieve the desired 

levels o f accuracy.

The current state of the art for handwriting recognition yields an accuracy between 87% and 93% 

(MacKenzie & Chang, 1997). This falls short of the 97% needed to be widely accepted. In addition, 

these figures were more effected by the user’s adaptations to the quirks of device, rather than the device’s 

recognition techniques.

The underlying problem with handwriting recognition is that Roman characters are not well suited 

for computer recognition. Next two sections will discuss two handwriting recognition systems which 

bypass this problem by reshaping the alphabet to a much simpler form.

U nistrokes

z > n A

Figure 2.9: The five basic strokes in the unistroke alphabet

Unistrokes were designed to provide a fast, easy to recognise alternative to the standard Roman char­

acter set (Goldberg & Richardson, 1993). The characters are generated from a basic set of 5 different 

strokes, each one made by up to 3 simple motions (Figure 2.9). Each of the 5 strokes has 4 possible ori­

entations and can be drawn from 2 different directions. This yields 40 possible characters that are different 

enough to be easily differentiated by a computer. The entire printable ASCII character set can be covered 

by using shift keys, or some of the other methods mentioned in Section 2.2.3 for increasing the character 

range for chord keyboards. Another key design factor is that unistrokes are designed specifically to use 

the writing in place method for character entry. This further facilitates writing for the user and character
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differentiation for the device.

Unistrokes can be entered quite quickly, with a novice input speed of 34wpm. It is expected that 

entry rates can go as high as 41 wpm for expert users. The novice rate is faster than normal printed text 

(12-23wpm) and is around the same speed as the upper end of the cursive entry rate (30+wpm). The 

unistroke character set can be learned within 10 minutes of use, but it takes a week of practice to achieve 

the novice input rate of 34wpm. No error rates were mentioned in the literature.

Unistrokes were intended for “power” users who would use a stylus input enough to benefit from 

the extra time spent learning the system. Since the handheld market was risky enough to begin with, the 

manufacturers of these systems had little inclination to cater to a small section of an already specialised 

market. While it was acknowledged that unistrokes were a good idea, there was little desire to try it.

Graffiti

Graffiti was introduced as an attempt to bring the unistroke idea of a simplified alphabet to a mass market. 

Instead of simplifying all the letters to the extent where text more resembles Cuniform than English, the 

letters o f the alphabet are simplified just far enough to make them easily differentiated by a computer, but 

remain recognisable to a human. All but five of Graffiti’s letters have a strong resemblance to the Roman 

Character, and even the remaining five still retain an obvious relationship.

The benefit of Graffiti’s approach is that it is very easy to learn. The initial accuracy for the system 

is 86%. After five minutes of practice the accuracy goes up to 97%, which meets the above-mentioned 

requirements for an acceptable handwriting recognition system. With continued use recognition levels 

may reach up to 99%. The accuracy after one week without using the system at all is 97%, implying that 

the Graffiti alphabet is retained in long-term memory (MacKenzie & Zhang, 1997). Text entry rates are 

claimed by the manufacturer to be around 30wpm (US Robotics, 1996).

Graffiti was developed by Palm Computing as a commercial text entry system for handheld com­

puters. While the Graffiti software is available for several different systems, it comes standard with Palm 

Computing’s PalmPilot personal organiser. The PalmPilot currently enjoys 66% of the handheld market 

(McCall, 1997) which shows that Graffiti has been rather successful at its intended job. However it is 

generally thought that Graffiti must be a short term solution to allow handheld computers to get off the 

ground while effective general handwriting recognition systems can be developed.

2.2.5 Glove-Based Text Entry

One of the more novel text input methods is text input via a glove-based device. These devices use one 

or both hands to input text by either sensing the motion involved with gestures or by detecting contact 

between the fingers and other fingers or a special pad. These devices tend to be quite portable because 

the glove is worn instead of held and consequently is lightweight and takes up very little space.

H and G estu res

Several systems have been developed to recognise sign language. The first such device was the Digi­

tal Data Entry Glove (Grimes, 1983), which was developed to recognise the letters in American Sign 

Language to provide a more portable and comfortable text input device. This glove used three kinds of
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sensors: flex sensors on the joints to measure finger flexion, inertial sensors to detect orientation, and 

contact sensors to detect finger adduction and contact between parts of the hand. The basic theory was 

sound, but it turned out to be impractical since the contact sensors required excessively precise finger po­

sitions in order to be recognised. In addition, the recognition was hard-coded into the device, preventing 

any adaptation to the user. While a commercial device was never built, this glove did pave the way for 

the DataGlove (Zimmerman & Lanier, 1987) which was partly influenced by this design.

A second system based on both Grimes (1983) and the DataGlove used sign language recognition 

for computer mediated communication (Kramer et al., 1991). The primary intention was to use the com­

puter to help facilitate communication by deaf people by translating the hand motions of sign language 

into characters, which could then be spoken by a synthesised voice. However, there is nothing to prevent 

this system from being used purely for text input. The glove in this system, the CyberGlove, improved 

upon the DataGlove’s optical fibre joint sensors by using strain gauges which give more accurate joint 

angles over a wider range. Strain gauges on the joints of each finger and the wrist measure the flexion 

angles. Additional strain gauges are positioned between the fingers, and on the thumb and wrist to mea­

sure adduction, abduction and opposition. This system uses an adaptive pattern recognition system to 

recognise the sign language characters and has been released commercially as the GesturePlus™. An 

experienced user can reach input speeds of over 40wpm (Virtual Technologies Inc, 1997). Unfortunately, 

this requires top-of-the-line equipment at a cost of over US$10,000 (Burdea & Coiffet, 1994). Despite 

its high portability, the high cost of this system prevents its use as an everyday text input system.

The GloveTalk uses a DataGlove to convert the gestures of a specialised sign language into speech 

(Pels & Hinton, 1993). The number of words is limited, with 66 root words and 5 possible suffixes ( ‘-s’, 

‘-ly ’, etc.), but these can be created in near-real time by one hand. Since each motion is a word which 

must be recognised by the computer before it can be spoken, it is possible to do away with the vocal aspect 

of the system and use it for text input only. The major problems with such a system is low vocabulary and 

high cost, which limit its usability as a text input device. A later version of this device, the GloveTalkll, 

uses two gloves and a foot-peddle to create individual formants which can be combined to speak at a third 

to nearly half of the normal rate. While the speed is fast for text input, the learning time is over 100 hours, 

which makes it unlikely to be a widely usable text input device (Pels & Hinton, 1995).

C on tact G estu res

Contact gloves are a somewhat cheaper and computationally simpler alternative to gesture recognition. 

These devices sense contact between fingers and either the hand, other fingers, or a special tablet. Touch­

ing contacts completes a circuit between the two sensors, which is detected by the computer. The gestures 

which make these contacts can be converted into characters or act as function keys.

Hartwig (1978) describes a contact glove used to enter numbers. The glove has contacts on each fin­

ger. These are touched against a special tablet, which is divided into 3 sections. Each section can produce 

one of five characters, depending on the finger which touches it. The first section contains the numbers 

1 -5 , the second section contains the numbers 6 -9  and 0, and the third section contains the symbols + 

-  X and =. This style of contact glove is equivalent to a keyboard which produces a different charac­
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ter depending on which finger is used to press the key. There is no research indicating the performance 

of such devices. However, it is clear that hitting the tablet in the correct place requires visual supervi­

sion. This limits the position of the tablet to where it can be easily viewed and also prevents the use of a 

heads-up display. As a consequence this system would be less mobile than a glove-only system.

Another contact glove, the Pinch glove makes gestures by touching fingers against each other 

(Rolands, 1996). This is more mobile than Hartwig’s glove, since it does not require a tablet. Unfor­

tunately, it can only be used for function input, since there are too few combinations to enter a decent 

fraction of the 100 printable ASCII characters. Using two gloves, or increasing the number of contacts 

on one might allow enough gestures to enter the alphabet, but it could suffer similar problems to the Dig­

ital Data Entry Glove, where the finger combinations were too complex to be easily made.

In sununary, glove-based text entry is extremely well suited for use in a mobile environment. The 

biggest drawback is the difficulty is recognising enough separate gestures to allow useful text input. Dif­

ferentiation between the large number of gestures necessary for text input on a contact glove requires 

excessive precision, limiting their usefulness. Contact with a separate tablet allows easier gestures, but 

at a loss of mobility. Gloves like the CyberGlove, which sense the full orientation of the hand, can be 

used to recognise existing sign language for text input, but the prohibitive cost o f these devices precludes 

their everyday use.

2.2.6 Voice
In some ways voice is the ideal text input device. A microphone takes up practically no space, has neg­

ligible weight, and is completely hands-free. It can be used just as easily in almost any environment and 

conditions. It is also much faster than most other text input devices, with an input speed on the order of 

150wpm (Dragon Systems, 1998). However, the technology is based on pattern recognition, which limits 

its usefulness.

Speech recognition systems perform a number of steps in converting an individual utterance into a 

word (Scahill et al., 1996). First, the utterance is divided into individual sound units called phonemes. 

The phonemes are then decorrelated to extract certain features. This simplified model of the utterance is 

compared to a known vocabulary, from which the most appropriate match is selected.

The last step of this process shows the two main sources of trouble for speech recognition systems: 

vocabulary and accuracy (Hunt, 1997). The vocabulary size needed to use a speech recognition system 

as a general text input is between 5000 and 60,000 words. One existing commercial system, the Dragon 

NaturallySpeaking™ Deluxe, can maintain a 30,000-50,000 word active vocabulary, and a total vocab­

ulary of 230,000 words (Dragon Systems, 1998). The need to change vocabularies and the potentially 

high memory use are relatively minor problems brought about by the size of the active vocabulary. The 

main problem is the difficulty of recognition: the more words there are to choose from, the more difficult 

it is to differentiate between them.

A high accuracy is essential for a speech recognition system. Not only does the system need to cor­

rectly recognise the words, but it also needs to reject invalid input (coughs, “um”s, etc.). Consequently, 

a system must have a rejection threshold. This is the point at which, if  the match is not good enough, the



2.2. A n Overview o f  Text Input 35

utterance is ignored. This leads to three different kinds of recognition errors. The first is a substitution 

error, which is made when a valid utterance is incorrectly interpreted as a different word. A second error 

is an insertion error, which is made when an invalid utterance is mistakenly identified as valid input. The 

last error is a deletion error, which is made when the quality of a valid utterance is below the threshold, 

and it is considered invalid (Johnston, 1996).

Setting the rejection threshold too low will cause more false acceptances (substitution and rejection 

errors), allowing potentially harmful events to occur, e.g. confusing “(cough) read file” for “delete file”. 

Alternatively, setting the threshold too high will cause more false rejections (deletion errors), annoying 

the user either by ignoring their input or by constantly asking them to repeat themselves. Consequently, 

for speech recognition systems, high accuracy is not enough. The systems must also have a good method 

for safely handling errors.

Another problem with speech recognition system is the issue of privacy. Privacy is not much of an 

issue in a working environment. In a work environment, a mobile computer would be mostly used for in­

put tasks such as inventory or damage control, or communication tasks, such as accessing an information 

database to assist in performing some work. In either case, voice control is useful, and allows the user to 

work hands free. Vocal text input is ideal for these situations.

The problem arises in personal computing. The nature of mobile computing means the computers 

are just as likely to be used in a public environment as not. In general, one is unlikely to want to write 

sensitive work-related or personal documents in public. Even if the speech recognition was performed 

flawlessly, people would still want some private way of interacting with the computer. For a computer 

which is likely to be used in public, the option o f non-vocal input is necessary, even if it is only used as 

a backup.

2.2.7 Summary of Text Input Devices
The QWERTY keyboard is extremely popular as a text input device due to the momentum built up from 

over a hundred years of use. However, the QWERTY’s design is not ergonomically sound. The hands are 

held close together with the wrists extended and bent outward. This has been linked to cases of RSI in full 

sized keyboards. If the QWERTY is shrunk, the strained conditions are made even worse, giving more 

potential for injury. The poor ergonomics of the QWERTY and the rising popularity of mobile computers 

has caused a surge of alternative methods for text entry.

Ergonomically designed keyboards tend to solve the QWERTY’s problems by repositioning the keys 

for maximum efficiency when touch typing. This is usually done by separating the keys in some manner, 

which has the side effect of making the keyboard bigger. While this might be a great benefit for people 

working in office conditions, it makes the problem of mobile computing even worse.

Part of the problem of the poor ergonomics of a shrunken QWERTY can be solved by using a soft 

keyboard. These devices can be adjusted on the fly to fit the ergonomic needs of the user. However, this 

is rarely done in practice, and instead the more popular solution is to use a stylus to tap the keys, one at a 

time. This reduces the strain of touch typing in such a small area, but text entry speeds are significantly 

reduced. These facts lead to the conclusion that conventional keyboards are undesirable for mobile com­
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puter inputs. Soft keyboards, on the other hand, are adaptable enough to make them a useful backup text 

input.

Chord keyboards have a comparatively small number of keys, allowing touch-typing in confined 

areas without reduced comfort. A chord keyboard is not as fast as a desktop keyboard for an expert, 

but it can achieve quite reasonable speeds for novice users, and with less training than a keyboard. The 

36wpm expert speed on a chord keyboard is roughly the same as the higher end of expected speeds on 

most handwriting systems. Chording does have the advantage of being potentially less fatiguing than 

handwriting systems since there is minimal movement and no stylus needs to be held. The biggest hurdle 

to overcome with chord keyboards is that the keymap must be learned before it can be used, even though 

the alphabet can usually be learned within an hour. But, if we can learn anything from unistrokes it is that 

the market is very hesitant to embrace such a technology.

Modem handwriting recognition systems are not flexible enough to analyse general handwriting. 

Instead the most effective systems require the user to learn a simplified alphabet, like Graffiti. Writing in 

place at the end of the workspace removes the need for moving the wrist and minimises the finger work. 

W hile this is slower than a desktop keyboard, it is less fatiguing, and remains one of the best options for 

a mobile interface.

Glove-based gesture systems are also highly portable, but they suffer from excessive cost or poor 

accuracy. Contact gloves are affordable enough for everyday use, but they are might not be accurate 

enough to recognise the large number of gestures needed for text entry. Gloves which can sense the full 

orientation of the hand can learn to recognise enough gestures for text entry, but these are too expensive 

for casual use.

Speech recognition systems provide an extremely portable, hands-free text input method. As of this 

writing the widespread use is limited primarily by the vocabulary size and accuracy of these systems. 

These are purely technological constraints which may be solved in the near future. However, even with 

near-perfect accuracy, recognition errors are inevitable, thus necessitating a safe method for avoiding po­

tentially damaging misinterpretations. While speech recognition is a useful text input method, there are 

situations in which vocal input is inconvenient or undesirable. Consequently, it is a good idea to back up 

voice input with a silent text input alternative.

As it stands, a handwriting system using a simplified alphabet, speech recognition, a contact glove 

with a tablet, or a chord keyboard, are the text inputs most suited for use with a mobile computer. The 

handwriting system, speech interface, and chord keyboard are effective on a heads-up style system while 

conventional handwriting and the contact glove are more effective on a notepad-style system. The next 

step in designing a mobile input is to look at the options for graphic input devices and determine which 

of them can work effectively in a mobile environment.

2.3 An Overview of Pointer input
Numerous pointer input devices have been developed over the last few decades as a result o f the trend in 

computers to a more graphically oriented interface. Most of the more recent developments with pointers 

take advantage of the advancements in computing power and miniaturisation. But the most recent spurt
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in novel pointers has grown from the need for a device which works effectively in a mobile environment.

Many of the design criteria for text input devices also apply to graphic input devices. For example, 

the ideas of minimising work and using tactile or auditory feedback make as much sense for pointing as 

the do for typing. Consequently, in this section, we will be concentrating more on the factors which limit 

portability, and the performances of the devices.

With text input devices, performance was judged quantitatively, primarily by a device’s input speed. 

It is necessary to use a similar quantitative method for comparing the performance of graphic input de­

vices. In the early 1950’s Fitts developed a method for measuring the performance of human motion. 

While this was originally applied to ergonomics and kinematics, Fitts’ law has been adopted into the field 

of Human Computer Interaction as a tool for comparing graphic input devices.

2.3.1 Fitts’ Law
Fitts’ law is an application of information theory to motor coordination which provides a metric for com­

paring various graphic input devices in simple pointing tasks (MacKenzie, 1992). The model is based on 

Shannon’s Theorem 17, which describes the information capacity C  of a channel with a finite bandwidth 

B  in terms of signal power S  and noise power N:

C = B l o g , ^ ^  (2.1)

The bandwidth B  is measured in Hz and the capacity C  is measured in bits per second.

Fitts applied this law to human motor coordination by finding the appropriate analogues for the 

terms. Channel capacity C  becomes the index o f  performance, IP. The inverse of the bandwidth ( 1 /5 )  

becomes the movement time, MT, which is the time it takes to perform a specific motion. The strength of 

the signal S  becomes the amplitude of the motion A . The noise N  in the signal becomes the width of the 

destination of the motion. The yields the modified equation:

IP =  (2.2)

where Fitts’ logarithmic term of ^  replaces Shannon’s logarithmic term. The 2 is an arbitrary constant 

to ensure that IP is positive when the motion starts outside the destination region.

The term in the numerator is the log of the ratio of the size of the motion to the size of region in 

which it ends. This is called the index o f  difficulty (ID):

24
ID  =  log2 (2.3)

Using this term, Fitts’ law can be rewritten as:

Since ID and MT are known terms, this equation can be solved directly. However the results are somewhat 

lacking as it does not provide a term for reaction time, which turns out to be necessary.

Equation 2.4 can be rewritten, solving for MT, as:

M T = ^  (2.5)
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which can, in turn, be solved by performing a linear least squares fit on the known variables, ID and MT:

M T  =  a +  bID  (2.6)

where a is the reaction time and IP =

By using Equation 2.6, the index of performance of a graphic input device can be found. IP, as we 

recall, is measured in bits/s. Applying this to an input device tells us how fast information can be sent 

from user to computer. This yields a useful method for comparing effectiveness of various graphic input 

devices.

Note that the ^  term in ID is unitless, and is unchanged under any scaling. This means that the time 

it takes to perform a motion (MT) is independent of the scale of the device. This is limited to situations 

involving the same Index of Performance. If the system is scaled up to the point where new muscles 

are involved in the action, a new IP is involved. This is why tapping on a soft keyboard with a stylus is 

equally fast, regardless of the size of the keyboard. A small soft keyboard would require motions from 

only the wrist, while a large one would require motion mostly at the elbow. These actions have differing 

IPs (Balakrishnan & MacKenzie, 1997) and thus would take different amounts of time to perform.

Unfortunately there are some problems of consistency from experiment to experiment when using 

Fitts’ Law. Different experimental setups can give widely ranging values for the same device. For exam­

ple, in different experiments, the mouse has been found to have an IP as low as 2.6 and as high as 10.4 

(MacKenzie, 1992). Fortunately, the ratio of IPs is more or less constant from experiment to experiment. 

For example, in the experiments above the joystick was found to have IPs of 1.2 and 4.5 respectively. 

This gives joystick to mouse IP ratios of 0.46 and 0.43, which are very close. As a consequence of this, 

ratios of IPs should be used to compare the performances of devices checked in different experimental 

setups. In this thesis we will be using a “normalised” version of Fitts’ law in which the performance is 

calculated by the IP of the device divided by the median value of the IP for the mouse, as calculated in 

the same experimental setup. In other words:

IP. =  (2.7)
mouse

The mouse was chosen because of its widespread use and relatively high performance. This method is 

used in Table 2.1 to rate the performances of various common graphic input devices.

It is obvious that a consistent standard for rating graphic input devices is necessary. At the time of 

this writing, the International Organisation of Standardization is working on ISO 9241-9: “Requirements 

for non-keyboard input devices”. This is still in the committee draft stage, but it is expected to propose 

a method based on Fitts’ Law for comparing graphic input devices (MacKenzie & Oniszczak, 1998). In 

this proposal, the Index of Performance (IP) is renamed Throughput (TP), and a set of consistent rules for 

measuring it are laid out. Unfortunately, nothing official has been published. As a consequence it is only 

included here as a reference for future research. All comparisons of graphic input devices in this thesis 

will be based solely on Fitts’ law as described above.
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Experiment
MacKenzie & 

Oniszczak 
(1998)

1. Scott MacKen­
zie & Buxton 

(1991)

Epps (1986) Card e t al. 
(1978)

MIthal & 
Douglas 
(1996)

0)o
0)Û

stylus 1.09

m ouse 0.80-1.20 1.00 1.00 1.00 1.00

trackball 0 .53-0.93 0.73 1.15

trackpoint 0.71

touchpad 0.62-0 .88

joystick 0 .42-0 .46 0.43

trackpad 0.26-0.29

Table 2.1: A comparison of the normalised performance of six graphic input devices. The performance 
value is the ratio of the device’s IP to the median IP calculated for the mouse in the same experiment.

2.3.2 Arrow Keys
The earliest personal computers were almost entirely text-based and had little graphic capability. Arrow 

keys located on the keyboard were used for pointer control. There are various methods for interaction 

with arrow keys, the most conunon of which is step keys. These move the cursor up or down one line and 

back or forward one character. In a graphic environment step keys move the pointer one or more pixels, 

the size of the step often changeable by either another set of keys, or as a function of the duration of the 

key press. Jump keys are designed for a more specific type of environment. Jump keys move the cursor 

to one of a series of predefined areas on the screen. This is often used in hypertext applications to jump 

between links. It has been shown that jump keys are faster and more preferable than using a mouse in a 

text-only hypertext system (Greenstein & Amaut, 1988). This has not been proven for complicated text 

and graphic windows-based environments.

The simplicity of arrow keys makes them a very versatile graphic input method. Arrow keys can be 

made very small to fit various sized devices, while still retaining the same level o f usability. W hile arrow 

keys are not terribly fast nor efficient for general graphic interaction, they do make a decent backup pointer 

control. There is no Fitts Law data for the performance of arrow keys.

2.3.3 Joystick
A joystick is a vertical handle mounted on a base, usually with one or more buttons used for selection. 

A displacement joystick uses potentiometers or similar technology to measure the displacement of the 

handle from the normal position. This is translated to a magnitude and direction. Springs are often used 

to move the handle back into its normal position. An isometric joystick  uses strain gauges to measure the 

force on the handle. The handle itself does not move. A switch activated joystick  or joyswitch  uses a set 

of switches, evenly spaced around the handle, when the handle is moved in one of the directions, one or 

more switches are activated determining the direction, but not the magnitude of the motion.

The popularity of video games in the late 70’s and early 80’s brought joysticks to a mainstream au­

dience. Joysticks were occasionally used on home computers, usually for games since there were very
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few other graphical applications. Joysticks work best for navigation and low-precision pointing (Green­

stein & Arnaut, 1988) which, while excellent for games and visualisation, compare poorly to mice when 

performing higher precision tasks such as drawing. As a consequence, joysticks for personal computers 

remains a primarily niche market.

Standard joysticks are not easily used in a mobile environment because the shaft needs a large enough 

base to provide leverage. If the base is too light compared with the forces required to operate the joystick, 

the base will simply move with the joystick, preventing any motion. One solution to the miniaturisation 

problem which has become popular in recent years is the microjoystick, one common version of which 

is called the trackpoint. This device is a finger-controlled isometric joystick shrunk down to the size and 

shape of a pencil eraser. This is embedded in a board and operated with the thumb or index finger. Its 

small size makes it more difficult to use and beginners may have a very hard time using it. Part of the 

difficulty stems from the high gain of the device. Since it is so small, the forces applied to the device need 

to be amplified by a large amount to be turned into pointer motion. This does not just amplify the motion, 

but also the natural vibrations, or tremors, in the finger, which are too small to be seen using most other 

input devices (Mithal & Douglas, 1996), Despite these problems, the trackpoint has a large advantage 

in that it takes up only around a square centimeter of work space. As a consequence, the trackpoint has 

recently become widely available as a graphic input for notebook computers. Note that the IP for the 

trackpoint is different from the IP of a normal-sized joystick since different muscles are used (Table 2,1),

2.3.4 Trackball
A trackball is a small ball placed inside a fixed housing. The ball is free to rotate in the socket and is 

usually manipulated by the thumb, index finger, or the whole hand, depending on the size of the device. 

Rotating the ball causes the pointer to move in the direction of rotation. Switches located near the trackball 

are used for selection.

The most commonly used trackballs allow all the work to be done by the fingers. This tends to be 

more comfortable than devices such as the mouse or full-sized touchpads because the hand does not move. 

Tactile feedback is provided by the motion of the trackball itself. The fingers can feel the speed and di­

rection of the rotation, giving them better control of the pointer than visual supervision alone. Trackballs 

work best for pointing and selection as well as manipulating symbols (Greenstein & Amaut, 1988), This 

makes them appropriate for operating a menu and desktop style GUI,

Trackballs are well suited to a mobile environment. They can be made very small, allowing them 

to be embedded in a handheld computer sized base. One drawback is the relation between the selection 

switches and the trackball. If the same finger is used to move the ball and press the buttons, it is possible 

that these actions might interfere, since the same muscles are used for both (MacKenzie & Oniszczak, 

1998), This is especially a problem with click-and-drag tasks, where holding the button down might get 

in the way of moving the ball,

2.3.5 The Mouse
A mouse is a small, hand-held device which is dragged along a surface. Moving the mouse causes the 

pointer on the screen to perform a corresponding motion. Selection is performed by one or more buttons
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at the end of the mouse. There are two basic kinds of mice: optical and mechanical. A mechanical mouse 

has a small ball on the underside. Dragging the mouse across a surface rotates the ball, determining the 

motion of the pointer. The moving parts in a mechanical mouse make it prone to errors by picking up 

lint or other small particles. An optical mouse requires a special mouse pad imprinted with a fine grid. 

The mouse counts the number of lines it passes horizontally and vertically, usually by means of an LED 

and optical sensor. The rate at which it passes lines on the grid determines the pointer motion. An optical 

mouse has no moving parts and is much less prone to errors (Greenstein & Amaut, 1988).

Much research has been done on the ergonomics of the mouse. A mouse must be textured to avoid 

the hand slipping (Aberaethy & Hodes, 1987). The mouse must also have buttons which require enough 

activation force that the fingers can easily rest on them without accidently pressing them. The mouse 

should also be broader at the end with the buttons to accommodate finger spread (Greenstein & Amaut, 

1988).

A mouse cannot be made effectively smaller than it is. The device itself can be shmnk, but the space 

needed to use it cannot without a loss in performance. Excessive amplification of a mouse can lead to a 

tremor problem similar to that found in the trackpoint (see Section 2.3.3). As a consequence the mouse 

will remain usable as desktop input device only, and cannot be made suitable for a mobile environment.

2.3.6 Trackpad

Trackpads have evolved from graphic tablets, which have been around since the 70’s. These were never 

very widespread until they were applied to portable computers, where they found their niche, A trackpad 

is a small, touch sensitive region a few square inches in area, usually located just below the keyboard. It 

works by measuring the change in capacitance caused by the user’s finger on a grid of electrodes . The 

finger’s touch can be detected at each node, which works out to 250 points per inch resolution (Andrews, 

1994). Other input methods exist, such as conductive devices, or infrared or acoustic (Greenstein & Ar­

naut, 1988). The former uses two conductive layers made of electrode grids, which work by touching 

when pressure is applied. This can be made with the highest resolution and detects any pressure, not just 

a finger. Infrared and acoustic devices tend to be low resolution and are not very common for mobile 

devices.

Selection with touchpads is commonly done by one of two methods. The first is to have an external 

button which is pressed with another finger, or by moving the pointing finger from the trackpad. This 

method tends to be slower and suffers similar problems to the trackball of muscle interference. The sec­

ond method is often called lift and tap. After the finger moves the pointer over the proper location, the 

finger is quickly lifted and returned to the pad. This is faster than using an external button (MacKenzie & 

Oniszczak, 1998). Both methods suffer from jitter. Lifting the finger from the pad can be interpreted as 

a slight motion, meaning that the selected point is not exactly where the user wants it to be. If selection 

is performed by using another finger on a separate button, the jitter problem is avoided. Another prob­

lem touchpads suffer from is the lack of tactile feedback. This can be compensated for in software by an 

audible or visual indicator, so the user knows selection has been occurred. Alternative selection methods 

exist, but are not as common. One method uses pressure deviations to differentiate between light touches
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(dragging the pointer) and hard touches (selection) (Greenstein & Amaut, 1988). This can be adapted 

to provide a tactile “click” when pressed, thus providing tactile feedback. The tactile version has been 

shown have 25% higher IP than the lift-and-tap method (MacKenzie & Oniszczak, 1998).

Trackpads have the advantage of having no moving parts. This makes them less prone to collecting 

dirt, easier to clean, and more adaptable to the hostile environments one is likely to encounter with a 

mobile computer (Greenstein & Arnaut, 1988).

2.3.7 Touch Screens
A touch screen is just a transparent trackpad overlaid on top of a display. This is a very common in­

put method for tablet and handheld computers. Both touch screens and trackpads tend to be both just 

as easy to use, with certain advantages and disadvantages for each. Trackpads have the advantage over 

touchscreens that the finger or hand does not obscure the display, allowing interaction with no visual su­

pervision. On the other hand, separating the display and input pad takes up valuable workspace, and a 

device with integrated input and output is more intuitive to use. CRT-based monitors have trouble with 

drift, which would make a touch screen very difficult to use (Greenstein & Amaut, 1988). However, this 

is not a problem with mobile systems since they tend to use liquid crystal displays, which do not suffer 

from drift.

2.3.8 Stylus
The problem of occluding the display of a touch screen is magnified by the small size of mobile displays. 

One solution to this problem is to use a stylus instead of a finger. The stylus tends not to occlude the 

display as much, and gives a sharper point for more accurate pointing. Using a stylus is less work than 

moving a finger or hand, making interacting faster and less tiring (Greenstein & Amaut, 1988). Using 

a stylus also allows one to merge the graphic and text input into one device simplifying interaction (see 

Section 2.2.4). A stylus can also be effectively used on a trackpad with a heads-up display. This tends 

to lead to the conclusion that, in a mobile environment, it is more efficient to operate a touch screen or a 

trackpad with a stylus than with a finger.

2.3.9 Gesture, Eye Tracking, and Voice
There are other, less common, graphic input techniques which can easily be adapted for use in a mobile 

environment. In this section we will focus on gesture, eye tracking and voice as graphic input. These are 

not very popular at the moment, usually due to expense or poor usability, but advances in technology may 

make them cheap and usable enough to provide a viable input method.

G estu re

Gesture input is usually done via glove or body-based motion trackers. This generates 3D position data, 

which are recognised as gestures which manipulate 3D objects. The nature of the input devices makes 

gesture input very mobile. In addition, glove-based devices which can be used as graphic input can also 

be used to interpret gestures as text input (See Section 2.2.5).

Most body-based or glove based motion trackers are too expensive to be used for the 2D GUIs com­

mon on modem mobile computers. Until a virtual reality GUI becomes feasible for mobile computers.
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using these devices for graphic input is overkill. However, a simplified glove system may be more suit­

able to 2D output. Instead of full 6 degree of freedom (DoF) tracking with wrist and finger joint recogni­

tion, one could only measure the motion of one or two fingers or just the wrist. This would make a glove 

interface much more suited for a conventional 2D environment.

E ye Tracking

M ost eye tracking uses sensors to recognise and track features on the surface of the eyes to determine the 

viewing direction. Selection is performed either by a separate button or dwell time (Greenstein & Arnaut, 

1988). Selection by dwell time is done by leaving the pointer in roughly the same place for a specific short 

period of time. This can have problems in a windows-style or hypertext GUI. The user cannot look at a 

hot area such as an icon, button, or menus for too long without activating it. In a windows or hypertext 

environment, there are usually many such hot areas all over the display. This means that the user can 

only glance at these objects to avoid risk of accidental selection. This is sometimes referred to as the 

“Midas Touch” problem (Gips & Oliveri, 1996). Selection with dwell time also prevents click-and-drag 

and double-click options.

Eye tracking also tends to have problems with locating small targets because of involuntary eye mo­

tion. In general, because of the potentially small size and low encumbrance, eye tracking is well suited 

to a mobile environment, but since it is less accurate and more expensive than the alternatives it would 

only suffice when no other graphic input is an option.

V oice

Voice input is very common with wearable computers because of the small amount of unintrusive hard­

ware required. Speech recognition is well adapted to be usable as a text input, but is not nearly as well 

suited to general graphic manipulation (Hunt, 1997). It tends to work best for menu selection, or other 

constrained tasks. Drawing and similar activities are rather difficult (a picture is worth a thousand words), 

making speech-based input graphic devices rather inefficient.

2.3.10 Bioelectric-Controlled Input Devices

A bioelectrically controlled device would be especially convenient as a graphic interface for a mobile 

system. One advantage is that the sensors can be remote from the motions they detect. For example, 

finger motions can be sensed by electrodes on the forearm (Hiraiwa et al., 1993). This, plus the small 

size of the sensors, allows such a system to be discrete, even possible to be hidden underneath clothing. 

Another benefit is that one can learn to interact with the device through biofeedback. By this process, the 

computer effectively becomes an extension of the user’s body. In order to understand how these devices 

can work, we must go into detail on the physiology, methods for measuring, and safety issues involved 

with bioelectric signals.

The most common bioelectric signals which can used for input devices are the electromyogram 

(EMG), electroencephalogram (EEG), electro-oculogram (EOG) and Galvanic Skin Response (GSR). 

These are not the only options, but just the most common. In this section we will describe these sig­

nals, focusing particularly on their usability for controlling a graphic input device. Special attention will
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be paid to Electromyography,
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Figure 2.10: Diagram of an action potential and its important features. Based on a diagram in Geddes 
(1972)

Electromyography is the reading of action potentials generated by muscle use. When a single muscle 

fibre is excited, a wave of charge propagates down the cell membrane, causing the muscle to contract. 

When the potential of a point on the fibre is measured, it yields a curve of the form seen in Figure 2.10.

The action potential starts at a small negative voltage called the resting potential. In the pre-potential 

period, the voltage slowly increases until it shoots up during the spike. The maximum potential of the 

spike is usually a small positive voltage called the overshoot. The period after the spike and before the 

membrane potential returns to its resting potential is called the after-potentials which can have two parts. 

The negative part of the after-potential is the slow decrease from the end of the spike to the resting po­

tential. Sometimes the after-potential falls below the resting potential for a short period. This is called 

the positive.

A muscle is made up of many fibres and its EMG is generated from the sum of the action potentials 

of all the excited fibres. Light muscle use excites only a small number of fibres, yielding a few clear action 

potentials. A fully contracted muscle uses many fibres, generating several overlapping action potentials, 

yielding a seemingly random, cluttered, complex waveform (Figure 2.11).

Reading signals Electromyograms can be read either directly via depth electrodes or through the skin 

via surface electrodes. Depth electrodes are inserted subdermally and come into direct contact with the 

muscle. These have a clear, well defined EMG, requiring less amplification and filtering. However, the 

health and safety issues involved with the daily application of needle electrodes preclude their use as a 

casual computer input device. Surface electrodes are placed on the skin directly above a muscle. The 

EMG is weaker and noisier than from depth electrodes due to signal damping from the skin. It is also 

harder to read the EMG of deeper muscles with surface electrodes. The problems with surface electrodes
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Figure 2,11: Graphs of the EMGs for low muscle use and high muscle use

are made up for by their ease of application and use on a daily basis, giving them a vast advantage over 

depth electrodes.

Surface electrodes come in a variety of sizes and styles. In general, they consist of 3 parts. First is 

the electrode housing. The edges of the bottom of the housing are usually lined with adhesive to keep it 

affixed to the skin. The housing is either made from the electrode plate, or the electrode plate is fastened 

to the housing. The plate is usually made of a non-biologically active metal such as silver, gold, surgical 

steel, or tin.

The second part is the electrolyte, which can take various forms. Usually it will be a paste or gel. 

Liquid electrolytes are applied between the skin and housing upon use, A semi-solid gel electrolyte is 

permanently fixed to the electrode housing. Most commercially available electrolytes are made of a hy- 

poallergenic saline solution and should not produce any allergic reactions (3M Health Care Customer 

Helpline, 1997),

Dry electrodes do not contain an electrolyte, the electrode plate is put in direct contact with the skin. 

Dry electrodes are useful in situations where preparing the skin is undesirable, or in environments where 

a gel would freeze or liquefy. Dry electrodes, however, tend to be more expensive.

The last part is the connector. This is usually a knob connecting to the electrode plate which emerges 

from the top side of the housing, A clip is usually connected here. In some smaller electrodes, the con­

nector is a permanently fixed wire.

The size is an important factor in the electrode, A larger contact area for the electrode yields a 

stronger signal. However, a smaller electrode will be easier to fix over a specific muscle, giving a more 

precise signal. Also smaller electrodes are easier to apply and wear. The effective contact area can be 

increased by roughening the skin under the electrode. This will increase the surface area of skin exposed.
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giving a stronger signal (Geddes, 1972). In general the size of electrode used must be small enough to fit 

over the muscle while being large enough to provide a decent signal.

Safety is another factor to consider when using electrodes. The condition of the skin affects the qual­

ity of the bioelectric signal. The skin should be cleaned before using. Cleaning off dead skin will enhance 

the signal, especially if an abrasive soap is used, as roughening the skin will improve the connection.

Bacteria and fungi which are brushed off by normal interaction with the environment will grow under 

the electrode. The density of these organisms vary on different parts of the body ranging from as low as 

105/cm^ on the forearms to 2.4 million per cm^ in the armpit (Geddes, 1972). Significant amounts of 

these organisms may appear after long periods of electrode use. While most of these are harmless, some 

can lead to infection or disease. As a consequence, the skin should be washed after use, especially if the 

electrode is on for a long period of time. Attaching an electrode to damaged skin should be avoided. If it 

must be done, special care must be taken to clean the skin before and especially after use. A normal gel 

electrode can be safely used on unbroken skin for periods up to 24 hours without risk (3M Health Care 

Customer Helpline, 1997). This period can be increased up to two weeks when using special electrodes 

on prepared skin.

In order to read the EMG, the electrode must be connected to an amplifier, which in turn is connected 

to a power supply. The primary safety factor for the amplifier is isolation from the power source. While 

this is especially important for use with devices connected to power mains, it is still an issue with battery- 

powered computers. According to British health and safety regulations, the maximum current allowed 

to reach the subject is 500//A (British Standards, 1993). This is usually done by optically isolating the 

amplifier.

E lectroen cep h a lograp h y

Electroencephalography is the measurement of the electric potentials generated by neurons in the brain. 

This is much more complicated than electromyography and not entirely understood. Discernible wave­

forms can be created by conscious thought as well as by sensory input. EEGs are low frequency (up 

to 50Hz, but usually less than 20Hz) and low amplitude (usually between 2 and 100//V, and as high as 

400//V) (Thompson & Patterson, 1974). The low amplitudes require better amplifiers to read, and make 

the system more susceptible to noise. The low frequencies reduce the potential speed of the input device.

Measuring EEGs is performed by placing several electrodes in various regions of the scalp, usually 

over hairy areas. In order to make a solid contact though the hair, an electrolyte gel is applied. This has the 

unfortunate side effect of being somewhat messy and uncomfortable for the subject. Some EEG systems 

avoid this problem by placing the electrodes only on the forehead, where standard surface electrodes can 

be used.

E lectro-ocu lography

Electro-oculography is the measurement of the difference in potential between the cornea (front) and 

retina (back) in the eye. This can be used to measure the intensity of light seen by the eye, or the orienta­

tion (gaze direction) of the eye. The latter is useful for eye tracking, as it provides a convenient alternative 

to those mentioned in Section 2.3.9.
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Determining gaze direction is fairly simple and straightforward compared to controlling a pointer 

from an EEG or EMG. Electrodes are placed, above, below, to the left and right of the eye. The differ­

ence in voltage from left to right indicates the horizontal orientation. The voltage difference between 

the electrodes above and below the eye indicates the vertical orientation. The signals are on the order of 

20/iV per degree of arc and have a frequency under 30Hz (Gips & Oliveri, 1996).

G alvanic  Skin R e sp o n se

Galvanic Skin Response (also known as Electrodermal Response or EDR) is the measurement of the vari­

ations in the resistance of the skin and usually generated by varying emotional states. The cycle periods 

of the GSR are on the order of seconds, significantly slower than either EEG or EMG. The low frequen­

cies and high correlation to emotional stress levels make GSR most appropriate for use for lie detection 

or biofeedback techniques for stress reduction. GSR is very dependent on the condition of the skin. The 

signals are harder to detect on areas of the skin with sweat, cuts, or scars as they tend to interfere with 

the signals. EEG and EMG signals are actually improved by these defects as it improves current flow 

through the skin (Geddes, 1972).

B ioelectric C om puter Interfaces

There are a few experimental and commercial bioelectric interfaces in existence today. The commercial 

systems tend not discuss their exact methods, so only experimental ones will be detailed here. The fol­

lowing summary is an overview of some common methods used to convert EEG, EOG, and EMG data 

into pointer motion.

Wolpaw and McFarland have developed one and two dimensional pointers using the EEG*. The one 

dimensional pointer works with a fair degree of accuracy. Electrodes over the sensimotor cortex in each 

hemisphere measure the EEG and filter the signals to isolate the mu waves. Mu waves are in the 8 -12Hz 

band and are affected by conscious thought, usually related to motor control (Lusted & Knapp, 1996). 

The pointer’s motion in controlled by the difference in the amplitude of the mu waves of the right and 

left hemispheres. The subject learns to control the pointer by thinking about random movements (like 

running or floating). The subject watches the pointer and learns which thoughts control what motions. 

The two dimensional pointer is more complicated and is still being worked on, but it is based on the same 

principles. The 2D pointer is about 70% accurate in controlling the rough direction for a trained user. 

Controlling the specific direction, or the speed of the motion is too difficult and needs improvement.

An EGG-based eye tracking system called EagleEyes has been developed at Boston College and 

is designed for use by disabled people (Gips & Oliveri, 1996). The tracking was tested with a setup in 

which the subject would enter text by selecting letters on a soft keyboard. Selection was performed by 

dwell time. The time it took to learn the device ranged from 15 minutes to months. The accuracy is 

described as “fair” and control of the device is limited due to problems with dwell time as mentioned in 

Section 2.3.9.

Several methods exist for EMG control of prosthetic devices. The methods used for controlling a 

prosthesis can be easily adapted to either a gesture input or pointer control. To get an overview of the 

'Browne, M. W. “How Brain Waves Can Fly a Plane”, The New York Times. 7 March, 1997.
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various methods we will review three different situations: first is a method for control of a prosthetic arm, 

second is a method for controlling a prosthetic or virtual hand, and the last is a method for simplifying 

EMG signals for computer recognition,

Kermani & Badie (1990) used the integral of the absolute value (lAV) of the EMG from the biceps 

and triceps to control elbow and wrist rotations of a prosthesis for above-elbow amputees. The space de­

fined by the lAVs for the biceps (lAVB) and triceps (lAVT) is segmented into areas which control certain 

actions. For low values of both lAVB and lAVT, no motion occurs. For medium-to high lAVB and low 

lAVT, elbow flexion occurs. For medium-to high LAVT and low LAVB, elbow extension occurs. These 

are effectively the same motions which would occur naturally. With roughly equal and low to medium 

lATB and lAVT, wrist pronation occurs. For medium to high LATB and lAVT, wrist supination occurs. 

These last two motions are not related to the actual motions these muscles would perform, and thus would 

have to be learned. Noise which could cause unwanted movements is eliminated by a rule-based strategy. 

There are two disadvantages to this method. First is that the wrist motions need to be learned. The sec­

ond is that only one motion can be performed at a time, despite the independence of the elbow and wrist. 

These are not major problems when using this method for a prosthetic device, but it translates poorly to 

a method for computer interaction.

LLiraiwa et al. (1993) use a neural network to control the fingers on a prosthetic hand. One electrode 

pair was placed on the anterior side of the forearm, above the flexor digitorum superficialis. Another pair 

was placed on the posterior side, above the extensor digitorum. Each EMG was transformed into a power 

spectrum every 200ms. The spectra were then rebinned down to 10 points each . The 10 values from each 

EMG were fed into the neural network, which produced two joint angles for each finger. Training was 

performed by placing a DataGlove over the existing hand, which would he used to determine joint angles. 

During the training, the user randomly moves their fingers, mirroring the actions with the missing hand. 

The training lasts for 150 seconds. The RMS error averaged at around 25®, which provides sufficient 

accuracy to manipulate objects. This method has also been suggested as a gesture input for virtual reality 

systems.

Chang et al. (1996) developed a method for recognising EMGs in real time by analysing various 

features. The first feature is the zero crossing rate (ZCR) which is the number of times the EMG switches 

from positive to negative over a fixed time period. This is roughly equivalent to the frequency, but is 

easier to calculate. The start of a muscle contraction is identified by the ZCR passing a threshold of about 

30-40%  of the average ZCR.

The second feature is the cepstral coefficients, which are the inverse fourier transform of the loga­

rithm of the signal’s power spectrum. These can be estimated using an nth order recursive function which 

generates n  coefficients. A large n  is computationally expensive, and small n is less precise. It was found 

that n  =  4 was a decent compromise. This generates a vector of 4 cepstral coefficients which identifies 

the motion.

Before using the system, the user must create a set of these vectors, one for each desired motion. 

These base vectors are then compared to the feature vectors generated during the system’s use using the
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modified maximum likelihood distance (MMLD). The minimum MMLD determines which motion was 

performed. In a test o f five movements of the head, this method yields a recognition rate averaging 95% 

with a delay time of under 170ms. However, the recognition only tells what the motion is, not the ampli­

tude. In order to make a more accurate pointer, the number of motions must be increased, which would 

increase the recognition time.

Summary of bioelectric devices The EEG is commonly used in biofeedback systems for clinical 

purposes (Carroll, 1984), but usage as a computer input is limited due to the low accuracy. Eye trackers 

based on the EOG are currently feasible, and in some cases are more convenient than video-based sys­

tems. EMG input methods are also feasible and come in a variety of styles. Both the rule-based system 

and the feature recognition system fail to provide a continuous graphic input since they give a direction, 

but no magnitude. The neural network system is the only one which provides an continuous set of val­

ues. The processing speed for each method varies. The rule based method is the fastest since it is the 

least complicated. The neural network and feature recognition systems take roughly the same amount of 

time with 4 and 6 updates per second. The update rate is to too slow for a useful input device, but, since 

these systems were created 5 and 2 years ago, one can expect that current computer speeds should be fast 

enough to use at least the neural network system, if not both systems, without significant delay times.

2.3.11 Summary of Graphic Input Devices
Using arrow keys is the simplest method for pointer control. This may be slow, but it allows easy pointer 

control at the pixel resolution and is guaranteed to always work, regardless of the environm ent. The 

performance of arrow keys can be improved by using them as jump keys in specialised applications. In 

addition, they are easy to implement. Any computer which has room for a few small buttons can use 

them. This makes them well suited for use as a backup pointer control for a mobile system.

Joysticks are most useful in environments which require navigation or low precision pointing, but 

they are not very portable. The trackpoint is a much more portable derivation of the joystick, but the high 

amplification of the device makes it difficult to master.

Partly due to its obvious usage, high performance, and successful marketing, the mouse has domi­

nated the graphic input market and has became the de facto  standard interface for a desktop environment. 

Unfortunately the mouse does not translate well to a mobile environment. Shrinking the mouse requires 

amplifying its motions, potentially causing problems similar to the trackpoint.

Trackballs can be made very small, making them quite popular for use with mobile computers. 

While these devices work well for pointing and selection tasks, they have trouble with tasks which re­

quire use of the selection button and the trackball at the same time, such as clicking and dragging. Track­

pads are slightly larger than the trackball, but are still quite portable and thus popular in many mobile 

systems. These devices suffer similar problems with click-and-drag to the trackball when used with a 

separate selection button. When used in the lift-and-tap method, click-and-drag becomes quite easy, but 

fine selection becomes difficult.

Touchscreens are very intuitive and easy to use, but when shrunk to a more mobile size, the finger 

can occlude much of the workspace, making it difficult to use. Using a stylus on a touch screen not only
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solves the occlusion problem, but can be manipulated faster and with less work. Stylus-based systems 

also have the added benefit of being able to integrate text and graphic input, making them quite popular 

for handheld systems.

Gesture, eye tracking, and voice interfaces are well suited for use in a mobile environment. The high 

end glove and body tracking systems are too complex for a 2D environment, but a simplified glove used 

for 2D input might be adequate for a mobile system. The primary trouble with eye tracking is the poor 

resolution due to involuntary eye motions. Selection by dwell time also has a number of problems, and it 

is often easier to just use a hand operated button instead. Voice makes a very poor graphic input. A  vocal 

system is limited to acting like arrow keys for basic cursor control or acting like function keys.

Bioelectric measurements such as EMG and EOG have much potential as a graphic interface in 

a mobile environment. Modern computers are fast enough to handle the computational complexity of 

analysing these signals. The hardware required to measure the bioelectric signals can be made very small 

and the electrode connections are lightweight, safe, and barely noticeable to the user. The motions re­

quired to operate such an interface are normal body motions. No stylus or board needs to be held. This 

makes bioelectric input particularly well suited to mobile computing.

2.4 The State of the Art of Mobile Computing
The portability of a mobile computer is effected by four basic factors. First is the ease of the user interface. 

This includes such issues as the size of the keyboard, accuracy of the handwriting recognition or voice 

recognition, sensitivity of the trackball, etc. Also included are the issues of screen visibility and software 

design, but they are beyond the scope of this thesis.

Second is the encumbrance of the device when it’s not being used. This not only includes the size 

and weight of the device, but where it is kept as well.

The third factor is the time it takes to bring the computer out of a passive, away state to an active, 

useful one. This does not mean it must be turned on and booted up, just the amount of time the user needs 

to bring the computer from a safe position where the user can perform other tasks (where the encumbrance 

is important), to a usable one, where they can operate the device (where the effectiveness of the user 

interface is important). For a desktop computer this is simply the time it takes to sit down and type. A 

laptop would need to be picked up or taken out and then opened up.

The final factor is the complement of the third factor. It is the time it takes to safely put the com­

puter away (temporarily away -  not necessarily turned off) so the user can interact with the real world in 

an unimpeded manner. These factors provide a methodical and qualitative basis for determining if one 

system is more portable than another. In using this method, we can judge how the input devices limit the 

portability of a system and thereby find out how to avoid those limitations.

There are three main types of mobile computers: the Portable Computer (i.e. laptops and other 

miniaturised computers), the Handheld Computer(which includes the Personal Digital Assistant (PDA) 

and similar devices), and the Wearable Computer. In this section we will discuss each type and how their 

portability factors compare. The types of portable and handheld computers discussed are here are based 

on the standard definitions used by Dataquest, a marketing research company (Charlton, 1997).
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2.4.1 Portable Computers

A transportable computer (also lunchbox computer) is the largest portable computer, being self-contained 

and designed to be easily moved. These computers are usually fairly large, usually weighing around 18- 

20 pounds. The large size of these machines means that they usually have a full, or near-full sized key­

board and monitor.

A laptop computer is also a self-contained unit, but is somewhat smaller than a transportable com­

puter, being usually less than 15 pounds. The main common factor of laptops is the clamshell design. 

This means that, when closed it is in a passive state in the form of a rectangular box. When opened the 

computer enters the active state, with the monitor embedded in the top half and the keyboard and graphic 

input in the lower half.

A notebook computer is smaller version of the laptop often around the size of an A4 sheet of paper 

and weighing under 8 pounds. A tablet computer is around the same size as a notebook, but uses a stylus 

instead of a keyboard, and is used in the manner of an electronic clipboard .

The next smaller size is the subnotebook or ultraportable computer. This is a smaller version of 

a notebook, often without a built-in floppy drive, weighing 4 pounds or less. A notepad computer is a 

subnotebook which uses a stylus input instead of a keyboard .

These computers evolved from the miniaturisation of a standard PC. The size has been decreased by 

various methods, often by doing away with the less frequently used components, or accessing them only 

though PCMCIA cards or communications ports. Another method for decreasing size is to use older, well 

understood technology which can be made smaller and less power-consuming. This often leaves the user 

with the tradeoff of size and portability to power and flexibility.

Except for tablets and notepads, all the portables need to be placed on a surface such as a table or a 

lap in order to used. In addition, they all tend to have the same input devices. Text is performed almost 

exclusively by a QWERTY-style keyboard. Usually this is a miniature keyboard, with a reduced number 

of auxiliary keys such as function keys or a numeric pad. Some computers use an expandable keyboard, 

which is a standard keyboard which opens up to 11.4 inches across, but fits into a 9.7 inches when closed^. 

Graphic input usually has a variety of options ranging from separate mice for the larger computers to 

trackballs, trackpads, and trackpoints for most of the others. These computers are fairly slow to take 

out. The machine must be taken out from wherever it is stored, placed on a surface, and then opened up. 

Putting them away is requires the opposite action. Storing a portable computer of this size is usually done 

by keeping it in a small bag hung over the shoulder.

Tablet and notepad computers, by definition, are limited to stylus input devices. The pen is usually 

just a hard, pointed piece of plastic used to point to a touch-sensitive display. The simplicity of the stylus 

is fortunate, since its small size means it is easily lost. These computers are fairly fast to use and put away: 

The stylus must be taken out of the main housing and the cover opened (assuming there is one). Putting 

them away and storing them is roughly the same as for the non-stylus computer above.

^Glitman, R. & McLaughlin, L. 'IBM and Digital: Two Cool Ones for the Road”. PC World. 25 April, 1995.
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2.4.2 Handheld Computers
Handheld computers are small, lightweight, battery-powered computers which are specifically designed 

to be used while held in the hand. These computers are the fastest growing segment of the mobile com­

puter market. In 1997 worldwide unit sales of handhelds was almost 12% of the mobile computer market. 

Unit sales are expected to increase by an average of 40% per year, as compared to 22% for other mobile 

computers. By the year 2001 handheld computers should have over 20% of the unit sales in the global 

mobile computer market (Charlton, 1997).

There are two kinds of handheld computer. The first is the expandable organiser, which is a sort of 

cross between a PC and a calculator. These are primarily used for schedule planning, note taking, and 

other personal information management. These are controlled by a proprietary operating system. The 

expandable nature of these devices allows them to plug into external devices, often proprietary as well. 

These can be used for additional memory or for connecting a full sized keyboard, but are most often used 

for communications, such a cellular modems for sending faxes and other information, or connecting to 

a desktop PC or network to update the information on both machines. These devices tend to be around 

3 ” X 6” x ^ /4 ” and weigh less than a pound.

The standard handheld is slightly larger than an organiser and is also often used for personal man­

agement and communication. The major difference is that this usually uses standardised software (like 

Windows CE) and communications protocols (like PCMCIA cards) to allow communication between 

devices as well as with desktop PCs. This is the fastest growing area for handheld computers, with an 

expected average annual growth of over 55% in worldwide unit sales over the next 3 years (Charlton, 

1997).

The input devices for handheld computers vary from device to device. Text input is usually per­

formed either by handwriting recognition or a miniature keyboard. Voice is possible, but not very com­

mon. Graphic input is either touchscreen, stylus, or by arrow and function keys. The miniature keyboard 

devices are easy to take out and use, they just need to be taken out of the pocket and opened up. The 

stylus-operated handhelds need to be removed from the pocket, the cover removed (if there is one) and 

the stylus taken out. Both actions take about the same amount of time and effort. Storage when not used 

is fairly simple, since the device can be kept in a pocket.

2.4.3 Wearable Computers
The same technological advances which have made handheld computers possible have also given rise to 

wearable computers. Instead of being designed for a compact form which can fit in the hand, a wear­

able computer is designed to be worn on the body in the same manner as clothing or accessories. The 

distribution of weight around the body allows the computer to be larger, and thus more powerful, than 

a handheld computer, but not less convenient to carry. While still a few years away from commercial 

acceptance, wearable computing is growing in popularity with researchers and niche markets. Interest in 

the field has reached the point where research has started to become organised on the international level, 

with the first International Symposium on Wearable Computers being held in 1997.

While all wearable computers are unique, they also follow certain trends. Almost all wearable com­
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puters are built with Commercial Off The Shelf (COTS) technology, and are based around an Intel CPU. 

The bulk of the hardware, including the CPU, memory, batteries, ports and other various connectors, is 

often concentrated in a compact form which can be worn on a belt on in a backpack. The display is usu­

ally either a monocle or stereo heads-up display. Input devices vary from system to system, but speech 

recognition is the most common, usually with the option of backup text and graphic input devices (Bass, 

1996a). Miniaturised keyboards, chord keyboards, and stylus inputs are the most common text inputs. 

Pointer control is most frequently done with trackballs, trackpads, and joysticks. These are often mounted 

on the CPU housing or on a separate body-mounted board.

Wearable computers tend to fall into one of two categories: general purpose or special purpose. 

General purpose machines are designed to have a variety of uses. These often run standardised desktop 

operating systems and software applications, and are designed to be customisable by the user. Most com­

mercial systems are in this category. Via’s Wearable™ and Rockwell’s Trekker™ are good examples of 

general purpose wearables. The default setup for both machines is to use the Windows 95 operating sys­

tem with vocal text input, and a trackpad for pointer control. There are connections for keyboards, mice, 

video, and assorted serial, parallel, and PCMCIA ports. These connections allow users to choose their 

own input devices, in case they are not satisfied with the default configuration.

Special purpose wearable computers tend to use specialised software or input devices in order to 

perform one or more well-defined tasks. This class of wearable computer tends to be made mostly by 

universities, with Carnegie Mellon University (CMU) and Massachusetts Institute of Technology (MIT) 

being the two main centres for research. The CMU research tends to concentrate on the use of wearable 

computing for maintenance and assisting navigation, while the research at M IT tends to deal more with 

personal information management (PIM).

A vehicle maintenance is a common application for a wearable computer (Bass, 1996b). This in­

cludes the tasks of inspection, troubleshooting, and repairs. Normally these tasks require a manual, a 

checklist, and schematics, which require turning pages, entering data, etc. This may not be easy to per­

form at all times, especially when in the constrained positions likely in vehicle maintenance. Using a 

computer for these tasks allows the user to scroll through the instructions or schematics without needing 

to turn pages. Items on a checklist can be selected without needing both hands and data can be entered 

while performing the task instead of afterwards. Speech is a useful input method, since it leaves both 

hands free. However, there are occasional problems in determining whether the user is speaking to a 

coworker or the computer. An alternative to speech is CMU’s input dial and pressure switch. This can be 

operated with one hand and can be used to scroll data or select items from a list, but its use cannot easily 

be extended beyond this application to general graphic input control.

CM U’s Metronaut is an example of a wearable computer designed to combine navigation and PIM 

tasks (Jastrzembski, 1997). The system uses a bar code reader to obtain information from objects in the 

environment, such as signs or flyers. A pager is used to communicate with a computer network to nego­

tiate PIM tasks. In this system, the user’s position is determined by scanning bar codes placed on land­

marks in the environment. The computer can combine the position information with the user’s schedule
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to provide directions to the user’s next meeting.

While speech is useful for text input, it is insufficient for graphic control. One solution to this is to 

do away with the graphic interface and use audio as the sole input and output o f the computer by using a 

Speech User Interface (SUI). An SUI uses speech commands to control the computer, while replies are 

in the form of generated speech or non-speech auditory cues called earcons. This user interface can be 

used for telephony systems, such as British Telecom’s Stap (Miah et al., 1998), or for remote telephone 

access of a computer database such as Sun’s SpeechActs (Yankelovich, 1994). An SUI can also be used 

to directly access a computer, making it a potentially efficient interface for a wearable computer.

An audio-only interface is not as efficient as a GUI for browsing data. For example, reciting a large 

list of messages places a large cognitive load on the user. To solve this problem, the computer must be 

able to parse and reduce the data into a manageable size. For audio messages this can be accomplished by 

keyword spotting or speaker identification (Roy et al., 1997). Text messages can be parsed by commonly 

existing search techniques. In addition to being able to parse the data the computer must be able to un­

derstand the complex natural language commands necessary to specify the search criteria. The question, 

“Which messages are about today’s meeting?” is a typical command the system would need to be able to 

understand and provide a reasonable response without overwhelming the user.

Existing SUIs can perform such tasks as scheduling or providing directions, but the range of tasks 

is not as large as the wide variety of existing GUI applications. This is partly because GUIs have been 

around much longer and have had time to develop more applications. It is also partly due to the fact that 

visual scanning is much more efficient for interpreting large amounts of data. The use of an SUI as a 

general purpose operating system is still a number of years away.

The main problem with wearable computers is the lack of decent input devices. Currently either 

voice and board-based devices are used. Voice, while useful for pure text input, is ineffectual for graphic 

interaction, requiring a separate pointing device which negates the hands-free advantage of voice input. 

Using a SUI instead of a GUI bypasses the pointer problem, but the interface will not work with many 

existing applications. Board-based devices include just about all non-vocal devices: keyboards, stylus 

inputs, and most types of graphic pointers. To be usable in a mobile environment, a board-based input 

device needs to be either held or mounted on the body.

Anything which needs to be held is going reduce the portability of the system. A hand-held device 

needs be stored somewhere, and consequently it must be then taken out in order to be used. This slows 

the time to start up or put away the system. In addition a hand-held device often requires one hand to hold 

the device and the other to operate it. This limits the actions one can take while using it. The device must 

also be safely put away when not being used, often in a pocket, or hooked to a belt. An example of this 

is a stylus-based computer. The pad must be taken out, then the stylus removed from it. Then stylus is 

then held with the other hand while the person writes. No other tasks can be done, nor can other objects 

be comfortably held while the person is operating the computer this way. When finished, the stylus must 

be replaced in the board and the whole thing put in a pocket. This limits the usefulness of a stylus-based 

system to nomadic computing.



2.5. Summary 55

Arm-mounted devices are located either on the non-dominant arm, or below the wrist of the domi­

nant arm. Devices on the arm, like hand-held systems, require two hands (or one hand and one arm) for 

a one handed task, which is wasteful. This system is very quick to start up and put away, but the “free” 

hand can do little more than hold small objects. A board mounted below the wrist o f the dominant hand 

frees the other arm for various tasks, but limits the actions of the dominant hand when not in use.

Body-mounted devices are often attached to the torso or a belt. Like arm mounted devices, these are 

very quick to start and stop using. Also, they do not limit one’s actions either while using or not using 

the device. The major problem with these is ergonomic. Is the device in easy reach? How difficult is it 

to hold the arm or hand in the same position for long periods? Is the position of the device adjustable 

on the fly? All these need to be answered to determine if the device is comfortable enough to use for the 

long periods of time one is likely to want from a mobile computer. It becomes clear that arm and body 

mounted boards can be used for continuous mobile computing, but at the cost o f imposing constraints on 

the user’s actions or their comfort.

The above discussion gives an idea of what one would want from an input for a wearable computer. 

The input would have be very fast to start using, preferably the just time it takes to grab a device or press 

a button. The time it takes to put away should also be minimised, making the switch from real-world 

interactions to computer interactions as seamless as possible. The device should be as body-efficient as 

possible. This means it should leave as much of the body as it can to perform real-world tasks. Ideally 

the device would be totally passive and not noticeable when not in use, but could be called into use or put 

away at any time without much effort, while still allowing simultaneous interaction with the real world. 

Lastly the device should be ergonomically sound. It should not cause discomfort or fatigue after extended 

use. Given that board-based devices tend to be limited in these aspects, it would be a good idea to look 

for alternative inputs which do not require boards.

2.5 Summary
Several types of graphic and text inputs devices were reviewed in this chapter in the search for a contin­

uous mobile interface for a wearable computer. Most input devices use boards, which limits their porta­

bility. Voice was discounted because of the poor pointer control and the need for backup input devices 

in situations where speech is not an option. Video-based eye tracking was discounted because of prob­

lems with involuntary eye motion and selection. This leaves glove-mounted and bioelectric-based input 

devices as the most suitable solutions.

In the next chapter we introduce two new input devices which meet our requirements for a mobile 

interface. The first is a text input device made from a chord keyboard mounted on a glove. The second 

is a pointer controlled by the bioelectric signals generated by wrist motion. These are designed to be 

lightweight, easy to use and wear, and sufficient for use with a wearable computer.



Chapter 3

Wearable Text and Graphic Input Devices
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3.1 Introduction
The purpose of this chapter is to introduce two new computer input devices specifically designed for in­

teraction in a mobile environment. The text input device is called the Chording Glove, a glove-mounted 

chord keyboard which requires nothing more than a solid surface to tap the fingers against. The graphic 

input device is called the Biofeedback Pointer. This uses bioamplifiers to detect and recognise muscle 

movements in the lower arm in order to control a pointer. In this chapter we will describe both devices 

in detail, including their hardware, software and their usage.

3.2 The Chording Glove
W hile keyboards are highly efficient when used on a desktop, they have been found to be quite difficult to 

use with a mobile computer. Chord keyboards can be made much smaller than a standard keyboard, with 

no loss of performance. The main restricting factor of chord keyboards is that, despite the small number 

of keys, the board must be nearly hand-sized to allow the user to chord comfortably. Soft keyboards 

operated with a stylus have been found to be the most usable keyboard for mobile system, since they 

can be made smaller than chord keyboards. The biggest problem is that the keyboard can take up a large 

amount of the display. Handwriting recognition, with a soft keyboard as a backup has been found to be 

much more acceptable and is currently is common use on many handheld systems. However, a boardless 

text interface is a necessity in order to use a continuous mobile computer. Contact gloves can be used 

as a boardless text interface by translating gestures into characters. While the system can be used for 

continuous mobility, the gestures must be made with a high level of accuracy in order to be correctly 

recognised.

Another boardless interface can be made by reducing a chord keyboard to its most basic parts. The 

board can be thrown away and the chord keys mounted on the fingers themselves. This is exactly what 

the Chording Glove does. This combines the benefits of a chord keyboard with the portability of a contact 

glove. A chord keyboard can be used for general text input, like a standard keyboard. It can be learned 

quickly and retained in long term memory. A contact glove is uncumbersome, since it is just another part 

of the users clothing. It is quick to activate and use and to stop and put away.

3.2.1 The Hardware
The Chording Glove has three basic parts. These are the Finger Sensors, the Shift Buttons, and the Func­

tion Keys (Figure 3.1).

Finger s e n s o r s

The finger sensors are small pressure sensitive triggers sewn to the glove at each fingertip. These sensors 

are designed to activate when pressed against any solid surface.

The thumb is intended to have two sensors, one at the tip and one on the side. The sensors are in 

series, so pressing either activates it. Different positions on the thumb are used to chord depending on 

the orientation of the hand. When the hand is against a flat surface, the side is used. When the hand is 

chording against a curved surface (like a coffee mug) the tip is used. The prototype does not include the 

second thumb sensor because the current sensor design is too large to accommodate both sensors. The



3.2. The Chording Glove 58

Function keys

Shift buttons

Finger s e n so r s

Figure 3.1 : Side view of the Chording Glove

sensor on the side of the hand is used because chording against a flat surface is more common.

Several sensor designs were tested before settling on the Hard Copper Plate finger sensor (see Ap­

pendix C). The Hard Copper Plate design is a digital button (Figure3.2(a)). Two plastic rectangular plates 

are connected by a spring at each end. Thin sheets of copper are glued to each piece of plastic backing. 

Wires are soldered to the copper plates. Additional solder acts as a conductive extension of the copper 

plates. The entire button is encased in insulating tape to prevent damage and facilitate connecting to the 

glove.

One plate is grounded and the other is connected to 5 volts through a resistor. Compressing the 

sensor, makes the plates touch, grounding both. Bounce noise is removed by a 48Hz low pass filter 

(Figure3.2(b)).

Shift buttons

The shift buttons are used to change each shift state: Caps, Number, and Control. When pressed, the shift

operates on the next character'. When double pressed the shift operates on all characters until pressed

again. There is a green LED next to each shift button which lights when the shift is On. A red LED lights

when the shift is Locked.

Two designs were tested for the shift buttons (see Appendix C). The first was Taped Aluminium Foil

Plates, but these were found to break too easily and the wires would constantly be pulled loose because

they could not be soldered in place. The aluminium foil was replaced by copper foil, which was found to

'Unless the next chord made is <Space>, <BackSpace>, or <Return>. If one of these is made, the shift stays on until 

another chord is made.
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Figure 3.2: The finger sensor

be sufficiently rugged and could be soldered to the wires to keep them in place.

A shift button is made of two small square pieces of copper foil, separated by a thick piece of paper 

with a bole in the middle. One piece of foil is grounded and the other is connected to 5 volts through a 

resistor. The foil is flexible enough to connect when pressed, and will return to its original position when 

released, when the foil pieces connect, they are both grounded, activating the sensor. Bounce noise is 

removed by a 48Hz low pass filter. This has the same circuit diagram as the finger sensor (Figure3.2(b)).

Function K eys

The function keys are seldom used buttons which are located on the back of the glove. These are intended 

to be pressed by the other hand. These buttons perform the following operations:

< P a u s e >  - This causes all the finger sensors to be ignored until this key is pressed again. This is to 

allow the hand to perform other actions without accidental chording.

<Escape> - This has the same effect as on a normal keyboard.

< H e lp >  - A single press of the < H e lp >  key will call an application sensitive help function and a 

double press displays the chord key map. The keymap is displayed until < H e lp >  is pressed again. 

This allows the user to be able to look up chords at any time.

<AutoCaps Toggle> - This turns on and off the AutoCaps feature. The AutoCaps feature auto­

matically capitalises the first letter of a sentence. This is to save effort of using the shift at the 

start of each sentence. The Caps shift turns on automatically whenever a sentence ending char­

acter is chorded: <Period> (. ), <Exclamation Point> ( ! ), and <Question Mark> 
(?). There is an LED next to this button which indicates if it is on or not.

Arrow Keys - The four keys: <Up>, <Down>, <Left>, and <Right> provide basic pointer con­

trol, in the same way as on a normal keyboard.
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The function keys have the same design as the shift buttons. They are made of foil separated by 

thick paper with holes for each key. One layer of foil is grounded and the other is connected to 5 volts 

through a resistor. Bounce noise is removed by a 48Hz low pass filter. The circuit diagram is the same 

as the finger sensors (Figure3.2(b)).

A more detailed description of the Chording Glove’s hardware can be found in Appendix C.

3.2.2 Chord Recognition

There are a variety of ways to programme the chord recognition. Some chord keyboards only have one 

manner of chord recognition. The recognition starts when the first finger is pressed and stops when the 

last finger is released. All the fingers pressed in this period are used to generate the chord (Roberts, 1995).

The Chording Glove has a different method of chord recognition. The computer reads the state of 

the Chording Glove every clock tick (approximately 55ms). If a chord changes or a timeout occurs, a 

chord is generated in one of three possible ways, press and hold, press and release, and change.

Press and Hold The first case is to make the chord and keep it pressed. When the first finger is pressed, 

the computer waits 5 ticks. If no fingers are released within those 5 ticks, the computer registers the chord 

generated from the pressed fingers and outputs it to the keyboard buffer. If the chord remains unchanged 

for 10 ticks, it is repeated every 2 ticks until it is released.

Press and Release The second case is to make the chord and release it before 5 ticks have elapsed. 

As above, when the first finger is pressed, the computer waits 5 ticks. If a finger is released before that 

period the chord generated from all the pressed fingers (before one was removed) is sent to the keyboard 

buffer. The computer then waits another 5 ticks. If all the fingers are released in this period, the computer 

stops waiting and is ready to start a new chord. Otherwise, if  there are fingers still pressed after 5 ticks, 

that chord is sent to the keyboard buffer. If this new chord is held, it is repeated as above: first after 10 

ticks and then after every 2 ticks.

Change The third case is to change the fingers after a chord is recognised. When the first finger is either 

added or removed, the computer waits 5 ticks, ignoring any finger changes in that period (as in the Press 

and Release case). At the end of this time, if any fingers are still pressed, the chord is sent to the keyboard 

buffer.

The Chording Glove’s method for recognising chords has a slight advantage. Instead of needing to 

release all the fingers after each chord, a new chord can be made by changing the necessary fingers. This 

can be used to full advantage by the keymap by making frequent digrams and trigrams out of similar 

chords. This is very similar to having a one character overlap on a standard keyboard. Allowing this 

“overlap” can potentially speed up the text input rate.

3.2.3 The Chord Keymap

One of the most difficult parts of creating a new keyboard is determining the layout of the keys. This 

problem is amplified for a chord keyboard, because the user needs to memorise the key positions before 

they can effectively use the device. The characters associated with all the chords is called the keymap. 

When generating a new keymap there are five criteria that should be kept in mind.
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1. Easy to leam  -  A good chord keymap can be learned for basic use in less than an hour. It is very

important that the chords are easy to memorise, because the user cannot use the keyboard without 

knowing the all the chords. The time it takes to learn will be proportional to the difficulty in getting 

people to use the keyboard,

2. Easy to rem em ber -  Once learned, a good keymap should stay in long-term memory, even if not used

for significant periods of time. There are several ways to help leam the keymap and keep it mem­

orised, Some examples are:

1, Chords can be related to keyboards already learned. For example, a chord can be based on a 

motion usually used in touch typing, such as using the thumb to press space. This can also 

be detrimental as it is possible to have the two keyboards interfere with each other, making it 

difficult to switch between the two keyboards,

2, Chords can be related to sign languages learned. This is similar to being related to keyboards. 

The advantage is that if the user already knows the sign language, there are less new chords 

that must be learned,

3, Chords can follow a logical pattern. If chords which are usually typed together (common di­

grams or trigrams) follow a simple pattern, they are easier to remember. Repeated, rhythmical 

motion tend to say in memory longer than random, disjointed motion,

3. M inim al w ork -  Because a chord keyboard does not require any hand motion, all motion is concen­

trated in the fingers. This could cause strain in weak fingers. In order to reduce strain on the user, 

the finger work should be biased towards the strongest fingers. This reduces muscle strain which 

could lead to injury,

4. Low e rro r  -  There is a fine line between where similar chords help memorisation and where they

cause confusion, A good rule of thumb to use is that the character which is simpler in shape should 

have a simpler chord. For example, if the chords for U and W are related, it would be better to have 

W use more fingers than U, Similarly, since <Comma> is just a < P e r i o d >  with an appendage, 

if the chords are similar the <Coitima> should use more fingers. Another good rule is to have the 

less frequently typed characters be the less comfortable chords. This reduces strain while reducing 

errors.

F ast typing -  Fast typing is often related to productivity, A user will not want to switch to a new key­

board if their productivity will drop considerably. Chords can be made faster to enter by making 

trigrams and digrams created by fluid motions. As mentioned above this also aids in memorisation.

Once the keymap is designed, it must go through several iterations of testing and revising before 

it reaches its final form. Once the final form is settled, it is necessary to test it, both theoretically and 

empirically.
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D evelop in g  a  K eym ap

The first step in creating a new chord keymap is to find which characters are most frequently used. It is 

possible to find tables of letter probabilities in books on cryptography (Seberry & Pieprzyk, 1988; Den­

ning, 1982; Konheim, 1981). Unfortunately these tend to only give the relative frequency of letters. To 

make a keymap, all possible typed characters are needed. This includes numbers, punctuation, and con­

trol characters. The easiest way to discover this is to collect a large sample of text and count the frequency 

of characters.

The text which is analysed should contain samples of all possible input which would be typed on a 

keyboard. This includes normal English, computer languages, operating system commands, data, etc in 

roughly the proportions that they would be expected to be typed.

The next step in generating a keymap is to divide up the characters in groups. Since there are more 

typable characters than chord combinations, some way must be found to increase the number of chords. 

The methods for increasing the number of chords are described in Section 2.2.3. There are two basic 

concepts behind all these methods. The first concept is to add extra keys. This can be accomplished by 

using two hands, or by having multiple keys for each finger. The second concept is to add shifts. This 

can be done by adding extra keys for the thumb, or using sticky shift keys.

Using shift keys has the advantage of dividing the keymap into smaller groups. If divided properly, 

the smaller groups could be easier to memorise than one large group. The chord groups should be defined 

using three criteria:

1. All the characters must have a high chance of being typed together. This minimises the need to 

switch between groups.

2. The characters typed with no shifts on must have the highest frequency. The characters typed with 

two shifts on must have the lowest frequency.

3. Each group of characters must be obvious and coherent.

The third step in generating the chord keymap is to rate the 31 combinations by comfort. This was 

done in Seibel (1962). Seibel measured the time it takes to make a chord once a subject is told to make 

the chord. This is called the Discrimination Reaction Time (DRT). The chance of error of each chord was 

measured and was found to be roughly proportional to the DRT. When the chords are sorted by the DRT, 

this gives a list of the most to least comfortable chords.

The next step is to line up the characters on the sorted chord list, with the most frequent characters 

made by the most comfortable chords. This is now the initial keymap. After this is done, the chords are 

modified to take into account mnemonics to help remember the chords. This is done is several ways:

1. The chord can resemble the character. The finger combination can have some obvious relation to 

the shape of the character typed.

2. A sequence of chords can have some meaning and be easy to make. For example a common se­

quence like t  —> h  —y e  can be made a simple sequence of chords, which are easy to make to­

gether.
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3. One chord can be based on another chord. For example, similar characters, like <Comma> and 

< P e r i o d > ,  could have similar chords, with only one or two finger changes.

4. A shifted chord can be based on an unshifted chord. For example the chord for <  E x c l a m a t i o n  P o i n t >  

could be the shifted version of the chord for e.

5. Sequential characters (i.e. numbers) can be made by following a simple pattern.

This is not a comprehensive list, for there are other logical ways to map which can assist in memori­

sation. Other mnemonics would have to depend on the shift groups and the physical layout of the chord 

keyboard.

In summary, the process for creating a chord keymap is:

1. Determine character frequency

2. Separate the characters into logical groups

3. Rate chords by comfort

4. Assign characters to chords

5. Revise using mnemonics

Following each of these steps in order will give a good keymap for a specific chord keyboard. There 

is no one best keymap for a chord keyboard, for many solutions may work equally well. In order to find 

the quality of the keymap created by following these steps, the keymap must be tested.

T esting th e  keym ap

There are two ways to test the keymap: theoretically and empirically. O f the five criteria mentioned at 

the start of this section (Page 60), three can be tested empirically: relative finger work, speed and error.

We would want a keymap to use the strongest fingers most and the weakest fingers least. One way to 

determine he relative finger use is to add up all the frequencies of characters made using each finger. 

Normalising the results will show which fingers are used most and which are used least. The thumb is the 

strongest finger and can handle larger amounts of work than the other fingers. The thumb would hopefully 

be used most. The index finger is the next strongest, after the thumb, and should be used almost as much 

as the thumb. The little finger is the weakest and should be used least. This test gives results which make 

it quick and easy to compare different keymaps. There are limits to this test, in that it will only determine 

which fingers are used most, not the ease of the finger combinations. Thus the results of this test must be 

taken with a grain of salt.

Another theoretical test for the keymap is to find out the speed of the keymap. The theoretical input 

speed can be approximated by averaging Seibel’s DRTs, and weighting each DRT by the frequency of the 

associated character. This is a heuristic method for estimating the potential chording speed, and although 

the model is somewhat physiologically flawed, it does give a rough idea of speeds that might be expected.

The theoretical error can be calculated the same way using Seibel’s errors.

In Seibel (1962), the DRTs were calculated by measuring the time it took for a subject to make a 

chord once asked to do so. The chords were displayed randomly and were not associated with any char­

acters. When using chords for text entry, the following character is known in advance, giving the subject
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a slight time advantage, as knowing the next character in advance allows the user to plan the next chord 

before the previous one is finished. This implies that it is possible to achieve faster speeds than the the­

oretical input speed. Further study must be carried out to show the validity of this model.

A common empirical method for testing the keymap is to have several people learn it and measure 

their progress (Gopher & Raij, 1988; Kirschenbaum et al., 1986). This would give the time it takes to 

learn the keymap, which is very important in determining how likely people are to use the keyboard. In 

addition, input speed and rate of increase can be measured. This determines how easy it is to use the 

keymap.

D evelop in g  the C hording G love K eym ap

By using guidelines described above, a new keymap can be created. The following is a step-by-step de­

scription of how the chord keymap was made for the Chording Glove.

In order to clarify the finger patterns used in the chords, we will be using a graphical notation to 

specify the chord. In this notation, the thumb is on the left and lower than the rest of the fingers. A filled 

dot indicates that the finger is pressed, and an empty dot indicates the finger is not used in the chord. For 

example, the notation o* ° refers to a chord made by the index and ring fingers. This notation will be 

used throughout the rest of this thesis.

Determine character frequency The probabilities of all the characters in the ASCII character set 

were calculated by counting their appearances in a large amount of text in various formats. Details of 

texts and probability results can be found in Appendix B.

Divide the characters into iogicai groups There are 100 typable ASCII characters. This requires 

at least two shift keys. This yields 124 possible chord combinations, which is more than enough. This 

allows a few characters to be in more than one group.

The 100 ASCII characters divide well into four groups defined as follows:

Lower Case - this is the default group, which is entered with no shifts on.
a b c d e f g h i j k l m n o p q r s t u v w x y z  . , < S p ace>
< B ackSpace>  < R e tu rn >

Upper Case - these tend to be the next most common, and should be entered with just the first shift key 
(caps) on.
A B C D E F G H I J K L M N O P Q R S T U V W X Y Z .  , < S p ace>  
< B ackSpace>  < R e tu rn >

Numbers - this group consists o f numbers and maths-related punctuation. This is the next most common 
group, so it is entered with Just the second shift (num) on.
0 1 2 3 4 5 6 7 8 9  + -  = * /  , < T a b > < S p a c e X B a c k S p a c e >
< R e tu rn >

Punctuation - This is all the rest of the characters. Since these are the least frequent, they are made by 
using both shifts (caps + num).

' < > @ " { } # % ~ | $  \  <Tab> : ; < S p ace>  < B ackSpace>
< R e tu rn >

Each mode can be locked on if the user needs to enter a several characters from the same group in 

one stretch. Since < S p a c e > , < B a c k S p a c e >  and < R e tu r n >  are likely to be used with any group, 

it stands to reason that they should be used in all groups.



Table 3.1: The evolution of the Chording Glove keymap. Any character in bold has been changed from the previous step.

C h o r d 1 s t G u e s s I te r a t io n  1 I te r a t io n  2 i t e r a t i o n  3 i t e r a t i o n  4 F in a i  K e y m a p
letter num. punctuation shape sequences similarity

qO o #o E 3 E 3 ! E 3 ! E 3 ! E 3 ! E 3 I
* GOo T 2 T 2 T 2 H 2 H 2 H 2 @
O CO < S p ace> < S p ace> < S pace> < S pace> < S pace> < S pace>

o* ° O 1 0 1 1 R 1 T 1 ’ T 1 ’ T 1
qO o o# A 4 A 4 & I 4 ? I 4 ? I 4 ? I 4 ?

o #o N 7 N 7 O 7 1 O 7 1 0 7 1 O 7 1
o* * R R N N ” N ( ” N ( ”
qO •  #o I I ? A & G > G ) > G ) >

O GO S 5 S 5 $ S 5 $ A 5 & A 5 & A 5 &
o* * H L = < M - — M - - M - - M - _
^G • GG L 6 H 6 H 6 R 6 S 6 $ S 6 $

• #G D 0 G 0 > C 0 % C 0 % C 0 % C 0 %
•  •  GG C 9 C 9 % G 9 > S 9 $ R 9 R 9 ‘

^G G G* U 8 U 8 Y 8 Y 8 Y 8 Y 8
qG G • • < B ackSpace> < B ackSpace> < B ackSpace> < B ackSpace> < B ackSpace> < B ackSpace>
o* ° P P + # P + # P + # P + # P + #
G * * * * M M - — L = < L = < L = < L — <
^G •  #G G D / \ D / \ D / \ D / \ D / \
qO • *# < P e r io d > ; . .

• • • • • < R e tu rn > < R e tu rn > < R e tu rn > < R e tu rn > < R e tu rn > < R e tu rn >
o* ° F F U [ { U [ { U [ { U [ {
^G G • • Y Y F F F F <Tab> <Tab>

G *G B B B B B B * *
^G # #* W W W W , , ; , , ;

G G# <Comma> , , ; , , ; , , ; W ] } W ] }
_G * G* G K K K K K K

# G# V V V V X * * J
^G # G# X X * * X * * X * * Z Z

•  G **G Z Z Z z V V < E scap e> < E scap e>
G ## J J J J J X * *

O* ♦ G# Q Q Q Q Q Q ? 0

U i
k)

n>
S

I
I
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The mapping of the capital letters is exactly the same as the lower case letters, including <  P e r  i  o d >  

and <Comma>. < P e r i o d >  and <Comma> have the same mapping in the numerical characters, but 

are replaced by < C o lo n >  and < S e m ic o lo n >  in punctuation mode. Each mode has 31 or fewer char­

acters, with the most common characters made without any shifts and the least common made with two. 

This satisfies the three criteria for grouping characters.

Rate chords by comfort Seibel’s (1962) list of DRTs was used to rate the chords. The chords in table 

3.1 are ordered using his results, from most comfortable, to least comfortable.

Assigning characters to chords Assigning characters to chords can be done in four simple steps.

The First Guess: Blind Association The first step is allocating chords for < sp a c e > , 

< B ackSpace> , and < R e tu rn > . The following chords were chosen for them:

*o o oo < sp a c e >  This is the same way < S p ace>  is typed on a keyboard, with

just the thumb.

qO ° • •  < B ackSpace>  The <B ackSpace>  is often on the rightmost side of the key­

board. Furthermore, having < B ackSpace>  as the last two 

fingers contrasts well with < S p ace>  space being made with 

the first finger.

*• • • •  < R e tu rn >  Using all fingers simultaneously is easy to remember and has a

sense of finality which is good to associate with < R e tu r n > .

The easiest way to start is to blindly assign the characters to the chords, aligning the highest proba­

bilities with the lowest DRTs. This is first done for letters (both lower and upper case are the same). The 

initial keymap can be seen in the two columns under ‘First Guess’ in Table 3.1.

Numbers follow a special pattern to facilitate memorisation and use. This was generated by using 

an increasing pattern of the fingers and the thumb as shown in Table 3.2. Not only is this logical, but all 

the chords are in the easier-to-make half of the DRT list.

Table 3.2: The chord patterns for numbers

Index Middle Ring Little
No thumb 1 2 3 4

Thumb 5 6 7 8

9

0

< R e tu rn >

After the initial keymap is made, it is repeatedly revised using the methods described above in an 

iterative process in which each step brings it closer and closer to a workable keymap. Four steps are 

carried out in between the initial guess and the final keymap. Table 3.1 shows the changes in Chording 

Glove’s keymap for each of these iterations.
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The First Iteration: Punctuation Since the characters in the shifted states are not as common as 

the unshifted characters (letters), assigning them should not be weighted by the probability but by their 

relation to the unshifted characters. Table 3.3 details the mnemonic relationships used in creating the 

keymap.

Table 3.3: Mnemonic relations between shifted and unshifted characters
Panduatioii Mnemonic Comments

A & And
B * By as in “multiply 4 by  5"
X * similar appearance
C % Percent
D / Division sign
/ \ similar appearance
E I Exclamation point
G > Greater than
I ? Inquiry
Q ? Question
K Karat

L = Equal
< Less than

M - Minus
- _ similar appearance
0 1 Or used in programming languages like C

p + Plus
# Pound sign also similar in appearance to +

s $ similar appearance
similar appearance

, ; similar appearance

The Second iteration: Shape A chord which resembles the character it makes is easier to re­

member. The characters in the keymap are switched around to allow as many shape relations as possible. 

The letters I , M, N, and Y are based on the letters in American Sign Language (Figure 3.3). Other letters are 

based on the hand shape resembling the chord, such as C, F ,L, R, U, < Q uote> , and < A p o stro p h e >  

(Figure 3.4).

The Third Iteration: Sequences In the next iteration chords are chosen to facilitate creating 

common digrams or trigrams. This is done by making minimal finger changes between letters which 

are likely to be used in sequence. For example, t  —> h  —>̂ e  is made by the index finger followed by the 

middle and then the ring fingers. It is the most common trigram and it is one of the easiest chord sequences 

to make. Table 3.4 shows the chords for some common sequences.

The Fourth iteration: Similarity It facilitates memorisation if similar characters have similar 

chords. For example, <Corrana> is a < P e r i o d >  with an added appendage. The chords should reflect 

this, by having the chord for <Coirana> be the same as for <  P e r  i o d > ,  but with the thumb added. Table 

3.5 shows the complete list of chords which are based on other chords.
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M

/

Y

N

Figure 3.3: The hand positions in Ameri­
can Sign Language for the letters I, M, N, 
and Y

(

\

Figure 3.4: The chords which resemble the charac­
ters they make. Note: the fingers not shown are not 
bent forward, they merely do not touch the surface. 
They are removed from the diagram for clarity.

Table 3.4: Common trigrams and their chords

t ̂  h -> e i ->■ n ̂  g q u
t 0*0 00 i q 0 * •
h o° • n o* • u o* °
e o° ° g

Table 3.5: Chords related to other chords
u •  o o*o S * oo

• o •  • •o ' •  o ooo

w o o* Z ^o •  o* , ^o •  • • " •  •  ooo

V •  o • •o ' # oo

{ o* °

The Final Keymap The final step in generating the keymap is to switch any last few characters 

which are still in an inconvenient position and then place all the left-over characters. First X and J  were 

switched because, in practice it was found that the chord *• ° • •  was easier to make than and

thus was associated with the more common letter. Next, @ and ~ are assigned to the easiest punctuation
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chords still available. Then secondary chords were found for * and ? because there were no shifted chords 

already assigned to B and Q and it seemed logically appropriate. Lastly the control characters < T a b >  

and < E s c a p e >  were arbitrarily placed in the easiest shifted chords still available.

Theoretical Testing As mentioned above, the keymap can be tested by determining the relative finger 

usage. The normalised sums of frequencies for each finger are shown in Table 3.6 and displayed as a bar 

graph in Figure 3.5. Each keymap is normalised to that the sum of the relative use of each finger is 100%. 

This is to enable a comparison of the relative work for each finger. Because of the differences between 

the methods for entering special characters on the various chord keyboards, only the chords for the letters 

were used. Using the full keymap will yield slightly different results.

Table 3.6: Normalised finger work distribution

Keymap used Thumb Index
Finger

Middle
Finger

Ring
Finger

Little
Finger

Chording Glove
(full keymap)

27% 20% 19% 21% 13%

Chording Glove
(just letters)

21% 25% 20% 22% 11%

Microwriter
(Roberts, 1995)

19% 28% 20% 22% 11%

Infogrip’s Bat
(Microsoft Corporation, 1995)

19% 16% 26% 25% 14%

Disabled Keyboard
(Kirschenbaum et al., 1986)

18% 20% 25% 22% 14%

>  15

Figure 3.5: The relative work performed by each finger for different keymaps
T=thumb; l=lndex finger; M=Middle finger; R=Ring finger; L=Little finger

Chording Glove Chording Glove Microwriter
(full keymap) (just letters)

Chord Keymap

Bat Disabled Keybaard

The results are favourable: the index finger performs a majority of the work. This is good because the 

index finger is relatively strong. The little finger is weak and, as designed, does the least work. The other 

fingers roughly share the rest of the work equally. However, since < S p a c e >  makes up approximately 

15% of all characters typed, and each of the keymaps use just the thumb for < S p a c e > ,  the work values
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for thumb would be noticeably increased if < S p a c e >  were included. This is obvious by comparing the 

results for the Chording Glove’s full keymap to the one for just the letters.

The other methods mentioned above for testing the keymap are finding the theoretical input speed 

and error rate. These values for various chord keymaps are listed in Table 3.7. Like the situation with 

work distribution, comparing keymaps is difficult because they do not entirely share the same input mech­

anisms. Therefore only the chords for letters are used. Again, the full keymap yields slightly different 

results.

The last three entries are used for a comparison only. Best possible show the results from the fastest 

DRTs associated with the most frequent letters, and the lowest errors associated with the most frequent 

letters. Note that these are not the same keymap, just the best possible values for these attributes. Best 

random  is generated from the average value of the fastest 26 DRTs and lowest errors, which would tend 

to be the values of a randomly generated keymap. Worst possible is results from the slowest DRTs and 

highest errors associated with the most frequent letters.

Table 3.7: Theoretical Input Speed and Error Rate

Keymap used Speed Errors
in ms in WPM

Chording Glove (fuii keym ap) 305 39.3 7.1%

Chording Glove o u st letters) 306 39.1 7.0%

Microwrlter (Roberts, 1995) 308 38.9 8.1%

Infogrip’s Bet (Microsoft corporation, 1995) 313 38.3 7.3%

Disebled Keyboerd (Kirschenbaumet al., 1986) 305 39.4 6.7%

Best possible 302 39.7 5.3%

Best random 313 38.3 7.8%

Worst possible 336 35.7 15.2%

The results show that the Chording Glove achieves its design specifications of having a fast input 

speed and low error rate. It also compares favourably with all but the Disabled Keyboard, which rates 

only slightly better. Note the relatively small range of speeds for the various keymaps. The difference 

between ‘Best possible’ and ‘Worst possible’ is only 4wpm. Like with the alternative layouts on standard 

keyboards, there is not much difference in input speed. The big differences are in finger work and error 

rates, and can be seen in the graphs in Figure 3.5, and in the ‘Errors’ column in Table 3.7.

Alternative K eym aps

The Chording Glove’s keymap is designed for general English text input. This is not the only situation in 

which the Chording Glove can be used. Entering text in a foreign language is the most obvious reason for 

changing the keymap, but there are others. Changing the keymap on a standard keyboard would require 

either changing or ignoring the labels on the keys, neither of which is particularly desirable. If a user does 

create a customised layout on their own computer, interference between the layouts would cause their per­



3,2. The Chording Glove 71

formance on anyone else’s computer to be worse than if they never learned their new layout. Since the 

chord recognition and display of the chord list are both done in software, changing the Chording Glove’s 

keymap can be as easy as loading a new file. Consequently, choosing a new keymap for use with another 

language, specialised application, or even for reasons of personal preference, becomes a trivial task, ef­

fectively equivalent to adding an unlimited number of customisable shift states. The portable nature of 

the Chording Glove avoids the problems of using a non-customised device. Since the Chording Glove 

can be taken with the user, it can be just plugged into the new machine and used normally.

While creating a new keymap is not trivial, it is hoped that the method provided here will greatly 

simplify the process, allowing specialised keymaps to be easily created for any desired purpose. One 

example could be to make a keymap intended to write Fortran programs. Since the language is not case- 

sensitive, one could switch the caps and punctuation modes. This way, entering common punctuation like 

$ and ' would be easier since they would require only one shift, while switching to capital letters, a less 

common task, would be harder, requiring two shifts. Any set of 124 characters (plus another 124 control 

characters) can be created in order to maximise the efficiency of the user’s text entry,

3.2.4 Uses for the Chording Glove

The combination of high mobility and the chording-style input makes the Chording Glove particularly 

suited to certain tasks. One advantage of the Chording Glove is the fact that, as a chord keyboard, no 

visual supervision is necessary. This means that the Chording Glove can be used to enter text in situa­

tions where one must pay attention to outside events, such as taking notes, driving, or walking in difficult 

terrain. The display can take the form of either a heads-up display, or even an audio display, to provide 

feedback to the user without interrupting their other activities.

The one-handed nature of the Chording Glove frees the other hand to perform separate or parallel 

tasks. For example, the other hand could be used for real-world tasks, such as operating light machinery, 

carrying objects, etc. For parallel tasks, the other hand could operate a graphic input device to allow si­

multaneous text entry and graphical interaction. Performing separate tasks in parallel can have improved 

performance over performing the tasks separately. Experiments have shown this to work for two graphic 

inputs devices in parallel (Buxton & Myers, 1986; Kabbash et al,, 1994), but it may work for graphic 

and text tasks as well.

Using only one hand has the disadvantage of a slower text input rate as compared to a full-size desk­

top keyboard. This means the Chording Glove should be used in situations where a full-size desktop 

keyboard is inconvenient, such as in a mobile environment. Alternatively, it could be used in situations 

where speed is not an issue, such as in casual text entry tasks like interacting with the operating system, 

searching or reading text, and possibly basic text composition. This issue is discussed in more detail in 

Section 6,2,3,

The Chording Glove has the potential to avoid some of the problems linked to RSI, Touch typing on 

standard keyboard requires the hands to be held in an unnatural position for long periods of time. There 

is no ‘standard’ hand orientation for the Chording Glove, The user can position their hand in any manner 

they find comfortable, as long as they have a surface to chord against. This position can be easily changed
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if  it becomes uncomfortable after a while.

Suggestions for specific applications for the Chording Glove can be found in Section 3.4.

3.3 The Biofeedback Pointer
In addition to a method for entering text in a mobile environment, there must be a method for pointing 

and selection. Again, this must be highly economical in its use of space, and be accurate enough for day- 

to-day interactions - such as those associated with word processing, browsing and data input. Desktop 

interfaces such as the mouse use up too much space to be of any use. Pointers designed for portable 

computers such as trackballs, trackpads and trackpoints are board-mounted and while they take up very 

little space, they still require holding or manipulating something. Glove-mounted virtual reality-style 

graphic input devices take up no space and do not require anything to be held, but they tend to be too 

complicated and expensive for everyday use as a simple two-dimensional pointer.

The speed and power of modern computers makes it possible to measure and analyse bioelectric data 

in real time. The extra hardware required to do this is little more than a few bioamplifiers and a medium 

to fast analogue to digital converter. The user tapes electrodes and amplifiers to their forearm, which are 

connected via a junction on the belt to the computer. This is light weight and uncumbersome. By using 

this device the user can control a pointer simply by moving their hand. Selection can be accomplished 

by a set o f buttons on the side of the index finger which can be pressed by the thumb. These are provided 

by the Chording Glove. When in text mode the buttons act as shifts. In pointer mode, the buttons act as 

selection buttons.

3.3.1 Measuring Bioelectric Signais
EEG, GSR, and EMG were all considered as possible bases for the Biofeedback Pointer. The advantages 

and disadvantages of each were explored in detail and are described below.

An EEG is a collection of low frequency and low amplitude waveforms generated by electrical ac­

tivity in the brain. Low amplitudes require better amplifiers and noise filtering. The low frequencies can 

limit the rate of information transmission, reducing the speed of an input device. The potential discom­

fort caused by the liquid gel required to make the ohmic connection though the hair makes measuring 

EEGs even more difficult. GSRs, on the other hand, are large enough to be fairly easy to read under most 

conditions. However, GSR is extremely low frequency, which places limits on its usability as an input de­

vice. The GSR is sensitive to imperfections (cuts, scars, etc) and perspiration in the skin, degrading the 

potential performance of the device. These same imperfections cause no problems with sensing EEGs 

and EMGs, and in some case imperfections actually improve the signals (Geddes, 1972).

An input device based on EMGs needs to be able to detect skin voltages on the order of microvolts 

(Carroll, 1984). The frequencies in question are, for the most part, less than 500Hz, fast enough to not 

limit the input speed, while slow enough to read with a IkHz sample rate. EMGs can be measured with 

easy-to-apply surface electrodes which are clean and pose no health or safety risk to the user. Conse­

quently, EEGs and GSR were ruled out as potential input devices in favour of EMGs, which were easier 

to read, control, and measure.
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3.3.2 Which Muscles to Use?

Before continuing, readers may find it useful to review some basic anatomical terminology. The following 

terms will be frequently used in the following sections. The sagittal, or median plane of the body is the 

plane of symmetry, i.e. between left and right halves of the body. Medial is the direction toward the 

median plane. The little finger is medial to the thumb (with the palm facing forwards). Lateral is the 

opposite direction, outward from the median plane. The anterior or ventral side of the forearm is the 

front, when the palm is facing forward. The posterior or dorsal side is the back of the arm. Distal is the 

direction away from the root of a limb. The hand is distal to the elbow. Proximal is toward the root of a 

limb, the opposite of distal. A full description of all the physiological terms used in this thesis is available 

in Appendix A.

S e lec tin g  a  M uscle Group

There are many muscle groups which can be used to control a computer pointer, but some groups are 

easier and more appropriate to use than others. There are four main factors to keep in mind when selecting 

a muscle group. First, the location of the electrodes should be in an area to which they are easy for the 

user to attach. One would prefer not to need a mirror or another person’s assistance for attaching the 

electrodes. Another factor is that they should be in a socially convenient place. The head and the arm 

remain as the most workable zones, as they are usually left bare, or with a minimum of covering. A third 

factor is the size of the muscles and their EMG signals. The neck and face muscles tend to be smaller in 

size. This requires smaller electrodes to prevent the electrodes from physically interfering with motion. 

The arm muscles are longer, flatter, and have larger EMGs. This makes them both easier to measure and 

easier to attach electrodes to.

The fourth and last factor is the type of motion the muscle controls. The arm has joints in the shoul­

der, elbow, wrist and fingers. All have EMGs large enough to measure. However, the types of motions 

controlled are quite different. Collecting EMGs for some of the finger motions require electrodes in rather 

inconvenient locations, making the fingers a less than ideal control group. The shoulder has three degrees 

of freedom: adduction/abduction, rotation in the sagittal plane, and rotation about the axis of the arm. The 

elbow has one degree of freedom, making it useless as a two dimensional pointer (Figure 3.6). The wrist 

has the three degrees of freedom (Figure 3.7): up and down (extension/flexion), left and right (adduc­

tion/abduction), and clockwise and anti-clockwise rotation (supination/pronation). Only two degrees of 

freedom are necessary for a two-dimensional pointer, but having more degrees than necessary is an added 

bonus which will be addressed in more detail in Section 6.2.3.

Another advantage the wrist has over the other arm muscles is that the relaxed state is in the middle 

of each degree of freedom. That is to say, the wrist can move from a relaxed state to the left, right, up, 

or down, or rotate clockwise or anti-clockwise. Few other Joints can do this. For example, the elbow, in 

a relaxed state is straight, when used, it can only move in one direction. This makes it more difficult to 

create a metaphor to control the pointer. The easier the metaphor, the easier it is to visualise the motion, 

and, consequently, to learn it. Following this logic, the best results are most likely to come from the 

linear wrist motions (extension/flexion and adduction/abduction). It is easy to visualise the relationship
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Flexion

Extension

Figure 3.6: The one degree of freedom of the elbow

Supination

Pronation

40-4! Abduction
(radial bavlabon)

"Adduction
(ulnar deviation)

85°\Extension /

Flexion

85°

Figure 3.7: The three degrees of freedom of the wrist

between extending the wrist and moving a pointer upwards. Rotations have a less obvious relationship, 

which would impede learning.

An added bonus of the using the wrist is that the forearm has the least microorganism population 

density of any part of the body (Geddes, 1972). This means that it is safer to keep electrodes on for longer 

periods of time, which is important when considering the extended periods for which the device is likely 

to be used as a computer input device.

A final argument for using the wrist is its relatively high bandwidth in Fitts’ Law tasks. The index 

finger, used by itself, has an IP of 3.0 bits/s. The wrist and forearm have a roughly equal IP of 4.1 bits/s. 

Slightly higher in bandwidth is the combination of thumb and index finger, with an IP of 4.5 bits/s (Bal- 

akrishnan & MacKenzie, 1997).
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For these reasons the wrist was chosen as the muscle group to control the pointer for all the experi­

ments (further information about using other muscle groups to control the pointer can be found in Section 

6.2.2)

S e lec tin g  the Appropriate Wrist M u scles

There are six separate wrist motions: supination - rotating the palm to face forward, pronation - rotating 

the palm to face backwards, - moving the wrist downward, extension - moving the wrist upward,

adduction or ulnar deviation - sideways motion in the direction of the little finger, and abduction or radial 

deviation - sideways motion in the direction of the thumb. These motions are controlled by 19 muscles 

(Figure 3.8). The motions and their controlling muscles are detailed in Table 3.8.

Of these 19 muscles, 14 control the linear motions. Of those, only 6 are superficial and not obscured, 

and consequently easily measurable. Of the remaining six, the following were chosen: flexor carpi ul- 

naris (FCU), flexor carpi radialis (FOR), extensor carpi ulnaris (ECU), and extensor digitorum (ED). The 

extensor digitorum was chosen instead of the extensor carpi radialis longus and brevis pair because it is 

more superficial and has a stronger EMG. Table 3.9 summarises the motions which these four muscles 

control.

This choice of muscles gives an orthogonal group which can be used to determine the motion. There 

are four sensors. One sensor on the FCR is activated upon flexion or radial deviation. Another sensor on 

the ECU is activated upon extension or ulnar deviation. So far, this gives a one dimensional pointer which 

can go up or down. A third sensor on the FCU is senses either flexion or ulnar deviation. If the FCR and 

FCU sensors both detect a signal, the wrist is flexing, i.e. pointing down. If the ECU and FCU are both 

active, the wrist is moving in the ulnar direction, i.e. to the right (for the right hand). The FCR activated 

by itself yields radial deviation, i.e. leftward motion. ECU by itself means the wrist is extending, i.e. 

moving up. These three sensors by themselves are theoretically enough to uniquely determine the wrist’s 

orientation. A fourth sensor was used to improve the accuracy. This sensor was placed on the ED, which 

shows extension, or upward movement of the wrist.

3.3.3 Hardware

A ttaching the E lectrod es

The placement of the electrodes is very important, since the Biofeedback Pointer works better with 

stronger signals. The electrodes need to be placed on the largest part of the muscle in order to get the 

clearest signal. In this section we describe the recommended positions for the electrodes and how to find 

them. The level of detail in this section tends to give the impression that the task of applying electrodes 

is somewhat daunting. In practice the task is simpler than it sounds, and can be performed rather quickly 

after a little practice. Precise details are given in this section to maximise consistency and repeatability 

for the tests in Chapter 5 and to avoid any confusion by the reader.

It helps to stretch the skin taut before attaching on the electrode. This is to prevent the skin from 

stretching later and pulling the electrode loose. This often occurs when the electrode is placed when the 

elbow is bent. When the elbow is straightened, the skin stretches and the electrode may come off. All the
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Figure 3.8: The superficial muscles in the lower right arm which control wrist motion. These are based 

on diagrams found in Moore (1985)
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Table 3.8: The muscles controlling movement of the wrist. Since muscles are listed by the motions they 
perform, some muscles are listed more than once. The primary actions controlled by the muscle are in 
boldface. Motions are for the wrist unless otherwise specified. This is summarised from the muscle de- 
scriptions in Chapter 4 of Palastanga et al. (1990).

Motion Muscle Movements controlled Level Notes
cg
(0c
20.

Pronator Teres pronation, weak elbow flexion superficie
Pronator Quadratus pronation deep
Brachioradialis elbow flexion, pronation, supination superficie Used to return from 

extreme pronation or 
supination

co
%c
a3

(/)

Supinator supination deep
Biceps Brachii elbow flexion, shoulder flexion, supina­

tion
superficie With supinator for strong 

twisting/puiiing motions, 
e.g. using a corkscrew.

Brachioradialis elbow flexion, supination, pronation superficie Used to return from 
extreme pronation or 
supination

§
S
u_

Flexor Carpi Ulnaris flexion, adduction, finger extension superficie with PL and FCR
Flexor Carpi Radialis flexion, abduction, pronation, elbow 

flexion
superficie with PL and FCU

Palmaris Longus slight metacarpophalangeal flexion, flex­
ion

partly-
obscured

weak muscie, absent in 
10% of people

Flexor Digitorum 
Superficialis

metacarpophalangeal flexion, prox­
imal interphalangeal flexion, flexion

partly-
obscured

Flexor Digitorum Pro­
fundus

distal interphalangeal flexion,
proximal interphalangeal flexion, metacar­
pophalangeal flexion, flexion

deep

Flexor Pollicis Longus thumb interphalangeal flexion,
thumb metacarpophalangeal flexion, 
flexion

partly-
obscured

c0 0)

1

Extensor Carpi Radi­
alis Longus

extension, abduction, elbow flexion partly-
obscured

with ECRB and ECU

Extensor Carpi Radi­
alis Brevis

extension, abduction superficie with ECRL and ECU

Extensor Carpi Ulnaris extension, adduction superficie with ECRL and ECRB
Extensor Digitorum metacarpophalangeal extension, in­

terphalangeal extension, extension
superficie

Extensor Indicis assists ED, extension deep
Extensor Digiti Minimi little finger metacarpophalangeal 

extension, little finger abduction, exten­
sion

partly-
obscured

Extensor Pollicis 
Longus

thumb extension, abduction, extension deep

Extensor Pollicis Bre­
vis

thumb metacarpophalangeal, car­
pometacarpal extension, abduction, 
extension

deep

i!
Flexor Carpi Ulnaris Adduction, flexion, finger extension superficie with ECU

Extensor Carpi Ulnaris Adduction, extension superficie with FCU

II1!
Flexor Carpi Radialis Abduction, flexion, pronation, elbow 

flexion
superficie with ECRL and ECRB

Extensor Carpi Radi­
alis Longus

Abduction, extension, elbow flexion partly-
obscured

with ECRB and FCR

Extensor Carpi Radi­
alis Brevis

abduction, extension superficie with ECRL and FCR

Extensor Pollicis Bre­
vis

thumb metacarpophalangeal, car­
pometacarpal extension, extension, 
abduction

deep

Extensor Pollicis 
Longus

thumb extension, abduction, extension deep
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Table 3.9: The muscles used by the Biofeedback Pointer and the motions they control

Radial deviation

Flexion

Ulnar deviation

Extension

electrode pairs should be placed on along the arms axis, with the end with the lead facing proximally and 

the far end facing distally.

The electrodes used are 3M Red D o t^^  pediatric monitoring electrodes. Any electrodes will work, 

but these were chosen because they are small, cheap, and easy to order and apply. The electrodes are 

slightly too big for the amplifiers. This necessitates cutting the last half-centimetre off one side of the 

electrode. This can be easily done with scissors or a sharp razor. Since only some of the sticky tape is cut 

off, it has no effect on the quality of the electrode. The reference electrode is on its own and should not 

be cut.

It is often helpful to write the number of the amplifier on one of its electrodes. This greatly facili­

tates matching up the electrodes to the amplifiers if the amplifiers are removed and later re-attached. It is 

also a useful tool if attempting to diagnose any problems with the hardware. Since each of the amplifiers 

is numbered on the underside, the number cannot be seen when the amplifier is worn. Numbering the 

electrode makes the identity of each amplifier clear at a glance.

Before placing the electrodes, the hardware should be plugged into the computer and turned on. The 

software should be running, and EMG measurements turned on (see Appendix H). This will display the 

EMG from each electrode on the screen. This is useful when placing the electrodes, as the display will 

immediately show how strong the signal is.

Acromium Process (Reference Electrode) The easiest electrode to place is the reference electrode. 

This can be placed on any bony part o f the body. The reason for this is that the skeleton acts as a com­

mon ground. Since there is no fat or muscle underneath the reference electrode the voltage will be con­

stant. The acromium process in the right shoulder is the most convenient location for this electrode. The 

acromium process can be easily found as it is the larger and more medial of the two bony projections on 

the shoulder. The other bony projection, the coracoid process can also be used for the reference electrode. 

The acromium process was arbitrarily chosen for the sake of consistency.

Flexor Carpi Radialis The first electrode pair is placed over the Flexor Carpi Radialis. Hold out the 

right arm, with the anterior side facing up. At the wrist the FCR is the lateral-most tendon, just medial to 

the position where the pulse can be read. Follow this muscle proximally and medially along the arm to 

about an inch or two distal to the elbow. The muscle is easier to detect if the wrist is flexed. The electrode 

should be placed here, on the widest part of the muscle. This position should be easy to find by flexing
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and relaxing the wrist.

Extensor Digitorum The second electrode pair is placed over the Extensor Digitorum. Reach around 

to the dorsal side of the arm while keeping the anterior side up. Place your fingers about halfway down 

the arm and then extend and relax the wrist. You should be able to feel the muscle moving. When you 

can feel the muscle, place the electrodes there.

Fiexor Carpi Uinaris The third electrode pair is placed over the Flexor Carpi Ulnaris. Keep the arm 

anterior side up. Feel on the left side of the arm about an inch or two distal to the elbow. Adduct and 

relax the arm. Place the electrodes at the point where you feel the strongest muscle movements. 

Extensor Carpi Uinaris The fourth and last electrode pair is placed over the Extensor Carpi Ulnaris. 

Turn the arm dorsal side up. Feel approximately midway down the forearm, slightly left of centre. Abduct 

and relax the wrist. You should feel the muscle contracting under the skin. Place the electrode at the 

widest part of the muscle.

D ata Collection

The majority of the Biofeedback Pointer’s hardware is contained within a small belt-mounted box (Figure 

3.9). This contains the power supply and circuitry to isolate the bioamplifiers from the computer. The 

remainder of the hardware consists of the bioamplifiers and an analogue to digital converter (ADC). A 

schematic of the data collection hardware is shown in Figure 3.10. Each electrode pair is plugged directly 

into a Remote Physiological Pre-Amplifier. The direct connection minimises potential background noise 

which can be generated by long leads. The physiological amplifier is made up of five parts, all contained 

in a solid epoxy resin housing. First, the current from each electrode is limited to 500/iA. This is a safety 

precaution necessary in order to prevent a power surge from reaching the user (British Standards, 1993). 

The EMG signals are fed into the first amplifier with a gain of 100. Low frequencies of 16Hz or less

Figure 3.9: The main hardware of the Biofeedback Pointer
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Figure 3.10: Diagram of the bio-amplifier setup
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are then filtered out. Next the signal is sent through the second amplifier with a gain of 10, Lastly, high 

frequencies over 1,6kHz are filtered out. The specifications for the physiological amplifier are detailed 

in Appendix G,

All four amplified EMGs and the reference electrode are sent into the box containing the dual isolated 

power supply (Figure 3,9), The reference electrode is also current limited to 500fiA . A  single 9V battery 

powers the amplifiers, plus an LED which blinks when the power is on. The four amplified signals emerge 

from the box in a long cable which ends in a male 25 pin D-shell connector.

The analogue to digital converter is a PICO ADC-11, which is a eleven channel ADC which is at­

tached to the parallel port. The ADC is powered by the PC and its operation is controlled in software. It 

measures voltages in the range from 0 to 2,5 V and can run at speeds up to 18kHz, The technical specifi­

cation for the ADC-11 can be found in Appendix G,

Signal P ro c ess in g

Signal processing can be done by several different methods. Three of those were described in Section 

2,3,10, O f all the methods, the neural network system (Hiraiwa et al,, 1993) seemed to have the most 

advantages. This method was adapted to work with the above hardware, using an increased update rate 

of 16Hz,

The process of data acquisition and analysis is pictured in Figure 3,11 and described as follows. 

Each of the digitised signals is read every millisecond (1), Every 64ms a Fast Fourier Transform (FFT) 

(2) is performed on the past 512 data readings. The real and imaginary parts are combined to give a 256 

point array (3) which is the square of the absolute value of the frequency spectrum. The spectrum is then 

linearly rebinned to an 8 point array (4), Each of the four reduced spectra (5) are then fed into the neural 

network (6), which converts the data into pointer motion (7),

3.3.4 Pattern Recognition
Accurate recognition of the complicated EMG waveforms is essential to the performance of the Biofeed­

back Pointer, In Section 2,3,10 we described three methods for EMG analysis. O f these three, only the 

neural network provides the continuous values and a fast enough update rate to be used as a pointing de­

vice, For this reason a modified version of Hiraiwa et al.’s (1993) neural network was used to analyse the 

EMG waveforms.

T he Neural Network

Hiraiwa et al.’s (1993) neural network analysed two EMG inputs to provide 10 finger joint angles as out­

puts, The Biofeedback Pointer has four inputs and x  and y  coordinates as outputs. By exploiting biofeed­

back, the Biofeedback Pointer’s neural network did not need to perform all the work, allowing for a some­

what larger margin of error than Hiraiwa et al.’s (1993), Consequently, a much simpler neural network 

could be used for the Biofeedback Pointer, A simple perceptron was found to give the most accurate 

results,

A simple perceptron is a one layer feed-forward neural network (Hertz et al,, 1991), This type of 

neural network takes an array of N  input values and produces an array of M  output values. One way to
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Figure 3.11: The signal processing
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implement this network is to multiply the input array by an iV x M matrix of weights. Sometimes the 

input array is prepended with an additional unit element to accommodate for a uniform offset. This is to 

allow the output to be non-zero when all the inputs are zero.

The Biofeedback Pointer uses four 8 point arrays as inputs. Combining these arrays with an addi­

tional point to act as an offset gives a 33 point input array (a). Since the output is a two-dimensional 

vector, it is simpler to conceptualise if we use separate arrays for the weights, and Wy. The dot prod­

uct of the input array by each of the weight arrays gives the output values of {x, y):

y  =  Wy a  

Figure 3.12 shows a diagram of this neural network.

(3.1)

(3.2)

EMG 1 EMG 2 EMG 3 EMG 4
(offset)

Figure 3.12; The Biofeedback Pointer’s simple perceptron neural network

Training

When the pointer is first used, the neural network must be trained. This is done by having the computer 

move the pointer around the screen while the user follows the motion with their hand. The pointer starts at 

the centre of the screen and pauses. Each motion begins from the centre, moves out, pauses, then moves 

back to the centre, where it pauses before beginning the next motion. The motions are: diagonally down 

and right, diagonally down and left, diagonally up and left, diagonally up and right, down, left, up, and 

finally right (Figure 3.13). After all the motions, the pointer pauses at the centre of the screen while the 

weights are calculated.

At each time step the pointer position (a:, , y, ) and the reduced EMG spectra (a, ) are saved. When 

the training is complete, we have N  =  378 sample points saved in the vectors x  and y, and the matrix 

a , generated by N  arrays of EMG spectra, each with 33 values. The weights are then calculated by the 

following equations:

=  R ~ ' (3.3)



3.3. The Biofeedback Pointer 84

100

200c
o
COo
Q.

300

400

500
100 200 3000 400 500

X  position 

Figure 3.13: The pointer training motion
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where the variables R, q®, and qy are defined as

R = d i d J

qr =  x a ^

qy =

(3.4)

(3.5)

(3.6)

(3.7)

The derivation of these equations can be found in Appendix F.

It is possible that when the pointer is trained, the user’s motions will lag behind the motion on the 

screen. To compensate for this problem with reaction time delay, the weights are calculated eight times, 

with time offsets from zero to seven steps. This can compensate for reaction time delays up to 7 ie  sec­

onds. The weights which yield the least error are saved and used in the neural network. The error in this 

network is defined as the average value of the distance from the real points (x, y ) to the calculated points 

(x% y ') . In other words:

error
^  y (wî,a,- -  Zf)2 -p (wja,- -  ViY

»=i N
(3.8)

U sing

Once the neural network weights are calculated, it immediately starts translating the EMG input into a 

two-dimensional position vector (r). The earliest versions of the Biofeedback Pointer used this vector as
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the position of the pointer on the screen. This was very noisy and hard to control. The biggest deficiency 

was that the centre of the screen was easy to point to, and less central points were difficult to target. To 

solve this problem it was decided that the wrist motion would control the velocity of the pointer. The 

velocity (v) was calculated from the position vector (r) by the piecewise function:

- r < cs
V =  < * (3,9)

: ( 3 _ ÿ )  r > c s

This continuous function scales the larger motions by a factor of three. In addition, this is controlled by 

two variables, c and s. s is the overall scaling, which converts the {x, y) position into a reasonable value 

for velocity. Since r  ranged up to 300, scaling it down by a factor of s =  16 provided the reasonable 

range of values, c is the cutoff magnitude. Below this value, the velocity is unchanged, but above it is 

scaled by a factor of 3, A value of c =  6 was settled on by a process of trial-and-error. Below this value 

the effect o f scaling was unnoticeable, and larger values of c required excessively large motions to trigger 

the scaling.

Using these values allowed the pointer to perform detailed small movements and faster long move­

ments, This type of scaling is common with continuous graphic input devices and is called an adaptive 

control-to-display (C/D) ratio (Foley et al,, 1990),

O ther Neural N etw orks

The simple perceptron was the most effective neural network for the Biofeedback Pointer, In addition to 

the simple perceptron mentioned above, a Back-propagation neural network (BPN) was also tried with a 

variety of nodes and levels. Both networks took in 32 inputs (4 spectra of 8 points each) and produced 2 

outputs (x  and y). The actual process of calculating the weights and outputs varied greatly,

A test was designed to compare the networks. In this, a large number of sets of training data was 

collected. Part of this data was used to train each of the neural networks. The rest of the data was used to 

determine the average error which was measured as the distance from the actual to the predicted point. 

All the possible parameters of each network were varied to determine the best values.

The Back-propagation Network The Multi-level BPN was based on a combination of the algorithms 

found in Freeman & Skapura (1991) and Hertz et al, (1991), In training the BPN, all the weights were set 

to random values between 0 and 1, For each step in the trial the outputs are calculated and weights ad­

justed, This is repeated until the weights converge to constant values. The forward and back propagation 

process is as follows:

1, Propagate the inputs through the network. The sum of all the weighted inputs to the node (h) is 

scaled by the function:

=  1 +  e-/» (3 10)

which is the output of the node,

2, Once the final outputs are found, the error (S) is calculated by the function:
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Si =  g'{hi){U -  Oi) (3.11)

=  O i{l -  O i){ti -  Oi) (3.12)

where <,■ is the target value and Oi is the output value.

3. These errors are propagated backwards by:

Si,k — 1 — 9 l) ^  ] ^j,i,lfSj,k (3.13)
3

This is done for each node in each layer.

4. The weights are then updated by:

=  r}5i^kOj,k-\ +  aAwj^i^k{t -  1) (3.14)

where a  is the momentum term and 7/ is the learning rate.

5. This is then repeated until the weights converge.

The BPN had three levels. One input layer of 32 nodes, one output layer of 2 nodes and one hidden 

layer of n  nodes. This gave three parameters: a  (momentum), rj (learning rate), and n  (nodes). In the 

test, a  and t] were varied from 0.1 to 0.8. The number of nodes (n) ranged from 2 to 40.

Figure 3.14 shows the effects that varying these parameters has on the errors. Smaller values t] give 

less error. Very large or very small values of a  give better results. The best number of nodes is 9. The 

smallest values of a  and tj with 9 nodes yields an error of 76 ±  23. This error is the distance in pixels 

from the computed point to desired one. This was calculated using 13 sets of training data. Other BPN 

setups were tried, but none gave as low errors. The lowest errors on the other BPNs ranged from 90 to 

150.

The Simple Perceptron Network The Simple Perceptron neural network collected all the training 

data before calculating the weights. The best values for the weights were calculated by a multidimen­

sional least squares fit, as described in Appendix P. This did not require any initial guess because an 

exact solution was found by solving the matrix equations, instead of using an iterative process to esti­

mate the weights. There were no parameters which could be changed for optimisation, making it easier 

to determine whether this method was effective or not. The average error after one set of training data 

was 82 ±  17, which is slightly higher than the best BPN, but the difference is not significant on the 5% 

level. On the other hand, this method achieved this result 13 times faster and with an order of magnitude 

fewer calculations per step, making it clear that this was the better method.
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Figure 3.14: Error levels of the Backpropagation Neural Network. Errors are given in pixel units before 
scaling (Equation 3.9)

3.3.5 Biofeedback

Once the neural network is trained to recognise the arm motions, its learning process is over. From then on 

the user’s performance with the pointer is improved by biofeedback. Biofeedback is a process in which 

one or more biological signals are measured and converted into a form which can be displayed to the 

person (visual, audio, etc). Through a process of trial and error, the person soon figures out how to control 

the biological function.

This process occurs in the Biofeedback Pointer. As users manipulate the pointer, they slowly leam 

exactly which arm motions correspond to the pointer motions. The muscles used are not exclusive to the 

trained motions. For example, the extensor digitorum is not only used in extending the wrist, but is also 

used in extending the fingers. As a consequence, moving one or more fingers can give similar signals to 

moving the whole wrist. It has been tested empirically that by experimenting with different motions, the 

user can find that they achieve the same motion by a slight movement of the middle finger that they would 

otherwise have used their entire hand. This provides a process in which the user progressively leam the 

easiest method for interacting with the computer through the Biofeedback Pointer.



3.4. Applications 88

3.3.6 Uses for the Biofeedback Pointer

In operation, the Biofeedback Pointer is essentially equivalent to a joystick: the forearm is the equivalent 

to the base of the joystick and the hand is equivalent to the joysticks shaft. As a consequence we would 

expect that the Biofeedback Pointer would be best suited for similar applications. As stated in Section 

2.3.3, the joystick works best for navigation and low precision pointing. It would stand to reason that the 

Biofeedback Pointer also be most efficient in those situations.

Navigation refers to both two and three dimensional graphic navigation. This includes such appli­

cations as video games, exploration of 3D data, operating a virtual trackball, etc. This also includes nav­

igation in a windows-style environment, such as menu selection and scrolling. Low precision pointing 

consists mostly of selecting objects (point and click), or moving objects (click and drag). The Biofeed­

back Pointer would be ineffectual at higher precision tasks such as drawing or fine manipulation tasks.

One disadvantage of the Biofeedback Pointer is that it will continuously move, even when not being 

used. The only way to keep the pointer still is to completely relax the arm, preventing the user from doing 

anything else with that arm. This is not a problem for most tasks, since the window manager usually does 

not care where the pointer is when it is not performing any selection. A situation where this is a problem 

is an environment with pointer-driven keyboard focus. In this environment, all text input is sent to the 

window which contains the pointer. It would be very difficult to both control the position of the pointer 

and enter text at the same time. There is a way around this, and that is to be able to turn off the pointer 

when it is not needed. This issue is discussed in more detail in Section 6.2.3.

3.4 Applications
While the Biofeedback Pointer and Chording Glove can be used individually or with other input devices, 

the full advantage comes from using the two devices together as an input for a wearable computer. In this 

system, the Chording Glove is worn on the dominant hand, while the Biofeedback Pointer’s bio-amplifiers 

are attached to the forearm. These are connected to a wearable computer with a heads-up display. In this 

system, there is no externally visible difference between the active and passive states of computer use. 

The only difference would be that in the active state the user would see that the display is on. Switching 

between the active and passive states can be accomplished simply by pressing a button or two. Conse­

quently, this system rates rather well when judged by the four portability factors introduced in Section 

2.4.

Using bioelectric-based graphic input devices for people with severe motor disfunction has been 

accomplished with EMG, EEG, and EGG. Chord keyboards have been shown to be more usable than 

a standard keyboard for people with motor disabilities like cerebral palsy and, muscular dystrophy and 

dyslexia (Kirschenbaum et al., 1986). The reason for this is that the minimal motions involved in chording 

are much easier to perform for people with these kinds of disabilities. The system introduced here can be 

used, in one form or another, for people of varying levels of disability. Those with minor motor disabilities 

could use the Biofeedback Pointer and Chording Glove together to interact with a computer in the same 

manner as an able-bodied person. For those with more severe disabilities who cannot use the Chording
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Glove, the Biofeedback Pointer could be used both as a normal pointer, and to select characters from a 

soft keyboard.

The portable nature of the Chording Glove and Biofeedback Pointer allows them to be used in sev­

eral kinds of hostile environments. In Space there is very little room for extraneous equipment. This 

system takes up very little room and can even be integrated into a space suit. Zero-gravity has its own 

special problems. A standard keyboard cannot be used because of Newton’s Law of action and reac­

tion: by typing a keyboard one could slowly launch oneself across the room (Matias et al., 1996). If the 

Chording Glove is operated by using the body as the chording surface, this problem is avoided completely. 

Our system also has benefits for military usage. The devices are silent and are very fast to put away, an 

important factor in potentially life-threatening situations. In underwater situations, where voice input is 

near-impossible, our system provides a method for text and graphic interaction with minimal motions.

A more everyday application would be text or graphic interaction for fieldwork. An excellent appli­

cation would be archaeology. A map can be scrolled or zoomed to determine the present location. The 

location of artefacts can be recorded, along with notes about them. The computer can then be used to 

look up further information about the artefacts. With this system, all this can be performed in the field, 

without even needing to look away from the task at hand.

3.5 Summary
The Chording Glove is a text input device designed for efficient use in a mobile environment. Chords are 

input by pressure sensitive switches on each finger tip. The shift modes are controlled by small sticky- 

shift buttons located on the side of the index finger in reach of the thumb. Useful, but infrequently used 

function keys are located on the back of the hand and can be pressed by the opposite hand.

The chord keymap is designed to take full advantage of the glove’s intended use by making the most 

common characters require the least work to create. The keymap is also designed to maximise speed, 

minimise errors, and be easy to leam. If necessary, the keymap can be easily changed, to allow more 

efficient text entry in other languages or for specialised applications.

The lack of visual supervision and the requirement of only one hand for text entry are major factors 

in allowing the Chording Glove to work in a mobile environment. The lower input speed, as compared to 

a standard keyboard, suggest the Chording Glove should be used only for causal text entry. Fortunately 

one would not expect to perform more intensive text entry in a mobile situation. In addition to being a 

design requirement for a mobile environment, the variety of workable hand orientations for text entry, 

has the potential to reduce some of the factors that have been linked to RSI on a standard keyboard.

The Biofeedback Pointer is designed to control a computer pointer in a mobile environment. Nothing 

need be held or manipulated, wrist motion alone is used to control a 2D pointer. The wrist was chosen 

primarily for the ease of applying the electrodes and measuring the EMGs. Added incentives were high IP 

of wrist motion and the fact that electrodes could be safely kept on the forearm for relatively long periods 

of time.

The EMGs from four of the major muscles in the forearm are measured by bio-amplifiers, converted 

to a digital signal, and transformed into power spectra before being analysed by a neural network. These
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four spectra are then translated into an x  and y  velocity for the pointer. The neural network is trained by 

requiring the user to follow the cursor as it moves trough a series of motions. When training, the EMG 

spectra and the cursor position are fed into the neural network which finds the best set of weights to derive 

the cursor position from the EMG spectra.

The Biofeedback Pointer’s design makes it best suited for tasks requiring navigation or low precision 

pointing. Examples of these tasks are basic windows-style GUI interaction and exploring graphical data, 

both of which are likely to be performed by a mobile computer. The continuous motion of the Biofeedback 

Pointer can cause problems in certain environments or applications. Consequently there must be a method 

for turning the pointer off when motion is unwanted.

Both the Chording Glove and the Biofeedback Pointer used theoretical tests during their construction 

to determine if certain aspects of the devices would work. These experiments were very limited in the 

scope of what they could test. In order to fully understand the devices, they must be empirically tested 

in operation. Experiments were designed and carried out for the Chording Glove and the Biofeedback 

Pointer. These are the subjects of the next two chapters.



Chapter 4

The Chording Glove Experiment
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4.1 Introduction
This chapter describes an experiment to examine the claims set out in the previous chapter. Specifically, 

the Chording Glove claims to combine the quick learning time and high performance of a chord keyboard 

with the portability of a glove interface.

The learning rates of standard chord keyboards (see Section 2.2.3) indicate that the keymap of a 

chord keyboard can be learned in a short period of time. Mounting the keys on a glove should make no 

difference in the learning rate. As a consequence, the Chording Glove’s keymap should be learned and 

retained in a comparable manner. In other words, we hypothesise that the 97 character keymap for the 

Chording Glove should be memorised to the extent that the user can perform continuous text input within 

90 minutes. In addition, the keymap should remain in long term memory, allowing users to maintain their 

chording speed after extended periods of disuse.

After eleven hours of use, a one-handed chord keyboard can be expected to have a text entry speed 

around 20-24wpm. Sources differ as to the expected text entry speed of a standard keyboard. Gopher & 

Raij (1988) found it to be about 14wpm after 11 hours of practice, while a touch typing course claims to 

reach a speed of 20wpm after 12 hours of training (Noyes, 1983). However, one thing is clear, for beginner 

and moderate users, a one-handed chord keyboard should be as fast or faster than a QWERTY keyboard. 

As a consequence, we hypothesise that the Chording Glove should be able to reach input speeds of at 

least 20wpm after 11 hours of chording.

The expected error rate for the Chording Glove was be determined in Chapter 3 by weighting Seibel’s 

(1962) error data against the chord’s frequency of use. The result is an error rate of approximately 7%. 

This is, of course, the steady state error rate, ie the rate after long term use. For comparison, the error rate 

for the QWERTY is 12.7% (Potosnak, 1988). We hypothesise that the error rate for the Chording Glove, 

after 11 hours of use, should be somewhat higher than the 7% level. In addition, we hypothesise that the 

Chording Glove should be able to chord on any solid surface without any significant loss in speed.

In order to test these hypotheses, a longitudinal experiment was performed. In addition, data were 

collected to analyse fatigue, muscle strain, preferences, and the subject’s opinions on various aspects of 

the device in order to provide further insight into the Chording Glove’s performance.

4.2 Materials
A simplified version of the Chording Glove was used to limit the scope of the experiment. It was decided 

that the features should be limited to only those necessary for plain, line-by-line text entry with no editing 

functions.

4.2.1 Shift and Function Key Changes
The < H e lp >  key’s behaviour was changed slightly for the experiment. The normal behaviour (as men­

tioned in Section 3.2.1) is to display the keymap when double pressed. The keymap would then disappear 

when < H e lp >  is pressed again. In the experiment, the keymap is displayed while the < H e lp >  key is 

depressed. When released, the keymap disappears. This is done to measure how long the subject needed 

to view the keymap.
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Figure 4.1: Circuit diagrams for the two types of finger sensors

The <Control> shift was not needed for the experiment, nor were any of the function keys 

except the <Help> key. To minimise the amount of controls the subjects had to contend with, the 

<Control> shift was remapped in software to produce the same results as pressing the <Help> key. 

Since the <Help> key was now redundant and the rest of the function keys were not wanted, the entire 

set of function keys were removed from the glove to avoid confusion.

The LEDs next to the <Control> shift were not removed, nor were they used during the experi­

ment.

4.2.2 Finger Sensors
The first five subjects in the experiment started out using the Resistive Foam finger sensors(Figure 4.1 (a)). 

As the foam was compressed, the resistance (ri) lowered. This was measured as a change in voltage. 

Since this was an analogue sensor, the voltage had to be compared against a set cutoff voltage. This volt­

age was set by a potentiometer (r 2 ). Each sensor had it’s own control potentiometer to allow it to be 

adjusted to maximum sensitivity.

Once the Chording Glove was used by multiple people over a short period of time, it was found that 

the sensors could not handle such frequent use. The problem was that r\  was excessively temperature 

dependent. The longer the sensor was in use, the more the resistance changed. Eventually the resistance 

would fall outside the range of r 2 , making the sensor useless after just over an hour of chording.

These sensors were replaced with a new design. This was a large, non-flexible button made of two 

metal plates separated by springs (Fig 4.1(b)). Compressing the button touched the plates, grounding

^out-

In order to change the sensors without redesigning the entire circuit board, the new finger sensors 

were attached to where the function keys were. The software was then modified to map the function key 

input to the finger sensors. This could be done since the function key input expected a digital signal, 

as opposed to the finger sensor inputs which were designed for an analogue one. This did not cause a 

problem since no function keys were needed.
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The new sensor design was used for the remainder of the experiments, However, as a result, the 

subjects who used the foam sensors suffered a degradation in performance, as compared to those who 

used the plate sensors. The effects of this is discussed in more detail in Section 6.1.1

4.2.3 The Keymap

Table 4.1: The reduced keymap
chord lower case upper case number and math punctuation

•  0 00• a A 5 &
# 0 #0• b B * *
# # #0

# c C 0 %
0 # #0

• d D / \
0 0 #00 e E 3 !
0 0 # ## f F
0 # #0

0 g G ) >
0 # 00

0 h H 2 @
0 0 0#0 i 1 4 ?
# # 0## J J
# # ##0 k K
# # ##

0 1 L = <
# # #00 m M - -

# # 000 n N (
0 0 #0# 0 0 7
# 0 #0o P P -b #
# # 0#o q Q ? ?
# # 00# r R 9 ‘
0 # 00# s S 6 $
# 0 000 t T 1
# 0  0#

0 u U [ {
# 0 ##

0 V V
# 0  0## w W ] }
# 0 ### X X * *
0 0 0#

# y Y 8
0 # 0## z Z
0 # ### , , } ;
0 # ##0 . . • !
0 0 00# s p a c e s p a c e s p a c e s p a c e
0 0 # #

0 b a c k -sp a c e b a ck -sp a c e b a c k -sp a c e b a c k -sp a c e
# # ### return return return return

A slightly reduced keymap was used in the experiment (Table 4.1). The special characters < T a b >  

and < E s c a p e >  were not shown, since they were not used in the experiment. In addition AutoCaps was 

turned off in the experiments as it would only add another variable to an already complex situation.
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4.3 Method
4.3.1 Subject Selection
Advertisements were placed around the Queen Mary and Westfield College campus. Additional adver­

tisements were posted on the several appropriate local internet newsgroups. Potential subjects replied by 

email or telephone. They were asked to fill out an initial questionnaire either on paper or via email. Ade­

quate subjects were accepted and times were scheduled. Details on the selection criteria are available in 

the appendix in Section D.1.1).

Fifteen subjects were used, but 5 dropped out after the tutorial. O f the remaining 10, there were 4 

males and 6 females, all right-handed and aged between 18 and 28. All the subjects described themselves 

as competent typists with six subjects using keyboards for only a few hours a week, and the rest typing 

on a daily basis. No subjects reported ever having used a chord keyboard or having experienced any RSI. 

Each subject was paid £1.50 per session after the tutorial, and an additional £15.00 on completing all 

the experiments. One subject chose not to be paid. The subjects each performed ten chording sessions 

following a tutorial session, spread out over a period of approximately 2-3  weeks.

4.3.2 Tutorial

Figure 4.2: Sample text from the tutorial session. The entire tutorial is available in Appendix D
Type the letter g
gggg

Now type: 
ing 
ing

Note that 'ng' is formed by the first two fingers{index and middle) 
followed by the second two fingers (middle and ring).

Type again: ing 
ing

Now type: 
thing 
thing

this and that thing 
this and that thing

let their chimney fly. 
let their chi

The initial session was a tutorial to teach the chord keymap. The tutorial was designed to last ap­

proximately one hour (Figure 4.2). The subject was given two sheets of paper for the tutorial. The first 

listed the keymap (Figure 4.1) and the second displayed the chords which are similar in shape to the char­

acters they make (Figure 3.4). The subject learned each chord by being asked to chord a character and 

then generate several short phrases using it and some previously learned chords. The subjects could take 

as long as they needed to finish. Most took between 1 and 1Y2 hours to complete. After finishing the 

tutorial, the subject was given a questionnaire to fill out. See Appendix D for more details on the tutorial 

and questionnaire.
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4.3.3 Chording Sessions

Figure 4.3: A sample section of a chording session
Alice was beginning to get very tired of sitting by her sister 

on the bank, and of having nothing to do: once or twice she had
peeped into the book her sister was reading, but it had no 
pictures or conversations in it, 'and what is the use of a book,' 
thought Alice 'without pictures or conversation?'

So she was considering in her own mind as well as she could, 
for the hot day made her feel very sleepy and stupid, whether

Alice was beginning to get very tired of sitting by her sister 
on the bank, and of having nothing to do: once or twice she had
peeped into the book her sister was reading, but it had no 
pictures or conversations in it, 'and what is the use of a book,' 
thought Alice 'without pictures or conversation?'

So she was considering in her own mind (as well as she could, 
for the hot da_

There were ten chording sessions following the tutorial. These sessions consisted of preparation, 

fifty minutes of text input, and wrap-up.

Preparation

Before starting the subject is asked, “Have you experienced any unusual or unexplained pain in your 

hand, arm, or back since the last session?” The subject then puts on the glove and is asked if they are 

ready to begin.

Trials

The subject would then perform four chording trials. Each trial consisted of entering text which would 

appear on the monitor. The screen was divided into two windows. The top displayed the text, one line at 

a time. The subject would chord this text and their work would appear in the bottom window. When the 

subject pressed < R e tu r n >  the next line would appear in the top window. In each session the subject 

was told to chord as quickly and as accurately as possible. Fixing errors was not too important, and the 

subjects were told to fix mistakes “only if it doesn’t require too much effort”.

The trial length and content were varied to avoid mental fatigue in the subject. The first and third 

trials were always 15 minutes long, while the second and fourth were always 10 minutes. Between each 

trial the subject could take a break of up to five minutes. Most subjects preferred to wait less than a minute 

before continuing with the trials.

The first and last trials always consisted of entering text from the novel Alice's Adventures in Won­

derland. This was chosen because it is easy to read, but is still interesting enough to keep the subject’s 

attention. The second and third trials alternated between text and data entry. If  the first was text entry the 

second would be data entry, and vice versa. Each session alternated which was performed first. The data 

entry mostly consisted of tabular stock market data. The data was mostly numbers, but there were some 

words. The full text of the data entry trials is in Appendix D.

Every few sessions, during a randomly selected trial (any except the first one), the subject was asked
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to chord without a chair to sit in, or without a desk to chord on. This was to test the portability of the 

Chording Glove. Only four of the subjects were used in these tests.

W rap-Up

After the final trial of the day, the subject was given a questionnaire. This was the same one that was 

used after the tutorial (see Appendix D). The subject then was asked to schedule more sessions if they 

had not already done so. Afterwards the subject was given £1.50 and were done for the day. If the subject 

finished all ten sessions they were given a £15 bonus.

4.4 Results
4.4.1 Text Entry Speed and Error Rate
At the end of the tutorial the average overall speed was 8.9 ±  1.4wpm. The speed was calculated as the 

average digram time in seconds (td), assuming an average of 5 characters per word (MacKenzie et al., 

1997). The conversion equation is:

12[;
wpm

(4,1)

The error rate was calculated as the ratio of errors to the total number of characters. This was 27% 

±  2.5%  after the tutorial. The chording speed increased over the sessions with no signs of levelling off. 

The chording speed at the final session was 16.8 ±  2.5 wpm. The final error rate had fallen to 17.4% ±

0.6% with some signs of levelling off (Figs 4.4 and 4.5).

4.4.2 Keymap Learning Rate
The tutorial took an average of 80 minutes to complete. By the end of the tutorial, the subjects were able 

to enter text while only rarely needing to view the keymap. This indicates that the chords had been learned 

well enough for continuous text entry. This is supported by the fact that less than 4% of the first chording 

session was spent looking up unremembered chords (this was the first session for which this data was 

available). By the 10th session the amount of time spent looking at chords had dropped to 0.4% (Figure 

4.6).

One subject was asked to return 3 and 6 months later for additional chording sessions. During these 

periods she did not use the Chording Glove at all. The subject’s final chording speed after the tenth session 

was 16.2 wpm. After three months, at the start of the session her input speed was 13.2wpm. However, this 

rose to n.Owpm within 20 minutes. Her final chording speed was nearly 5% higher than her speed at the 

end of her last session. The subject spent 2.8% of the time looking up chords. This increase may be due to 

the change from the old, resistive foam sensors to the new metal plate ones (Section 4.2.2). Regardless, it 

is clear her chording speed did not suffer from the absence. Three months later, at the start of the session 

her input speed was 13.9wpm, and rose to 17.9wpm within 30 minutes. This is 10% better than her speed 

at her tenth session, and 5% better than her speed at her previous trial, three months before. The subject 

spent 1.2% of the time looking up chords. Since the same sensors were used in both return sessions, it is 

clear that her performance did not decay.



Figure 4.4: Average chording speed in WPM per session Figure 4,5: Average percent error per session
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4.4.3 Portability
To measure portability, four subjects were asked to perform a text entry trial while standing up. They 

were allowed to chord on any surface they wished (a desk, a file cabinet, the computer monitor, etc). The 

input speed of the standing-up trial was compared to the average input speed of the two other text entry 

trials in the same session, which were performed while sitting. The average difference in input speed was 

+0.47wpm ±  5.48wpm. The speed is so small compared to the standard deviation that there is really no 

significant difference in input speed while standing and while sitting.

4.4.4 Questionnaire Results
The following is a summary and analysis of the subjects’ responses to the daily questionnaire (Appendix 

C).

F atigue

Fatigue was measured by asking the subject if they felt that they could chord for longer, had chorded too 

much, or if they had chorded for the right length of time. The scale was 1 to 5, where 1 was too much 

chording and 5 was too little. Since the fatigue levels are opinions, the scale is not necessarily linear. As 

a consequence computing an average value may not be meaningful. The most frequently occurring value 

was used instead. The mode fatigue level after the tutorial was 3 with some even distribution about that 

value. This corresponds to a “just about right’’ amount of chording. The value slowly tended upward over 

the sessions (corresponding to less fatigue) to the final mode value of 4 with some tendency towards 5 

(Figure 4.7). A value of 4 means that they could have chorded for longer.

Figure 4.7: Distribution and mode of fatigue levels per session. The size of the glyph corresponds to the 
number of subjects who reported that level of fatigue. The filled glyphs are the most frequently reported 
fatigue level for each session.
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M uscle  Strain

Figure 4,8: Average muscle strain over time. The size of the glyph corresponds to the number of subjects 
who reported that level of fatigue. The filled glyphs are the most frequently reported fatigue level for 
each session
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The level of muscle strain was assessed in the questionnaire given after each session. The subject 

was asked to rate any pain in their hand or arm on a scale of 1 to 5, where 1 was “No pain at all” and 5 

was “Very sore/tired”. The initial mode pain level was 3 with a tendency towards 4. This corresponds to 

a bit more than “some” pain. Over the course of the first five sessions more subjects reported less levels 

of pain (Figure 4.8). After the fifth session, the mode pain value levelled out at 2, where it stayed for the 

rest of the experiments. The final pain level was 2 with a slight tendency towards 3.

P r e fe r e n c e s

After each session the subjects were asked to compare the comfort of the Chording Glove to writing and 

typing. These were measured on a scale of 1 to 5, where 1 was “much worse than typing/writing” and 5 

was “much better than typing/writing”. Neither of these values varied significantly over the course of the 

experiment. The final mode value for typing equally was distributed between 2 and 3, which means the 

subjects found it as good as or slightly worse than typing. The final mode value for writing was 2 with 

slightly more tendency towards 3 than 1. This means the subjects preferred writing over chording, but 

not by much.

The subject were also asked if they would want the Chording Glove for personal use. The scale for 

this was 1 to 5, where 1 was “Never!” and 5 was “Definitely”. There was no significant change in the 

responses over the duration of the experiment. The final mode value was 3 with most of the rest of the 

subjects reporting 2, this corresponds to being somewhat less than “sometimes”.
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O pin ions

Table 4.2: Top 5 positive and negative comments about the Chording Glove

Likes Dislikes
comment number comment number

1 One handed use 5 Some chords hard to make 5

2 Visual supervision 5 Chording is too slow 5

3 Mnemonics/memorisation 3 General hardware problems 5

4 Portability 2 Straining to use 4

5 Similar to piano 2 Difficult to memorise 2

Table 4.2 shows the top five most common positive and negative comments made by the subjects 

over the duration of the experiment and the number of subjects who made those comments. The most 

preferred aspects of the glove were the one handed use and the lack of visual supervision in chording. 

The least preferred aspects were almost all due, at least in part, to the low sensitivity of the finger sensors 

(both old and new). The insensitive sensors made the chords which used more fingers more difficult to 

create. This slowed down the chording speeds and added to the muscle strain.

4.4.5 Analysis of Questionnaire Data and Final Results
Table 4.3 tabulates the results of the initial questionnaire, the experimental data, and the final daily ques­

tionnaire. The meaning of each column is described below.

Personal data Twelve questions were asked on the initial questionnaire (Section D.1.1). Three ques­

tions were answered the same by all subjects: All subjects were right-handed with no previous RSI or 

chord keyboard experience. The nine remaining questions are described below:

Subject This is a unique random number assigned to the subject.

L anguage This is the subject’s native language.

Sex Male or female.

Glasses Does the subject wear glasses? Yes or no. All but two of the subjects wore glasses, making this 

variable unusable in a statistical analysis.

M usic This is a rating of 0 to 5 of how well the subject can play a musical instrument. If the subject can 

play more than one, the highest rating is used. Zero corresponds to no knowlegde and 5 correponds 

to proficient.

Sign This is a rating of 0 to 5 of how well the subject knows any sign language. Zero is no knowledge 

and 5 is fluent.

Usage This is a rating of 0 to 5 of how well the subject can type on a keyboard. Zero is “never used one’’ 

and 5 is “very good at touch typing”.



Table 4.3: Experimental data for each subject

(/>c
S
(Ds

Personal data Experimental Data Opinion data

1 1 1 1 1 O

g I 1 I 1 1 1
1 { ! Î g

1 English Male Yes 5 0 4 60 4 19.3±11.7 20.6±2.0 0.99±1.48 112.1 3 4 2 3 3

2 English Female Yes 3 2 4 55 3 12.0±4.4 18.2±1.4 0.15±0.30 44.2 — 2 4 2 2 3

3 English Female Yes 0 1 4 18 3 21.7±8.4 14.3±2.6 0.04±0.03 77.7 +1.2±14.4 3 3 3 2 3

4 Spanish Male Yes 0 2 3 40 5 19.7±6.4 16.7±2.2 O.OOiO.OO 76.4 -0.74±7.87 1 5 3 2 4

5 English Female Yes 5 0 3 27 4 20.6±10.3 18.8±0.8 0.01 ±0.01 50.3 +1.4±11.4 3 2 2 2 4

6 Spanish Female Yes 3 4 3 30 3 16.4±8.1 9.3±1.4 0.00±0.00 77.5 — 2 4 2 1 4

7 English Male No 2 1 4 30 2 10.2±4.5 1 8 .3Ü .8 2.41±2.49 89.7 — 2 4 3 3 4

8 French Female No 4 0 4 40 4 16.2±6.8 27.7±2.9 0.48±0.64 120.0 — 2 5 3 2 3

9 French Female Yes 0 0 3 8 3 15.7±8.1 9.8±0.2 0.00±0.00 87.4 +0.01±8.96 1 5 2 1 3

10 English Male Yes 3 0 3 40 2 16.1±7.2 20.4±1.5 0.30±0.59 63.0 — 2 3 3 3 3
8
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Q W ERTY  This is the subject’s self-reported typing speed in words per minute on a QWERTY keyboard. 

The validity of this is questionable, since it was not tested.

Frequency This is a rating of 0 to 5 of how often the subject uses a keyboard. Zero is “never” and 5 is 

“several hours per day”.

Experimental data These are the final values for each person of the data collected in the experiment.

Speed This is the subject’s average speed on the Chording Glove during their last session, measured in 

words per minute.

E rro r  This is the subject’s final ratio of incorrect characters to total characters.

Help This is the subject’s final percent time spent looking up chords.

I \ito r ia l This is how long (in minutes) the subject took to complete the tutorial.

P ortab ility  This is the change in the subject’s chording speed between sitting down at a desk and stand­

ing up, in words per minute. A negative number indicates that they chorded faster when standing.

Opinion data These are the final values each person gave for the daily questionnaire (Section D.1.2.

Pain This is the subject’s final reported pain level after using the Chording Glove for an hour. This is on 

a scale of 1 to 5 where 1 is “no pain at all” and 5 is “very sore/tired”.

Fatigue This the final value of how tired the subject was reported to be after chording for an hour. This 

is on a scale of 1 to 5 where 1 is “too much chording” and 5 is “could chord for longer”.

Typing This is the final reported value for the Chording Glove’s comfort relative to typing. This is on a 

scale of 1 to 5 where 1 was “much worse than typing” and 5 was “much better than typing”. This 

value did not change significantly over the course of the experiment.

W riting  This is the final reported value for the Chording Glove’s comfort relative to writing. This is on 

a scale of 1 to 5 where 1 was “much worse than writing” and 5 was “much better than writing”. 

This value did not change significantly over the course of the experiment.

Use This is the final value for the subject’s opinion if  they would want the Chording Glove for personal 

use.This was on a scale of 1 to 5, where 1 was “Never!” and 5 was “Definitely”. This value did 

not change significantly over the course of the experiment.
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Table 4.4: Correlations of Personal, Experimental, and Opinion data. The value given is the square of the 
correlation coefficient. Values in bold are significantly different from zero at the 5% level, n =  10 for 
all calculations except for the following:  ̂ Subjects who had no musial experience were not used in this 
calculation (n =  7).  ̂ Subjects who did not know any sign language were not used in this calculation
( n  — § O n lv  thf» ciihipr*tc u /hn r\art in nr»rtaKilit\f toctc nraro ncoW in tViio na1mi1nfi.-.n / .n   \

Speed Error Help 'Ritoria! Port Pain Fatigue Typing Writing Use

Music O.SOt 0.31 0.17t 0.005 0.385 0.74t 0.14 0.14 0.12 0.139*

Sign 0.025 0.58^ 0.22^ 0.075 0.34 § 0.083* 0.083* 0.56* 0.75* 0.23

Usage 0.065 0.22 0.27 0.15 0.235 0.18 0.011 0.040 0.18 0.17

QWERTY 0.020 0.33 0.033 0.005 0.115 0.045 0.006 0.007 0.30 0.028

Frequency 0.36 0.043 0.15 0.043 0.265 0.002 0.073 0.012 0.043 0.033

Speed 1.0 0.003 0.32 0.002 0.275 0.15 0.10 0.000 0.018 0.000

Error 0.003 1.0 0.090 0.10 0.0805 0.075 0.000 0.17 0 .4 1 0.067

Help 0.32 0.090 1.0 0.39 0.365 0.014 0.007 0.083 0 .4 1 0.036

Tutorial 0.002 0.10 0.39 1.0 0.355 0.001 0.32 0.058 0.016 0.051

Portability 0.27§ 0.080§ 0.365 0.35§ 1.05 0.905 0.885 0.0745 0.0915 0.0255

Pain 0.15 0.075 0.014 0.001 0.905 1.0 0 .5 5 0.20 0.15 0.014

Fatigue 0.10 0.000 0.007 0.32 0.885 0 .5 5 1.0 0.011 0.083 0.017

Typing 0.000 0.17 0.083 0.058 0.0745 0.020 0.011 1.0 0.18 0.000

Writing 0.018 0.41 0 .41 0.016 0.0915 0.15 0.083 0.18 1.0 0.014

Use 0.000 0.067 0.036 0.051 0.0255 0.014 0.017 0.000 0.014 1.0

Relationships A series of regression analyses were performed on the data. Language, Sex and Glasses 

were left out of the analysis because they are categorical variables not suited to such an analysis. A table 

was generated of the correlations of all the variable. Personal data were not correlated against each other 

because any significance would tell nothing about the Chording Glove. Table 4.4 lists the squares of the 

correlation coefficients (r%) for each of the variables. Bold numbers are significant at the 5% level. The 

details of the correlations significant at the 5% level are show in Table 4.5 and the results are analysed 

below.

Table 4.5: Summary of significant correlations
X y n slope S e r=̂ T P

Pain
(expianitory)

Fatigue
(explanitory)

10 -1.00 0.32 0.55 -3.13 <0.02

M usic
(explanitory)

Speed
(dependent)

7 2.93 0.65 0.80 4.54 <0.05

W riting
(expianitory)

E rro r
(dependent)

10 4.66 0.28 0.41 2.34 <0.05

W riting
(explanitory)

Help
(dependent)

10 0.66 2.00 0.41 2.34 <0.05
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Figure 4.9: Muscle Strain vs. Fatigue. For additional clarity, duplicate points are slightly offset.

y = 6 . 0 0  -  1 . 0 0 %

4

3

2

Som ewhat soreNone Very sore

P a i n  Leve l s

Muscle Strain and Fatigue The regression analysis gives a greater than 98% likelihood of a neg­

ative linear correlation between the levels of pain and fatigue (r^=0.55) (Figure 4.9). The high degree of 

correlation is not unexpected. It states that those subjects who were uncomfortable chording became tired 

faster. The experimental results agree with what we would intuitively expect.

Chording Speed and Musical ability There appears to be a linear relationship between musical 

ability and chording speed. The greater the person’s self-reported musical ability, the faster their final 

input speed (Figure 4.10). The correlation coefficient squared (r^) is 0.80, which is significant at the 5% 

level. However this relationship only holds when those who do not play any instruments are weighted 

out of the calculations. When these people are included drops to 0.00.

The people who gave zero for an answer are those who do not play any instruments. One interpre­

tation of these results is that practicing a musical instrument can help with the independent finger coordi­

nation needed for chording. However, this is obviously not the only way to achieve proficiency, as some 

of the non-musical people had fairly high chording speeds.

Writing preferences There was a positive correlation between the error rate and preference to 

writing significant at the 5% level (r^=0.41). There was also a positive correlation between the help 

use and preference to writing which is significant to the same level at 5% (r^=0.41). The relationship is 

counter-intuitive. It states that those who remembered the keymap less or made more mistakes preferred 

to use the Chording Glove, rather than write. There was not very much variation in writing preferences, 

as it ranged from 1 to 3, on a scale of 1-5. Half of the values were clustered at 2, while two were at 1 and 

three values were at 3 (Figures 4.11 (a) and 4.11 (b )). Considering the poor distribution of values and the
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Figure 4.10: Chording speed vs. Musical ability. Diamonds (o) are used for the people who know a sign 
language and are used in the regression, x is used to mark those who do not know any sign languages 
and are not used in the regression.
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realtively low values, it is likely this relationship is coincidence.

4.5 Discussion
The subjects took an average of 80 minutes to learn the entire chord set well enough to allow continuous 

text entry. Most chord keymaps claim to take between 30 to 60 minutes to memorise (Gopher & Raij,

7.62 + 4.66a:
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(a) Writing preferences vs. error rate (b) Writing preferences vs. help use

Figure 4.11: Correlations of writing preferences
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1988; Kirschenbaum et al., 1986; Microsoft Corporation, 1995; Roberts, 1995). The time for mém­

orisation for this keymap is slightly longer because the character set is much larger, containing all the 

characters from a standard keyboard. Most other chord keymaps use only the letters when measuring the 

time taken to memorise the keymap. Since just under half the tutorial is spent with numbers and punc­

tuation, a rough estimate would put the time to learn just the letters at 40-45 minutes. This falls right in 

the middle of the standard 30-60 minute range.

The evidence suggests that it is faster to learn touch typing on this chording system than on a standard 

keyboard. After about an hour the subjects could chord without constantly looking at a guide. After 6 

hours the learning curve levelled off, with subjects needing to look up a few seldom used chords. Touch 

typists often require visual supervision long after the keyboard layout has been memorised. Many casual 

typists are never able to type without visual supervision (Gopher & Raij, 1988).

The data also suggests that the keymap goes into long term memory within ten sessions. W hile only 

one subject was used to determine the long term effects, the results implied that a user returning to the 

Chording Glove after a long absence can quickly recall the keymap. In addition, the fact that the subject’s 

performance improved both times she returned from an absence implies that the coordination skills are 

retained as well. To give a fuller understanding of the effects of long-term disuse, this experiment needs 

to be extended to include more users and testing over a longer period of time.

The above implications agree with the hypothesis that the learning and remembering the keymap 

for Chording Glove is no more difficult than for a normal chord keyboard. This further suggests that the 

keymap designed for the Chording Glove is as good as existing keymaps for chord keyboards.

After 11 hours of training the average input speed for the Chording Glove was 16.8 wpm. This is less 

than the expected value of 20wpm. However, this is higher than Gopher & Raij’s (1988) value of 14wpm 

for the QWERTY. The slower input speed of the Chording Glove is due to the low quality finger sensors 

used in the experiment. They were not sensitive enough for general text input. In addition these sensors 

were also too large to allow comfortable freedom of movement. Smaller, more accurate sensors should 

increase the text input speed significantly. The steady state expected error rate is about 7%. We would 

expect the error rate after 11 hours to be slightly higher. The Chording Glove’s experimentally determined 

error rate after 11 hours is 17.4%, which is more than twice the expected value. The inflated error rate 

can be explained by the low accuracy of the sensors which often caused problems with chords which used 

most of the fingers. Again, more accurate sensors should reduce the error rate to a more comparable level.

There was no significant difference in the subjects’ speed when chording while standing or sitting. 

In addition, one-handed use, lack of visual supervision, and portability were three of the top four most- 

liked attributes of the Chording Glove. All of these imply that the Chording Glove has potential for an 

unobtrusive input device in a mobile environment.

Most subjects reported feeling some pain in their hand when they first used the glove. This occurred 

for the first few sessions. By the last session, the subjects claimed to feel some pain inunediately after 

chording, but this quickly diminished. The reported pain level slowly decreased over the course of the 

experiment, implying that the discomfort they felt was temporary and would eventually disappear as they
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became acclimated to the glove. This is reinforced by the fact that, as the subjects performed more exper­

iments, they felt more and more willing to chord for longer periods. None of the subjects reported pain 

in their upper arms or back during the course of the experiment, only the hand. However, as each session 

was only an hour long, there is no data as to the effects of prolonged use of the Chording Glove. This 

needs to be addressed in further experimentation.

The muscle strain and fatigue that the subjects felt lessened as they used the Chording Glove more, 

however the final values were still higher than desired. This is unexpected because research has shown 

that a chord keyboard should cause less exertion than a standard one (Kirschenbaum et al., 1986). Like 

error rate and input speed, it its likely that the extra strain was due to the low-sensitivity of the finger 

sensors, which required more pressure to trigger than they should have. Smaller sensors would allow 

the users to chord in more comfortable positions, reducing strain. Lowering the noise and increasing the 

sensitivity of the sensors should reduce the amount of work in chording, reducing fatigue.



Chapter 5

Testing the Biofeedback Pointer
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5.1 Introduction
There are two basic questions about the Biofeedback Pointer which can only be answered empirically. 

The first is: Is the neural network adaptable enough that the Biofeedback Pointer can be used by different 

people? The second is: How well does the Biofeedback Pointer work compared to other graphic input 

devices? In order to answer these questions, a series of short tests were administered to 3 people to de­

termine their indices of performance on a standard PC mouse and the Biofeedback Pointer. This would 

determine if the Biofeedback Pointer can adapt to different users and the range of performance one can 

expect from it.

In addition to the two main questions, there is the question of the structure of the neural network. 

Are there any trends in the weights from person to person, or even with the same person who has trained 

it more than once? Any trends discovered could be used to improve the neural network and thereby the 

performance of the Biofeedback Pointer. Comparing the networks generated by the subjects in the tests 

might show some potentially exploitable patterns.

5.2 Materials
5.2.1 The Mouse
The mouse used in this experiment was a two-button Microsoft™ serial, PS/2 compatible mouse. The 

mouse was used in the right hand on a mouse pad. All input was performed using the left button.

5.2.2 The Biofeedback Pointer
The Biofeedback Pointer was used as described in Section 3.3, with one exception: The device was de­

signed only for moving a pointer, not for selection. Selection is intended to ultimately be done by using 

the shift buttons on the Chording Glove, but this was impractical for the performance tests, since it would 

provide much more hardware and software than would be necessary. Instead of using the Chording Glove, 

a mouse was held in the subject’s left hand and was used to activate the buttons. Since the mouse was 

held, and not placed on a surface, it had no effect on the pointer’s motion. This was found to be sufficient 

for the tests.

3M Red D o t^^  pediatric electrodes were used in the tests. In preparation for use, the last ^/^cm of 

the electrode was cut off to fit properly in the amplifier. One of each pair of electrodes was marked with 

the number of the corresponding amplifier.

5.2.3 The Performance Test Window Setup
The performance test was run using the EMG pointer software (see Appendix H) on a Pentium 133MHz 

computer in the Windows 95 environment. EMG data was read and filtered in software during both the 

mouse and Biofeedback Pointer trials. Even though this data was ignored in the mouse trials, calculating 

it ensured that any software delays brought about due to the computationally intensive calculations of the 

data filtering would be the same for both input devices.

The test window consisted of 30 near-square buttons of various sizes and positions (Figure 5.1). In 

addition there was one button labelled “Done” in the middle, which was disabled throughout the trial.
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Figure 5.1: The button arrangement in the Performance Test window
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When the trial was finished, the “Done” button would enable, requiring the subject to press it to end the 

trial.

In the Windows 95 environment, a click on a button widget is registered only when the pointer has 

stopped on the button. If the pointer is moving while clicking on a button, the focus is changed to the 

button, but it is not activated. There are few problems with this when using a mouse, because, in practice, 

the user always stops moving before clicking on a button. The mouse trials kept this standard method for 

button activation.

The Biofeedback Pointer could not activate buttons in the above manner. When using the Biofeed­

back Pointer, the user merely slows down when clicking on a button. Using the original method, the 

button would only become the focus, requiring the user to make a second or third pass before slowing 

down enough to have the click activate the button. As a consequence the behaviour of the environment 

had to be changed to accommodate the Biofeedback Pointer. The buttons in the performance test window 

were adjusted so that any click on a button would register as a full press and activate the button.

5.3 Method
The experiment consisted of two parts. In the first part, at least 2 trials were performed using the mouse. 

From these trials the mouse’s index of performance was calculated. These same trials were repeated using 

the Biofeedback Pointer to calculate its index of performance.

The mouse trials consisted of just the performance test, as described in Section 5.3.2 below. No train­

ing or practice was necessary. Before the Biofeedback Pointer trials, the subject would need to train the 

pointer’s neural network and then practice using the pointer. Training was done by the method described
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in Section 3.3.4. After training, the subject would practice using the pointer until they stated that they 

felt comfortable with it. During the practice, if the subject was not satisfied with the performance, they 

could retrain the pointer. However, the subject was not allowed to retrain after the first trial had started. 

This was to ensure that the same neural network was used for each trial. Each subject performed at least 

four trials.

5.3.1 The Subjects

There were three subjects used in the tests. Two of the subjects were female and one male. Different sexes 

were used because there are significant differences in amplitude and frequency distribution of EMGs be­

tween males and females (Cioni et al., 1988). All of the subjects were right handed and the right arm 

was used in all trials with the mouse and Biofeedback Pointer. In addition all the subjects had used the 

Biofeedback Pointer at least once before these tests. This was to help minimise the effects of the sub­

ject being unfamiliar with the device. Subject C was a computer science graduate student who had used 

the Biofeedback Pointer once before. Subject B had only a passing familiarity with computers and had 

also used the Biofeedback Pointer once before. Subject A was the author and had used the Biofeedback 

Pointer many times before.

Daily Preparation

Before each day of testing, the battery was tested. If it was significantly less than 9 volts it was replaced 

with a fresh one. This was to ensure that the amplifiers were giving their maximum performance. The 

next step would be to prepare the electrodes by clipping the ends and numbering them. After that the 

EMG collection hardware would be turned on and attached to the ADC on the parallel port. The last step 

before attaching the electrodes was to load and run the EMG Pointer software.

The electrodes were attached to the right arm in their standard locations (see Section 3.3.3). The 

reference electrode was placed over the acromium process in the right shoulder. The other electrodes were 

placed in the following locations: 1 - flexor carpi radialis, 2 - extensor digitorum, 3 - flexor carpi ulnaris, 

4 - extensor carpi ulnaris (Figure 5.2). The electrodes would be attached by the following procedure:

1. The data collection on the EMG Pointer software is turned on. This displays the input from each 

of sensors on the monitor (see Appendix H for more details).

2. The subject is asked to place the reference electrode over “the bony part” of their right shoulder. 

The subject was allowed to do this because exact positioning of this electrode is not important.

3. The experimenter attaches each electrode in turn by palpating the muscles in the subject’s arm and 

then positioning the electrodes to give the best reading of the EMG displayed on the computer mon­

itor.

The component box was usually attached to the subject’s belt to keep it secure and out of the way. 

If the subject did not have a belt, they usually placed it in their lap while performing the test. This was 

not a problem as the subject would be sitting for the duration of the test.
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Figure 5.2: The position of the electrodes on the forearm
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5.3.2 The Performance Test

The performance test is made up of a series of button-pressing tasks of varying levels of difficulty. In 

each task, one of the blank buttons, selected at random is marked by a large yellow dot accompanied by 

an audible beep. When this occurs, the subject moves the pointer over the button and presses it as quickly 

as possible. The test then pauses for a random amount of time between 0.5 to 2 seconds before the next 

task. This is repeated 40 times. When the last task is completed, the “Done” button enables, accompanied 

by a beep. When the subject presses it, the window closes and the trial is over.

The software saves the beginning and ending time of each task, along with the entire path of the 

pointer during the test. In addition the neural network used for each subject is saved.

5.4 Results
5.4.1 Training

Each subject started to train the Biofeedback Pointer as soon as they were connected. After it was trained 

they were told to move around the pointer and see if they were happy with bow it worked. If they were 

unhappy with it, they were allowed to retrain. Subjects B and C retrained twice, and subject A retrained 

three times before being satisfied with the neural network.
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Figure 5.3: Calculating the effective width of the target. Po is the starting position, Pbox is the centre of 
the target. The vector from Po to Pbox is the approach vector. The point at which the approach vector 
intersects the target is Pdip. W  is twice the distance from Pbox to Pdip.

clip

Po

5.4.2 Index of Performance

Calculating W
The width (W )  in Fitts’ law is a one-dimensional term. The buttons in the performance test were two- 

dimensional with varying aspect-ratios ranging from 0.90 to 1.39'. MacKenzie (1992) addresses this 

problem and describes a few methods for determining the effective width. One common method de­

scribed in the paper is to take the larger of the height or the width. This method was deemed too sim­

plistic, despite its popularity and was passed over in favour of the method of using the span of the target 

along the approach vector. The approach vector is defined as the line from the position at the start of the 

task to the centre of the button. In this method, described in Figure 5.3, the approach vector is clipped 

against the button’s edge. Twice the distance from the clipping point to the centre of the button is W.  The 

specific details of the calculation are described in Appendix E.

M ouse

The Index of Performance (IP) for the mouse was calculated by the method described in Section 2.3.1. 

This consisted of finding the line which best fits the plot described by the movement time (MT) plotted 

against the index of difficulty (ID). IP is calculated by the inverse of the slope of the line. The y-intercept 

(a) corresponds to the reaction time.

The values for IP were 9.03 ±  0.56, 6.63 ±  0.96, and 5.65 ±  0.66, which average to 7.10. The 

reaction times were (in ms): 504 ±  72.0, 647 ±  76.0, and 759 ± 24 .1 , which average to 637. These can 

be seen in Figures 5.4(a)-5.4(c).

The values for the mouse described in MacKenzie (1992) range from a = 1030 and IP = 10.4 to

'Except for the “Done” button which has an aspect ratio of 3.26



Figure 5.4: Index of performance for the mouse. The vertical grouping is an artifact caused by the fact that MT is measured in multiples of Vieth of a second.
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a = 108 and IP = 2.6. The values for IP and a from the experiment fit into this range well enough to be 

considered valid. The exact value of IP for the mouse is not as important as its relation to the IP for the 

Biofeedback Pointer.

B iofeedback  Pointer

The IP for the Biofeedback Pointer was calculated in the same manner as for the mouse. The plots for 

each subject can be seen in Figures 5.5(a)-5.5(c). Table 5.1 summarises the values of IP and a for each 

subject. As the table shows, the IP for the Biofeedback Pointer rages from 11% to 18% of mouse’s IP, 

averaging at 14%. The y-intercept value tends to vary much more, ranging from 27% to 219% of the 

mouse’s value.

Table 5.1: Comparison of performance results for the Biofeedback Pointer and mouse

Subject

Mouse

IP.

Biofeedback
Pointer
IP.

Ratios

IPb/IPm as/ak

9.03 0.56 759 24 1.59 0.145 720 200 0.177 0.019 0.949 0.265

B 6.63 0.96 504 72 0.967 0.118 1101 454 0.146 0.028 2.186 0.953

5.65 0.66 647 76 0.611 0.053 174 503 0.108 0.016 0.270 0.779

Average 7.10 0.75 637 62 1.06 0.112 665 408 0.144 0.012 1.135 0.420

5.4.3 The Neural Networks

Figure 5.6: The neural networks weights used in the experiment for each subject. The offset is shown on 
the left of each set
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Each neural network consists of 66 weights. One set of 33 weights for the x network and the other 

33 weights for the y  network. The first value in both sets of 33 weights is the offset value, which is added 

to the sum of the product of each weight and its input. The remaining 32 values consist of 4 groups of

8. Each group corresponds to one sensor, or more specifically, one muscle. The 8 values in each group 

are the weights for the power of the muscle’s EMG spectrum which falls in the corresponding frequency 

bin. The value of all the weights for each subject are shown in Figure 5.6.
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Figure 5.7: The average and standard deviation of the weights of 4 neural networks generated by subject 
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In examining the weights we are looking for three potentially exploitable trends. The first is a consis­

tency over the entire set of weights from one session to another, or one person to another. If the variation 

in the value of weights is small, this would indicate that averaging the weights together could improve 

the accuracy of the network. The second trend comes from determining if specific muscles tend to have 

larger or smaller weights. This would indicate the importance of the muscle to the overall network, and 

whether or not it is actually necessary to measure the muscle. The third possibility is a relationship be­

tween the weights and frequencies. It could be possible that certain frequencies are more important than 

others. For example, if the high frequencies turn out to be unimportant, a lower sampling rate can be used.

To start off, we examine the variation in weights for a single subject. Figure 5.7 shows the average 

and standard deviation of the weights for 4 networks trained by subject A. All of these networks were 

trained on the same day, without moving any electrodes. The solid bar shows the average value while the 

striped bar shows the standard deviation.

If the value of a weight is completely random, then the average of different sets would be zero. A 

significantly non-zero average shows that the weight is consistent between sessions. There are only 5 

values out of the 64 weights which might be significantly different from zero at the 5% level. The origin 

of the X and y  offsets is at (270,250), indicating that these values are not significant at the 5% level. The 

only inference one can make from this plot is that the high variability of individual weights means that a 

linear combination of multiple sets of weights will not yield a more accurate neural net.

Figure 5.8 shows the sum of the absolute values of all the weights for each muscle. This is averaged 

over the 4 networks generated by subject A. The absolute value is used to determine the importance of 

each muscle, not the effect. As the graph shows, the variation of each of the weights is much smaller 

than Figure 5.7 , with mean to standard deviation ratios ranging from 2.4 to 9.2. The height of the bar
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Figure 5.8; The total of the absolute values of 
all the weights for each muscle, averaged over 
the 4 neural networks produced by subject A
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Figure 5.9: The total of the absolute values of 
each frequency bin, averaged over the 4 neural 
networks produced by subject A
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is related to how much amplification the muscle needs. The ECU and FCU have smaller EMGs. The 

weights of the ECU are also small, implying that it has a small effect on the pointer. The FCU has a large 

weight, which means it is amplified by a fair amount. This could mean the FCU has anywhere from a 

small to a very large influence on the pointer, depending on the values of the EMG and the signs of the 

individual weights. The FCR has a large EMG which means that it is likely that the FCR has a large effect 

with regards to the pointer motion, but, like the FCU, it cannot be shown from these data alone. Another 

interesting point to note is that the muscles have a more-or-less equal relative importance in the x and y 

networks.

Figure 5.9 shows the weights grouped by frequency range. This is averaged over the 4 networks 

generated by subject A. The mean to standard deviation ratio of this plot is smaller than Figure 5.8, with 

a range from 2.1 to 5.7. The shape of the plot may be due to the fact that the spectra have higher amplitudes 

at lower frequencies, which drop off at high frequencies. This could imply that all frequencies of the 

muscle are important, but this cannot be known without further data.

Since there are trends in the neural networks which are consistent for one person, it begs the question 

if similar trends also can be found when comparing the neural networks generated by different people. 

The above analysis was applied to the neural networks generated by all the subjects in order to see if the 

same patterns, or any new ones emerged.

Two neural networks were used for each subject, one was used during the performance test, and one 

from a previous time. Both networks were recorded on different days, thus the electrode positioning may 

not have been exactly the same. All six networks were averaged together in the same manner as above. 

Figure 5.10 shows the average and standard deviation for all 3 pairs of networks for each subject. None 

of the values are significantly different from zero. This indicates that it is unlikely that there can be a 

“perfect” set of weights for everyone.

Comparing total weights for each muscle for all subjects (Figure 5.11) to that of just one subject 

(Figure 5.8) shows that the differences from person to person are larger than for an individual, which is 

what we would expect. An interesting point to note is that the plots for the x and y  networks have similar 

shapes, quite similar to the pattern for a single subject (Figure 5.8).
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Figure 5.11: The total weights for each muscle, 
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Figure 5.12: The total weights for each fre­
quency bin, averaged over all subjects
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Figure 5.12 groups the weights by frequency range. Higher frequencies tend to have larger weights, 

and the x and y  networks have similar shapes. There is a larger level of variation in the weights as com­

pared to the frequency plot for a single person (Figure 5.9), but the overall shape is fairly similar.

5.5 Discussion
The Biofeedback Pointer was adaptable enough to be used by three different people. The neural network 

was able to cope with the individual differences between the subjects to provide an interface that each of 

them could use. While the tests were performed using too few people to generalise that the Biofeedback 

Pointer can be used by anyone, no problems have been identified which could prevent an able bodied 

person from using it. Further research must be done to observe the effects of differing body types (i.e. 

various levels of fat and muscle) on the device.

An analysis of the weights in the neural network showed certain trends when looking at the effect of 

muscles and frequency distribution. It was found in the overall analysis that there was too much variation
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Figure 5.13: Relative performance on various graphie input devices. The colours are used to help differ­
entiate between experiments. Notes: A = MacKenzie & Oniszczak (1998); B = I. Scott MacKenzie & 
Buxton (1991); C = Epps (1986); D = Card et al. (1978); E = Mithal & Douglas (1996); F (a-c) = This 
experiment (subjects a-c)
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in each weight for an average of the weights to have any meaning. This means that multiple neural net­

works cannot be combined to create a more accurate network. In the muscle analysis it was determined 

that the ECU has the least influence over the outcome. This supports the theory mentioned in Section 3.3.2 

that only 3 muscles are necessary to provide the 2 degrees of freedom. The frequency analysis shows that 

the weights are larger at higher frequencies. Since the high frequencies are low power, the larger weights 

are most likely to compensate for this. This implies that all frequencies are important to the final outcome. 

Had this been otherwise, and the higher frequencies had a low influence, then the EMGs could be sampled 

at a lower rate, which would be less computationally expensive and could use a slower ADC. As it stands, 

the full kilohertz sampling is necessary and a fast processor is required to handle all the computations.

The subjects’ performance on the Biofeedback Pointer averaged at Just over 7? their performance 

with a mouse, which is fairly low compared to most graphic input devices (Figure 5.13). The implication 

is that, in its current version, the Biofeedback Pointer is not adequate to be used as a general pointer input. 

According to the chart, the Biofeedback Pointer’s IP is also about half of the trackpad, which is a graphic 

input device common with notebook computers. This implies that the performance of the Biofeedback 

Pointer is not far off from an acceptable level. The Biofeedback Pointer does show promise and further 

research must be done to improve its performance by at least a factor of two.



Chapter 6

Future Directions
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6.1 Sources of Error in the Experiments
6.1.1 The Chording Glove
In the Chording Glove experiment, the finger sensors were changed after it became clear that they could 

not handle long term use. This calls into question some of the data gathered in the experiments which 

used the old finger sensors. Two subjects used the old sensors for all their sessions, while three subjects 

used them for either 1, 3, or 4 sessions, making 28% of the experiment performed using the old sensors. It 

is worthwhile to understand the effect this could have had on the results. The change in sensors primarily 

could have effected the chording speed, error rate, or tutorial length. We will address each of these issues 

in turn to determine the potential effects.

Figure 6.1: Comparison of the average chord­
ing speeds including and excluding the old fin­
ger sensors
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Figure 6.2: Comparison of the average per­
cent error including and excluding the old fin­
ger sensors
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Figure 6.1 shows the average chording speed per session. The solid line is the speed for all the sub­

jects. The dashed line excludes those subjects who used the old finger sensors. The plot shows that speed 

without the old sensors is consistently higher, although the difference between corresponding points is 

not statistically significant at the 5% level. The final input speed without the subjects who used the old 

sensors is 17.5 ±  3.0wpm. This is only slightly higher than the average calculated with all the subjects, 

16.8wpm ±  2.5wpm.

Figure 6.2 shows the average percent error per session. Like speed, the error is consistently lower 

when the subjects using the old sensors are eliminated from the calculation. The difference between the 

cases is statistically significant at the 5% level for all except the middle 3 sessions. An interesting thing 

to note about these values is the rise in the error for these sessions. The rise comes in sessions 4 and 

5, the same time at which two subjects switched over from the old sensors to the new sensors. If these 

subjects are removed from all the sessions, the rise disappears. This implies that switching between the 

two sensors requires a period of adjustment before the error rate drops to the lower value. The final error 

rate for all the subjects was 17.4 ±  0.6%. Excluding those using the old sensors gives a final error rate 

of 16.0 ±  0.6%.

The average time it took to perform the tutorial with the old finger sensors was 86 ±  32 minutes. 

The average time with the new sensors was 74 ±  14 minutes. Again, the new sensors performed better,
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but the difference is not statistically significant at the 5% level.

These results imply that if only the new sensors were used the Chording Glove’s performance would 

have been higher, but not by very much. The error rate was affected most by the use of the old sensors. The 

difference in the final error rates is 1.4%. This is not unexpected, because the poor sensitivity of the old 

sensors served to increase the likelihood of mistakes. The plot of the overall performance of these subjects 

was the same shape as the other subjects, just worsened by the old sensors. Including these subjects does 

not significantly degrade most of the results, while using them gives more information on the effect of 

performance over time and other aspects of the Chording Glove not effected by the finger sensors, such 

as the learning rate.

The results of the portability tests tended to show no difference between the speed while standing 

or sitting, but these results have their limits. First, the lack of a mobile computer in the original exper­

iments prevented any situations more mobile than standing up to use the glove. A continuous mobile 

environment is expected to provide much more demanding situations than this. The second limitation to 

the experiment was the lack of a control. Would the same experiment done with a QWERTY keyboard 

show no difference in performance as well? This needs to be looked into. The last problem is the low 

number of subjects used in the experiment. While there were enough to show that there was no signifi­

cant difference between the speeds, a larger sample size is needed for the more complicated experiments 

necessary to prove the extent of the portability. The experiment served to show that the device is portable 

in one of the simplest portability tasks one might encounter in a mobile environment. If the Chording 

Glove failed this test it would imply that since it could not handle the easiest portability task, it would be 

unlikely to suffice for a more intensive task, and no further experimentation need be done to show this. 

Given the results of the experiment, we know that further testing is necessary and that this experiment 

needs to be redone with a control, more subjects, and in more demanding situations which require use of 

a mobile computer.

6.1.2 The Biofeedback Pointer

The first question that comes to mind regarding the Biofeedback Pointer tests is the low number of sub­

jects. These tests were designed as a proof of concept to show that the Biofeedback Pointer works, and 

will work for more than one person. This only requires two subjects. Three were used to get a better idea 

of the variability of results. It is true that there were too few subjects to obtain statistically significant re­

sults, but the tests were only intended to determine the relative performance, not its feasibility as an input 

device. It is hoped that by using the results of this experiment, a new prototype can be built which per­

forms closer to the desired level of a graphic input device. Later in this chapter we will discuss potential 

directions for such research.

Another potential problem regarding the subjects is that the creator of the device was used in the 

tests. The rest of the subjects used were near-beginners, having only used the Biofeedback Pointer once 

before. This would give a good idea of the starting performance range of the device. Since no one was 

more experienced or familiar with the device, the creator was used to give an idea of the expert level 

performance. This is justified by the fact that knowing the internal workings of the performance test ex-
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périment could not have effected the results in any way.

In this experiment, the width of the target (W )  was calculated by taking the span of the button along 

the approach vector (see Section 5.4.2). The potential problem with this method is that the subject will not 

always move straight toward the target, but may approach via a curved path, which could place their true 

approach vector perpendicular to their estimated one. In the worst case, the estimated approach vector 

is perpendicular to the longest side, giving the smallest W  of W q and the real approach vector passes

through one of the corners, giving the largest W  of W i =  +  1. Where r is the aspect ratio. This

makes the “real” index of difficulty:

24

where the calculated index of difficulty is W q = logj Simplifying and calculating the potential 

change in ID gives:

=  /D o -V 2 lo g 2 (r "  +  1) (6.2)

I D ^ - I D o  = A I D  = -V 2 log2(r" +  l)  (6.3)

Except for the “Done” button, the aspect ratio of the buttons varies from 1.0 to 1.39, which means that 

A I D  is at most -0.78, and therefore the ID used in the experiment will be 0.78 bits less, or, in other words, 

slightly less difficult. Odds are that the errors will be random and cancel out, but we will look at the worst 

case situations to see the maximum effects. If the all the lowest IDs are off by -0.78 and the highest are

all correct, this would alter the range of ID from a width of about 6 bits to 6.8 bits. The opposite effect

gives a width of around 5.2 bits, which is a 13% difference in either direction. Since MT is the same, this 

means that IP could be off by as much as 13% in either direction. The mean value of the normalised IP 

would then range from 0.125 to 0.163, which is only slightly larger than the standard deviation. In the 

worst case, this error would only increase the standard deviation by 60%, which is small enough for the 

results to remain valid.

Another potential problem with the experiment was that number of trials was not the same for all the 

subjects. Each subject performed at least four trials on the Biofeedback Pointer before they were given 

the option to leave. It was believed that four trials would be enough to generate a respectable number of 

points. Any number of trials beyond this should only improve the accuracy of the calculation and should 

not do any harm. Each of the subjects’ data were analysed separately, meaning that the number of trials 

of one should have no effect on the results of the others.

A related issue is that there were fewer mouse trials than Biofeedback Pointer trials. The reason for 

this is that the IP of the Biofeedback Pointer was more important to calculate, so more time was spent 

performing trials on the Biofeedback Pointer. The smaller number of mouse trials might account for a 

slightly larger standard deviation in the mouse’s IP. The average ratio of cT]p to IP for the mouse is 0.108, 

while for the biofeedback pointer it is 0.100. However, this difference is unlikely to have any effect, since 

the experiment was only to give an idea of that values of IP could be expected.

The largest potential source of error in the Biofeedback Pointer experiment was the occasional trou­

ble with the window manager during the experiment. The computer used was a Pentium 133MHz. The
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computationally intensive task of analysing the data was near the limit of the processor’s abilities. The 

performance test application was run in the Windows 95 operating system. Data reading was done as a 

thread run by the OS, once every millisecond. Every 64 milliseconds, the data analysis was performed, 

repositioning the pointer. This thread had the highest priority. Lower on the priority level were window 

messages, such as button clicks. As a consequence, sometime the OS would get too overwhelmed by 

the calculations and other necessary maintenance that a button click would get delayed. The effect of 

this would be that the user would click on a button, and nothing would happen. Often times they would 

think they missed and try clicking again. These events would happen anywhere from zero to six times 

per trial, but usually occurred only once or twice. It was noted when these events occurred and the bad 

data were deleted from the calculations. It may be possible that a few short delays were unnoticed and 

the corresponding data were not deleted. This would have the effect of an unnecessarily high MT, which 

would very likely lower the IP. Beyond this problem, the most noticeable effect would be the confusion 

and annoyance of the subject, which may have effected their subsequent performance in that trial.

6.2 Future Work
6.2.1 The Chording Glove

Future E xperim ents

There are a few questions left unanswered from the Chording Glove experiment than can only be an­

swered by further experimentation. The first is the time to learn the alphabet part of the keymap. The 

time to learn the entire set of 97 chords was found, but most chord keyboards tend to specify learning 

time in terms of just the alphabet, not all possible characters. Further experimentation must be done to 

determine this learning time to allow a fair comparison between the Chording Glove and other chord key­

boards.

Another question the experiment left unsatisfactorily answered was the keymap retention. Only one 

subject was used to determine this. The exact change in her performance is in doubt due to the change 

of sensors between her last session and when she returned, but there is no doubt that one person’s perfor­

mance did not suffer after a three month absence. In order to sufficiently determine the long term effects 

of absence, this experiment must be repeated with a larger number of subjects.

The experiment did not use the full functionality of the Chording Glove in order to limit the scope 

of the experiment. This left several aspects of the Chording Glove untested. The only one of the function 

keys which was tested was <Help>. The rest of the function keys, and the use of <Control> were 

are untried. Are <Help>, <Pause>, <Escape>, <AutoCaps Toggle> and the arrow keys the 

only ones truly necessary? Would more be useful? How many function keys can conveniently fit on the 

hand? What about the possibility of using a “soft” function keypad made from a small touchscreen? The 

full range of possibilities has yet to be explored and needs to be researched.

Improving the Chording G love

The area with the most vital need for future research on the Chording Glove is the finger sensors. It is 

clear that the current sensors are insufficient for commercial use. The experiment shows that the sensors
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need to be smaller than the current metal plate ones in order to allow more flexibility in hand-orientation 

while chording. The activation pressure needs to be less to reduce fatigue, and the accuracy must improve 

to allow faster chording with fewer errors. A soft sensor, like the foam ones described in Appendix C, 

would be ideal, since they could be made light and flexible, and possibly even sewn into the lining of the 

glove, causing minimal disturbances to real-world actions. Unfortunately, all the foam sensors tried so 

far were insufficient for this task. The most promising alternative for the sensors would be miniaturised 

switches or sensors based on capacitive technology like that used in touchpads.

The use of the function keys was briefly mentioned in Section 3.2.1, but not in any great detail. The 

use of <Help>, <Escape>, and the arrow keys translates easily from their use with normal keyboards 

and requires no further explanation. <AutoCaps Toggle> and <Pause> both act in somewhat 

different ways than one would expect from a normal keyboard and need further explanation.

The AutoCaps feature has been mentioned before as a method for automatically capitalising the next 

word when a period, question mark, or exclamation point are pressed. This is to allow the user to contin­

uously type sentences without stopping to press the shift at the start of each one. The usefulness of such a 

feature is untested. It may improve performance, but may get in the way as well. The AutoCaps idea may 

be extended to the possibility of using a predictive keyboard style input. In this method, the most likely 

ending for a word is displayed on the monitor. This is updated with each letter entered. If the predicted 

word is incorrect, the user keeps entering more characters. If the word is correct, the user presses a trigger 

key, (for example, double-pressing <Space>) and the word is completed for them.

There needs to be a fast and easy way to turn off or ignore the Chording Glove’s input to allow in­

teraction with the real world. As it stands, pressing the < P a u s e >  function key will cause the glove to 

ignore all the finger sensors until < P a u s e >  is pressed again. This requires use of the other hand, which 

may be inconvenient. Another alternative is that the <Control>-S sequence could be used to stop 

input until either < P a u s e >  is pressed or the <Control>-Q sequence is made. The <Control>- 
S, <Control>-Q pair is a good choice for two reasons. The first reason is that this sequence is cur­

rently in common use as the pause-unpause commands for many existing systems. The second is that 

<Control>-S can be performed very quickly. The <Control> sticky shift is first pressed by the 

thumb. Then the sensors on the thumb and middle finger are pressed together to make S. This can be 

quickly done, even without a surface to chord against. <Control>-Q is a good choice because Q is 

one of the harder to make chords and thus less likely to be made by accident.

One possible alternative to the suggested system is to place an entire handheld-style computer on 

the back of the hand, in the current location of the function keys. This would be used for graphic input 

and display while the Chording Glove would provide text input. The entire system would be contained 

on the glove, instead of distributed about the person like a wearable computer. The first question which 

arises is the performance of the non-preferred hand for controlling the graphic input. Non-preferred hands 

work as well as dominant hands when performing gross tasks such as scrolling, but leaves something to 

be desired for tasks which require detailed pointing (Kabbash et al., 1993). Another possible problem 

would be placing the display on the back of the chording hand. The hand’s orientation while chording
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may partly occlude the display, or the movement involved in chording might make it hard to focus on the 

display.

6.2.2 The Biofeedback Pointer

Future E xperim ents

Selection Control In the experiment, selection was performed by using the buttons of a mouse with the 

left hand. This method was only used to test the use of the pointer and is inappropriate for general usage. 

The buttons need to be operated by the same hand as the pointer. It is intended that the shift buttons 

on the Chording Glove are to be used as selection buttons for the Biofeedback Pointer. These buttons 

are mounted on the index finger and pressed by the thumb. This leads to the important question: Will the 

action of pressing a button with the thumb be interpreted as pointer motion? This would create jitter when 

pressing a button, similar to the jitter problems of a touchpad. The muscles used to move the thumb tend to 

be either deep or located far from the electrodes sites. The flexor pollicis longus is the only muscle which 

might interfere (see Table 3.8), but it is likely to have no effect because it is occluded by the superficial 

muscles in the upper forearm in the area where the electrodes are positioned. Preliminary tests show that 

only strong actions of the thumb cause visible jitter when using the Biofeedback Pointer. Experiments 

must be done to show the likely levels of thumb use and to see if interference is a potential problem. 

Alternative Muscle Groups It is possible to use other muscle groups to control the pointer without 

any changes in the hardware or software. If other factors weigh more than the limitations imposed by 

convenience as mentioned in Section 3.3.2, one can theoretically place the electrodes anywhere they can 

acquire a reliable signal.

The fingers, eyes, and head are particularly interesting sites to choose for pointer control. If the 

fingers are used, the electrodes can be placed in more or less the same location as for the wrist, since the 

muscles which move the fingers can be sensed from there. The only problem would be abduction and 

adduction of the fingers. These are difficult to measure since the muscles which control them are located 

in the hand. Using smaller electrodes might avoid this problem.

The Biofeedback Pointer could be used for eye tracking. According to Gips & Oliveri (1996), the 

voltage per degree of arc is around 20//V. The Biofeedback Pointer can measures voltages in multiples 

of 2.5//V, thus being able to discriminate down to 7.5 minutes of arc. The eye angle is a function of the 

difference between two of the electrode sensors. This is a linear combination of the electrodes which can 

be generated by the neural network. There is no reason why the Biofeedback Pointer would not be able 

to be used as an eye tracker.

The movements of the head and neck also can be easily measured. Like the wrist, the rest location in 

is the middle of the motion. The size and shape of the electrodes currently used may make them difficult 

to position over the necessary muscles, but smaller ones may be sufficient.

Any other body part can be used as long as the EMG is conveniently measurable and the user can 

consistently control it. It is theoretically possible to set up a system in which left and right motions are 

controlled by flexion of the left and right elbows respectively, and up and down motions are controlled 

by flexion of the left and right knees. This setup is easily measurable, but the user may find it hard to
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visualise, causing difficulties in training and using. However, there are no hardware or software problems 

preventing such a setup. Given sufficient time and need, the Biofeedback Pointer should be operable with 

just about any set of muscles.

Improving the B io feed b ack  Pointer

Larger motions generated by the Biofeedback Pointer are scaled up by a factor of 3. This is an arbitrary 

scaling which was chosen for its ease of calculation and success in empirical testing. However, this is not 

the only option. The piecewise function used (Equation 3.9) is first order continuous, but not second. The 

scaling factor jumps from 1 to 3 for r  >  cs. It may be better to use a second order continuous piecewise 

function (splines) or even a non-piecewise function like or a higher degree function. This must be 

further investigated in order to improve the efficiency of the Biofeedback Pointer.

Another important factor in the performance of the Biofeedback Pointer is the training. Currently 

training is done by moving the wrist through each of the basic directions in the theory that if the neural 

network can handle those, it can handle any input given it. One problem is the reaction time in following 

the cursor. This is compensated for by a lag component in the calculations, but the lag may not be con­

sistent throughout the training period. Also the user’s motions may not be as precise as necessary. For 

example, the program expects the motion to be a diagonal of 45°, but the user might move at only 15°. 

A solution for these problems must be found. One solution is to perform more than one set of motions. 

This might compensate for the inconsistencies, but may require a fairly long time to perform. Another 

solution is to put a motion sensor on the hand to get the exact orientation of the wrist. This is similar to 

the approach tried by Hiraiwa et al. (1993). It would be preferable to avoid this method because it re­

quires extra software and expensive hardware. A simpler method might involve using audio cues to help 

synchronise the screen motion with the subject. What we need from an improved set of training data is 

a relatively short training process and to require no external hardware beyond the current system. In ad­

dition the training process needs to use a set of motions which are easier to follow with less lag, and less 

possibility of deviation.

Improving the recognition of the neural network is essential in improving the accuracy of the 

Biofeedback Pointer. What we would like is to find a way for the neural network to be improved af­

ter the initial training session. At the moment the network can only be retrained from scratch. The tests 

implied that averaging different sets of weights would not yield a better set. This was confirmed directly 

in an informal test where the average of multiple sets of weights was found to be completely unusable.

It is possible that another kind of linear combination, or even a non-linear one may work in com­

bining the weights. Another solution is to find a less computationally expensive back-propagation neural 

network. The BPN mentioned in Section 3.3.4 took up most of the computing power of the computer, re­

quired too much training, and gave insufficient accuracy. It may be possible to use another type of BPN, 

or even a genetic algorithm-based system, which would be fast and accurate enough to use.

Another option is to change the electrode setup. Since the ECU was found to be used least of all 

the muscles, it may be possible to find a better position for the electrode, which will weigh more in the 

neural network. Alternatively it may be useful to remove the fourth amplifier completely and just use
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three in the calculations, reducing the amount of work for the computer. It may also be possible to move 

the electrode to another site (e.g. the thumb) and use it to recognise gestures for selection. This would 

provide a system using biofeedback for pointer control and selection.

One advantage of using the current set of muscles is that they are located in a circle around the arm, 

just distal to the elbow. In this arrangement, the connectors can be placed on an arm band, which can be 

easily affixed to the proper location, facilitating measurements. In addition this provides a much tidier 

package, since there would be only one bundled wire containing the four signals coming from the arm 

band, as opposed to four separate wires from various locations on the arm. Ultimately the hardware from 

the main box will be merged with the Analogue/Digital converter and put on a board or PCMCIA card. 

Moving the FFT from the software to specialised hardware would free up a great deal of memory and 

computational power. This would yield a very small device consisting of an arm band which plugs into 

the computer. This could be worn underneath clothing, allowing a very discrete method for interacting 

with the computer.

6.2.3 General Input Device Research

C om bining the B io feed b ack  Pointer and Chording G love

The Chording Glove and Biofeedback Pointer are intended to make a unified graphic and text input sys­

tem for a wearable computer. There is one major unanswered question we need to solve before this can 

be done: How can we switch between graphic and text input? The finger motions used in chording will 

doubtlessly be interpreted by the Biofeedback Pointer as motion, at least through the extensor digitorum, 

if not other muscles. This is not so much of a problem, since the nature of the devices precludes their si­

multaneous use. The Biofeedback Pointer requires the wrist to be free to move, while the Chording Glove 

needs to orient the wrist next to a solid surface. The problem is how to switch between the two quickly 

and easily. There are a few options for this. The first option is to use a function key on the back of the 

hand. This is undesirable because it would sometimes require constant use of the other hand, eliminating 

the one-handed benefits. The second option is to use a special chord key like < C o n t r o l> - A  or double- 

< S p a c e > .  The former has the benefit of being able to be made without a typing surface, but it may not 

be comfortable or fast enough to perform as often as might be needed. D o u b le -< S p ace>  is likely fast 

and easy enough, but it may be desired for use by another action like predictive text entry. It also has the 

disadvantage of needing a surface to make the chord.

Another option would be to use a gesture. It is possible to have a quick and easy to recognise gesture 

be interpreted to mean “switch input devices”. One such gesture could be to quickly flex and extend the 

fingers (or just one finger). Since this uses the extensor digitorum and flexor carpi ulnaris, it is easy to 

detect with the existing setup. However, gesture recognition software must be added. Experimentation 

must be done to determine if this is a viable option.

A final alternative is to use the Chording Glove on one hand and the Biofeedback Pointer on the 

other. The Chording Glove should be used with the dominant hand to enable maximum performance for 

text input. The non-dominant hand should be used to control the Biofeedback Pointer. Kabbash et al. 

(1993) determined that the non-dominant hand is just as effective as the dominant one for low-precision
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tasks. Since the Biofeedback Pointer is ideal for those sort of tasks, it should be just as usable in the non­

dominant hand. The Biofeedback Pointer also has the advantage that the hardware is hand-independent, 

unlike the Chording Glove. This means that if use by one hand is ineffectual, it can be easily switched to 

the other one.

In situations where both hands are expected to be free to use the PC, there may be increased per­

formance from being able to enter text and control a pointer at the same time. As mentioned in Section 

3.2.4, evidence exists showing the benefits of performing tasks in parallel. Not all tasks can be made 

more efficient by performing simultaneously. The most efficient tasks are those in the non-dominant had 

supports or alternates tasks with the dominant hand. This does not work well in tasks where the hands 

perform the exact same tasks, or completely different tasks (Buxton, 1995). While it is possible on a 

desktop computer to use a mouse and keyboard simultaneously, this is done very rarely in practice. This 

could be interpreted in two ways. First that there is little practical need to perform text and graphic tasks 

simultaneously. The second interpretation is that people tend not to have the cognitive ability to perform 

text and graphic tasks at the same time. In either case, it is unlikely there would be much benefit from 

devoting one hand to each task. Then again, if the other hand would be idle the entire time, nothing would 

be lost from separating the devices. In the best case, performance could be improved. In the worst case, 

the problem of switching between text and graphic input would be solved.

The experiments used to measure the performances of the Biofeedback Pointer and Chording Glove 

made the implicit assumption that computer input would be the primary task and that real-world interac­

tion would be secondary or non-existent. It is likely that the performance of the devices would be different 

if they were used for secondary tasks, with the primary task involving a real-world interaction. Siegal & 

Bauer (1997) describe an experiment in which a wearable computer was used to assist with the primary 

task of aircraft maintenance. The input device was a board-mounted dial, which was worn on a belt and 

operated with one hand. It was found that a one-handed system was more efficient, since certain tasks 

required the users to lean over objects, bracing themselves with one hand while operating the computer 

with the other. The body-mounted nature of the device did have disadvantages since leaning against the 

plane could accidentally activate the device. This demonstrates the advantage of an arm-based system 

such as the ones described here, which cannot be accidently activated in such a manner. In addition this 

also illustrates the need to easily deactivate and reactivate the input devices, possibly using the method 

described above.

Experimentation needs to be done to determine the performance of a wearable computer using the 

Biofeedback Pointer and Chording Glove. This not only needs to measure the performance of the input 

devices (input speed, error rate, IP, etc.), but the performance of the primary real-world task as well. This 

experiment should be able to determine if there is any degradation in the performance of either task, and to 

what extent it occurs. Furthermore, the experiment should also provide some insight into how the devices 

can be changed to be more efficient.
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Terminal Typing S p e e d

For some tasks, text entry speed is the most important performance factor for the text input device. If a 

text input device is used solely for entering previously composed text or data, with little or no interaction, 

the time to complete the job is dependent only on how fast the user types. This is what the typewriter was 

designed for. This used to be the most common use for a text input device. Most modern text input tasks 

require interaction, such as reading email or searching for a file. A user only enters a minimal amount of 

text, followed by a great majority of time spent viewing the output. Speed is no longer the most important 

factor in text entry.

Take for example, the one of the most text-entry intensive task on a computer: composing a docu­

ment on a word processor. In this, the author spends time considering what to write. This generally means 

text entry in short bursts, with significant pauses in between. This gives an effective speed limit, which 

could be far below the maximum speed for the device. This speed limit is the point where the ability to 

enter text faster will not be any more productive.

Assume a decent sized paragraph has around 100 words. If the entire paragraph is conceived of at 

once, a 60wpm typist could enter it in 100 seconds, while a 30wpm typist would take 200 seconds. Is that 

100 seconds significant? How long will it take to conceive the next paragraph? What about error correc­

tion or reconsidering the words while typing? If the fast typist takes six minutes to write the paragraph, 

will the slower one take six minutes as well, or seven and a half? These are all important considerations. 

A speed of 60wpm is more difficult to maintain that 30wpm. Is there anything to be gained with such 

speeds in casual use? Ultimately, is the “terminal velocity” low enough to be significant (20-40wpm) 

or is it excessively high (50wpm-t-). This is a potentially important factor determining the appropriate 

application for a text input device.

O ther U s e s  for th e  B io feed b ack  Pointer

Currently the Biofeedback Pointer has only been used for control of a 2D pointer in cartesian coordinates. 

It is possible to adapt the software to use another coordinate system. For example, one can use supina­

tion and pronation of the wrist instead of adduction and abduction. This lends itself quite well to polar 

coordinates. This would not be an ideal input for a windows-type system, partly because it singles out 

the origin as a special point, and partly because the wrist cannot move into the full 360° circle it would 

need to reach all the points on the screen. This may however be a useful interface for a navigation system 

which required turning left or right, and acceleration or deceleration. Because the muscles are in such 

close proximity, the electrodes can be left in the same position as they are for adduction and abduction. 

This would allow the user to be able to switch between the two interaction methods in software. There is 

precedent for this. Some existing applications use the mouse in non-standard ways, such as for navigation 

in 3D environments, so this is a reasonable option.

In Section 6.2.2 we suggested that the Biofeedback Pointer can be used on the neck muscles to con­

trol a pointer. It may be possible to further adapt the system to yield the orientation of the head to provide 

a head tracking system for virtual reality. Most head tracking systems work on broadcast technology, lim­

iting the range to a specific room, or even a small part of a room. Using the EMG to determine the head’s



6.3. Summary 132

orientation removes the range constraints.

Another potential adaptation of the Biofeedback Pointer would be to use it for gesture recognition. 

A simple neural network, similar to the one currently used, could be trained to recognise a small number 

of gestures to perform various actions. In Section 6.2.2 we suggested the possibility of using gestures for 

selection instead of a hardware button. One possible gesture would be a quick flick of the thumb. This 

could provide the equivalent of a single or double click. In Section 6.2.2 we also suggested a gesture- 

based method for switching between text and graphic input.

As mentioned above, the coordinate system can be switched in software. There is no reason that 

the Biofeedback Pointer cannot be switched as needed from graphic to gesture input as well. In certain 

situations a set of arrow and function keys is faster than pointer input (Greenstein & Arnaut, 1988). In 

environments where interaction is constrained to a few responses, it may simplify matters to use a few 

easily recognised gestures. For example, in filling out a checklist, one might just need gestures for “yes”, 

“no”, “forward”, and “back”. Alternatively, gestures can be recognised as application specific macros or 

function keys.

Another use of the Biofeedback Pointer could be to replace a DataGlove-style virtual reality inter­

face. Placing a 6-degree of freedom motion tracker on the arm would yield its position and orientation. 

The Biofeedback Pointer can then be trained to yield the orientation of the fingers and wrist, in a manner 

similar to Hiraiwa et al. (1993). This would give a hand-based VR interaction tool, without needing to 

wear a DataGlove or hold a 3D mouse.

Most of these options can be done by changes in software, not changes in electrode positioning or 

hardware. So the same device can be used as a 2d pointer, gesture recognition system, and (with the 

addition of a motion tracker) a VR interface.

6.3 Summary
There were a several potential problems with the implementation of both experiments. An analysis of 

the errors in the Chording Glove experiment showed that the experimentally determined performance is 

likely to be worse than the true performance. Thus the results are, in fact, a lower bound for the Chording 

Glove’s performance. The performance test carried out on the Biofeedback Pointer was intended to give 

a range for the expected performance of the device. The possible problems with the tests were insuffi­

cient to cause a significant difference in the results. Consequently, like the Chording Glove, the errors 

could only serve to lower the performance, thus the Biofeedback Pointer’s results also provide a lower 

bound for the true performance. Future experimentation and research on these devices needs to be done. 

The Chording Glove needs further research on keymap learning rates and retention, and the use of func­

tion keys. Research on the Biofeedback Pointer needs to be done on the selection buttons and the use of 

alternative muscle groups.

Several improvements for both devices have been suggested in this chapter. The Chording Glove 

would benefit from improved finger sensors, specialised software interaction, and possible “soft” function 

keys. The performance of the Biofeedback Pointer could be improved by exploring possible alternatives 

to the current motion scalings, training methods, and neural networks. Specialised hardware could be
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used to decrease the size, improve the speed, and lessen the drain on computer resources.

In this chapter we have suggested areas for input device research for the Chording Glove, Biofeed­

back Pointer and a wearable system using the two. From this we have made a few recommendations. 

The Chording Glove and the Biofeedback Pointer are designed to work together, but there are potential 

problems with switching between text and graphic input, and possible jitter from selection that need to be 

looked into. Research should be done to find out the true requirements of input speed for casual text entry 

to determine what upper limits we need from text input devices. The Biofeedback Pointer hardware and 

software is very flexible and it is worthwhile investigating its potential use for 3D interaction and gesture 

recognition.



Chapter 7

Conclusions
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7.1 Introduction
The graphic and text input devices currently in use by mobile computers were not designed for portabil­

ity, but were more re-designed for portability. These devices were often originally intended for desktop 

systems and then shrunk down to fit a smaller size of computer. Instead of using modified input devices, 

mobile computers need input devices specifically designed for them; devices that are as unobtrusive as 

possible in order to free the computer to take a more efficient shape.

The wide variety of characters, editing commands and other functions needed for text entry makes 

text input devices much more complex and, consequently, much less portable than graphic inputs. Inter­

faces like the keyboard are quite efficient on a desktop, but become rather difficult to use when shrunk 

for use in a mobile environment. In order to minimise the restrictions on the portability of a text input 

device, it is necessary to find a new approach which does not use board-based interfaces. Graphic input 

devices tend to be more portable than text input devices because the interaction is simpler. Pointing de­

vices currently exist which are completely unobtrusive and portable. These are usually based on tracking 

some part of the body and are often expensive, imprecise, or have a limited range, precluding their use 

on a mass scale. In order to make these devices more feasible, it is necessary to use new technologies 

to overcome their deficiencies and thereby make new input devices which are designed to be not only 

portable, but are easy to operate, efficient, and acceptable enough for widespread use.

7.2 Review of Design Goals
A set of four primary goals were developed to provide direction for the design process by outlining the 

requirements of the final devices. These design goals were as follows:

1. The devices must be operable in a mobile environment. They cannot depend on any external sur­

faces or objects.

2. The devices must be usable by both nomadic and continuous users. They must not hinder the user 

in performing real-world tasks.

3. The devices must be able to operate a standard windows-style interface and to perform a wide range 

of simple text entry tasks.

4. The devices must be able to be used with existing wearable computer systems by using standard 

communications ports and requiring reasonable levels of computing power.

The Biofeedback Pointer is very well adapted for mobility. No aspect of the device hinders move­

ment nor requires any external devices or surfaces for operation. The Chording Glove has the potential 

for high mobility as well. The only constraint on its portability is the need for a solid surface to chord 

against. It is unknown what the limits imposed by this constraint are. The Chording Glove has been ex­

perimentally shown to work in a simple mobile environment, but further tests are necessary to determine 

the effectiveness in more demanding situations.

The devices’ usefulness in a mobile environment makes them well suited for the continuous mobile 

computer user. Both devices are operated by one hand and require no visual supervision. The heads-up
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use allows the user to keep track of the surrounding environment and the one unused hand allows the user 

to freely interact with it while computing. The user can stop computing at a moment’s notice and have full, 

unhindered interaction with the real-world, should the need arise. In addition to the mobile computer user, 

these devices are easily adaptable for use by disabled persons as well. Chording devices like the Chording 

Glove have been used by people with motor disabilities. The wide range of muscle groups which can be 

used by the Biofeedback Pointer makes it particularly suited for users who are partially paralysed.

The Biofeedback Pointer is best suited for tasks involving navigation and low precision pointing. 

This encompasses the standard windows interface as well as basic exploration of two and three dimen­

sional data. The Chording Glove, while slower than a desktop keyboard, is not much slower than existing 

mobile devices such as a stylus or soft keyboard. With further work, the Chording Glove’s input speed 

may even surpass them by reaching the theoretical input speed of around 40wpm. This implies that the 

Chording Glove is fast enough for the casual levels of use of existing mobile devices, but further research 

must be done to determine exactly what range of speeds “casual use” covers.

The Chording Glove can be easily run on commonly existing systems. There is very little compu­

tation or memory necessary to run the device, making it easily usable on even the simplest computers. 

Communication between the prototype and the computer is carried out though the parallel port, but his 

could be changed to a serial or even a keyboard port if  necessary. The Biofeedback Pointer is more com­

plicated, requiring at least a Pentium 133MHz to run. The prototype did not use any specialised hardware, 

but future versions might. Moving the data sampling and FFT to a specialised device would take a sig­

nificant fraction of the computing power away from the computer, allowing the pointer to be used on a 

simpler computer. Data acquisition for the Biofeedback Pointer was performed by an ADC attached to 

the parallel port. ADCs also exist which can be attached to a serial port or via a PCMCIA card.

The existing prototypes of the Biofeedback Pointer and Chording Glove have been shown to satisfy 

most of the basic design goals. There are a few remaining goals which were not directly shown to be 

satisfied. In some cases the goals were implied to be satisfied by research done on similar devices. In the 

other cases, the goal was shown to be partly satisfied by experiments which did not test sufficient range 

to know if the entire goal was reached.

7.3 Summary of Contributions
7.3.1 Review of Input Devices and Mobiie Computers

The discussion on text and graphic input devices was intended to provide an overview of the current op­

tions for input devices. We were specifically interested in their performance, portability, and ergonomics. 

By considering these for each type of device we were able to generalise the requirements for graphic and 

text input devices, and how to make such devices work well in a mobile environment. This was essential 

in order to efficiently design new input devices.

The analysis of mobile computers discussed the range of technology currently being used and the 

likely directions the technology will take in the next few years. By examining the state of the art of mobile 

computers we were able to determine how both the style of the computer and the input devices used effect
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the portability of the system. From this we were able to conclude that a boardless input device is the most 

efficient for a wearable computer. This conclusion, plus the design requirements discovered earlier, were 

used to design new input device which could fully complement the mobile nature of wearable computers.

7.3.2 The Chording Glove
The Chording Glove was designed and built using the design criteria generated from the review of devices 

and systems. This text input device is worn as a glove, making it unnoticeable when not being used, but 

it is always there, ready for use, whenever the need should arise.

The device’s performance was experimentally tested. After training for 11 hours, users were able 

to input text at a rate of 16.8wpm, with 17% of the characters made by mistake. This was somewhat 

worse than expected, or desirable, and was due to inaccurate finger sensors. These need to be replaced in 

future versions of the device. Consequently the performance of the Chording Glove in this thesis should 

be used as a lower limit for its potential performance. The Chording Glove was also shown to be usable 

without loss of performance in a simplified mobile environment. However, further research must be done 

to determine exactly what range of mobile environments in which the Chording Glove will function.

The chord keymap must be learned before the device can be used. It took users, on the average, 80 

minutes to complete a tutorial, in which they learned to chord all 97 characters. After 6 hours of use, 

users needed to look up forgotten chords around 0.5% of the time. There is evidence that the keymap is 

remembered after significant periods of non-use, and that the previous performance is quickly re-attained, 

but this needs to verified with further research.

In creating the Chording Glove a generalised method for developing a chord keymap was designed. 

In this method, the characters are first grouped into logical groups, such as letters, numbers, and punc­

tuation. These are used for the different shift states of the device. The characters are then assigned to 

the chords, with frequent characters aligned with the easiest chords. Once a basic keymap is made, it is 

altered in five steps:

1. Assign shifted chords to provide a logical relationship between them and their unshifted chords 

(e.g. P and +)

2. Revise so that finger positions for the chords bear a resemblance to the characters they make.

3. Revise so that frequent digrams and trigrams are made by chord sequences which are easy to per­

form.

4. Revise so that characters which look similar are made by chords which look similar (e.g. U —> W =

•  O  O *  V •  o o # \o ^  •  )

5. Clean up the keymap to fix any poorly assigned characters.

This method for creating a chord keymap can be extended to most styles of chord keyboards. Al­

ternatively it can be used to create new keymaps for the Chording Glove, either for use with foreign lan­

guages, specialised applications, or personal customisation.
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It is easy for a user to customise a standard keyboard by using software to change the layout. How­

ever, this is rarely done in practice because it tends to create more problems than it solves. The most 

obvious problem is that the symbols on the keys conflict with their function. Either the user changes the 

key labels every time they alter the layout, or they need to memorise the layout and never look at the 

keys. Another problem is when the user attempts to operate someone else’s keyboard. The interference 

between the two layouts lowers the user’s performance. The Chording Glove does not suffer from either 

of these problems. When the user cannot remember a chord, they can use the < H e lp >  key to display 

the keymap on the screen, whichever keymap is used. Since the Chording Glove is portable, the user can 

take their own customised interface with them, avoiding the need to adapt to each new system they come 

across.

A theoretical method for testing chord keymaps was developed along with the Chording Glove. 

These tests use the relative probability for each character along with Seibel’s (1962) DRTs and error rates 

for all 31 chords. The first test is the normalised finger work. Strong fingers like the thumb and index 

finger should be used most, and weak fingers like the little finger should be used least. The work for each 

finger is found by the sum of all probabilities of the characters made by chords using that finger. Each 

result is normalised by dividing by the sum of the results for all fingers.

The second test and third tests determine the theoretical speed and error rate of the device. Seibel 

measured the DRT and error rate for each chord. The DRT is the time it takes to make each chord and the 

error rate is the probability of entering the wrong chord. The theoretical speed is determined by totalling

the product of each chord’s DRT and its probability. The theoretical error rate is equal to the sum of

each chord’s probability multiplied by its percent error. In other words, for chord c with probability p{c), 

digram time DRT(c) and error probability of e(c):

time per character =  y ^ p (c )  ■ DRT(c) (7.1)

error rate =  ^ p ( c ) - e ( c )  (7.2)

Equation 7.1 can be converted into words per minute by Equation 4.1.

7.3.3 The Biofeedback Pointer
In designing the Biofeedback Pointer, the benefits of using the EMG, EEG, and GSR were considered. 

The EMG was used because the signal was the most consistent and the easiest to measure. Hiraiwa et al.’s 

(1993) method for EMG analysis determined to be the most promising and was adapted to work with the 

Biofeedback Pointer. This neural network was simplified to produce only an x  and y  value instead of the 

angles of all the finger joints. These two values could be generated by any two independent motions, mak­

ing the system usable with just about any muscle group. The Biofeedback Pointer’s simplified network 

was less computationally expensive, allowing a higher refresh rate. However, the side effect was a reduc­

tion in accuracy. This was compensated for by using more EMG sensors. Instead of using special hard­

ware to train the device, the training was performed by requiring the user to follow the pointer’s motion 

on the screen. This may not be quite as accurate as using a motion sensor, but it enables the Biofeedback 

Pointer to be used with any standard PC without requiring specialised hardware.
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The Biofeedback Pointer succeeds very well in its intent to be truly portable. Electrodes and ampli­

fiers are very small and can be worn underneath clothing. The box containing the hardware is around the 

size of a cassette case and can be clipped to the belt. If a long sleeve shirt is worn over the electrodes and 

wires, the device is completely invisible. Even when it is used it cannot be seen.

A user can train the Biofeedback Pointer in about half a minute. This is fast enough that, in case of 

problems with the neural network, retraining is not a nuisance. As the user starts using the pointer, they 

also start learning how to manipulate the device to fine tune their control using biofeedback.

The mouse and Biofeedback Pointer were experimentally compared using Fitts’ Law to measure 

the performance of each device. The index of performance of the Biofeedback Pointer was 1.06, and 

the mouse was 7.1. This gives a ratio of the Biofeedback Pointer to the mouse of 0.14. Existing mobile 

pointing devices have IP ratios ranging from 0.26 to 1.09. The Biofeedback Pointer is just over half the 

lowest performance in that range. Future enhancements, such as a more sophisticated neural network or 

better training methods will be useful in closing this gap.

7.4 Conclusions
The size of mobile computers has always been limited by the input devices. Notebook computers have 

been limited in size by the standard keyboard, which quickly loses its efficiency when shrunk. Usable 

handwriting recognition systems were a significant factor in the current boom in handheld computers. 

The mobile computer is now limited to a new, smaller size, but the shape is still limited to a notepad-style 

interface. The next step in mobile computer evolution is to make an interface which frees the computer 

from the constraints of the input devices to allow an entirely wearable system. The devices described in 

this thesis are wearable computer input devices which put no constraints on the size of the system. They 

work in the same manner with a desktop computer as they would with one the size of a matchbook. The 

Chording Glove and Biofeedback Pointer meet all of the design requirements set out in this thesis, but 

work still needs to be done to improve their performance. It is recommended that further research be done 

to enable these devices to achieve their potential.
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A.1 Special Symbols
M athem atical Sym bols

The following mathematical variable types are used in this thesis; 

m  A matrix (also: rriij or m ,)

V A vector or array (also Vi)

n  A normalised vector

s A scalar

O ther S ym b ols

The names of keys or functions on a text input device are represented in a m o n o s p a c e  type in an­

gled brackets, such as: < S p a c e > . Individual characters are represented by the symbol printed in a 

m o n o s p a c e  type, such as: a.

A special graphical notation is used to describe the finger patterns used to create a chord on the 

Chording Glove. The diagram uses filled or unfilled circles positioned in the approximate positions of 

the fingertips on the right hand. The thumb is lowered and on the left, and the other fingers are raised, 

with the order: index, ring, middle, and little. A filled circle means the finger is pressed, and an empty 

circle indicates that the finger is not. For example, the chord o° * is generated by pressing the middle 

and ring fingers.

A.2 Glossary of Physiological Terms
The anatomical position is the standard orientation of the body from which all directions and motions 

are defined. In this position, the person is standing, with the arms down, feet pointing forward, and the 

thumbs pointing outward so that the palms face forward. Palastanga et al. (1990), pages 2-7  provides a 

good summary of the basic anatomical terminology.

The following physiological terms are used frequently in this thesis:

abduction A movement in the lateral direction, i.e. outward from the centre of the body. The opposite 

of adduction.

adduction A movement in the medial direction, i.e. towards the centre of the body. The opposite of 

abduction.

an terio r In front of, or towards the front. For example, the nose is on the anterior pari of the face. Also 

called ventral. The opposite of posterior.

deep The direction inward from the surface of the skin. The opposite of superficial.

distal The direction away from the root of a limb. The opposite of proximal.

dorsal Behind, or towards the rear. Also called posterior. The opposite of ventral.

extension Returning a joint to the neutral position, or moving beyond the neural position in the opposite 

direction o f flexion.
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flexion Bending a joint so that two anterior or posterior faces are brought together. The opposite of ex­

tension.

lateral The direction outward from median plane, ie out from the centre of the body. The opposite of 

medial.

medial The direction toward the median plane, ie towards the centre of the body. The opposite of lateral.

median plane The plane of symmetry between right and left halves of the body. Also called the sagittal 

plane.

posterior Behind, or towards the rear. For example, the spine is on the posterior part of the trunk. Also 

called dorsal. The opposite of anterior.

pronation Rotating the forearm along the axis of the arm, so that the palm faces backwards. The opposite 

of supination.

proximal The direction toward from the root of a limb. The opposite of distal.

radial deviation Abduction of the wrist, ie bending the wrist in the direction of the thumb. The opposite 

of ulnar deviation.

sagittal plane The plane of symmetry between right and left halves of the body. Also called the median 

plane.

superficial The direction toward the surface of the skin. The opposite of deep.

supination Rotating the forearm along the axis of the arm, so that the palm faces forward. The opposite 

of pronation.

ulnar deviation Adduction of the wrist, ie bending the wrist in the direction of the little finger. The op­

posite of radial deviation.

ventral In front of, or towards the front. Also called anterior.
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Character probabilities were calculated by counting the appearances of each of the ASCII characters 

found in a large amount (596648 characters) of text in various formats which were considered to be likely 

to be the sort of text which is entered by hand (as opposed to computer generated). The breakdown of 

text types is as follows: (from most used to least).

1. Informal text (email, internet news posts, etc)

2. Formal text (papers, memos, etc)

3. C code

4. Theatre scripts

5. Recipes

6. Bibliographies

7. X Resources

8. Telephone numbers

9. Street Addresses

The following tables show the probabilities of each characters. <Space> and <Return> were 

omitted from the lists due to their high relative frequencies.
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Table B .l: Character probability sorted by ASCII code
% Probability Char. % Probability Char. % Probability Char.
0.835 tab 0.511 A 5.916 a

0.104 ! 0.269 B 1.367 b

0.238 ” 0.499 C 2.351 c

0.068 # 0.360 D 2.823 d
0.021 $ 0.435 E 9.436 e
0.054 % 0.249 F 1.739 f

0.057 & 0.180 G 1.863 g
0.364 ’ 0.215 H 3.484 h

0.607 ( 0.574 I 5.438 i

0.609 ) 0.080 J 0.123 j
0.709 * 0.129 K 0.859 k

0.131 + 0.448 L 3.273 1

1.104 , 0.297 M 2.035 m
1.224 - 0.343 N 5.569 n

1.830 0.309 0 6.564 0
0.167 / 0.269 P 2.043 P
0.546 0 0.048 Q 0.090 q
0.441 1 0.357 R 5.545 r

0.285 2 0.552 S 4.688 s
0.223 3 0.612 T 6.736 t

0.148 4 0.178 U 2.335 u
0.161 5 0.110 V 0.827 V

0.138 6 0.190 W 1.168 w

0.119 7 0.353 X 0.451 X

0.116 8 0.112 Y 1.491 y
0.138 9 0.009 Z 0.136 z

0.703 0.142 [ 0.067 {
0.399 ; 0.131 \ 0.033 1
0.108 < 0.142 ] 0.067 }
0.957 = 0.001 0.012
0.189 > 0.456
0.084 7 0.008 ‘

0.035 @
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Table B.2: Character probability in order of decreasing probability
% Probability Char. % Probability Char. % Probability Char.
9.446 e 0.552 S 0.138 9
6.736 t 0.546 0 0.138 6
6.564 0 0.511 A 0.136 z

5.916 a 0.499 C 0.131 \
5.569 n 0.454 - 0.131 +
5.545 ^ r 0.451 X 0.129 K
5.438 i 0.448 L 0.123 j
4.688 s 0.441 1 0.119 7
3.484 h 0.435 E 0.116 8
3.273 1 0.397 ; 0.112 Y

2.823 d 0.364 ’ 0.110 V
2.351 c 0.360 D 0.106 <
2.335 u 0.357 R 0.104 !

2.043 P 0.353 X 0.090 q
2.035 m 0.343 N 0.084 7

1.863 g 0.309 0 0.080 J
1.830 0.297 M 0.068 #
1.739 f 0.285 2 0.067 {
1.491 y 0.269 B 0.067 }
1.367 b 0.262 P 0.057 &
1.224 - 0.249 F 0.054 %
1.168 w 0.238 ” 0.048 Q
1.104 , 0.223 3 0.035 @
0.957 = 0.215 H 0.033 1
0.859 k 0.190 W 0.021 $
0.836 tab 0.189 > 0.012
0.827 V 0.180 G 0.009 z
0.709 * 0.178 U 0.008
0.703 0.167 / 0.001
0.612 T 0.161 5
0.609 ) 0.148 4
0.607 ( 0.142 ]
0.574 I 0.142 [
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Table B.3: Character probability by type

Lower case Upper case Numerical Punctuation Control
letters letters characters (NUM + CAPS) characters
(default) (CAPS) (NUM) (CTRL)

Return Return Return Return
Space Space Space Space

Backspace Backspace Backspace Backspace
9.44 e 1.83 1.83 0.71 * 0.84 tab
6.74 t 1.10 , 1.22 - 0.70
6.56 0 0.61 T 1.10 , 0.45 -
5.92 a 0.57 I 0.96 = 0.40 ;
5.57 n 0.55 S 0.71 * 0.36 ’

5.55 r 0.51 A 0.61 ) 0.24 ”

5.44 i 0.50 C 0.61 ( 0.19 >
4.69 s 0.45 L 0.55 0 0.13 \
3.48 h 0.43 E 0.44 1 0.11 <
3.27 1 0.36 D 0.29 2 0.10 !

2.82 d 0.36 R 0.22 3 0.08 ?

2.35 c 0.35 X 0.17 / 0.07 #
2.34 u 0.34 N 0.16 5 0.07 {
2.04 P 0.31 0 0.15 4 0.07 }
2.04 m 0.30 M 0.14 ] 0.06 &
1.86 g 0.27 B 0.14 [ 0.05 %
1.83 0.26 P 0.14 9 0.04 @
1.74 f 0.25 F 0.14 6 0.03 1
1.49 y 0.21 H 0.13 + 0.02 $
1.37 b 0.19 W 0.12 7 0.01
1.17 w 0.18 G 0.12 8 0.01 ‘

1.10 , 0.18 U 0.001 0.001
0.86 k 0.13 K
0.83 V 0.11 Y
0.45 X 0.11 V
0.14 z 0.08 J
0.12 j 0.05 Q
0.09 q 0.01 z

31 characters 31 characters 25 characters 25 characters 1 character
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C.I Introduction
This appendix describes the sensors and indicators used in the Chording Glove. The design and circuitry 

are described in detail in order to facilitate experimentation by other investigators. In addition, sensor 

designs that were tested, but not used in the final version are included here so future researchers will 

know that the designs are insufficient.

C.2 LED Outputs
The LEDs are used to show the current shift state. The LEDs are all independent in the hardware and can 

be turned on and off in any manner. This could be additionally used to alert the user to some error. To 

save space, 2.21mm square sub-miniature LEDs were used. These had an intensity of about 3mcd, which 

is bright enough to be easily noticed. The circuit diagram is shown in Figure C. 1.

There are two groups of LEDs. Six on the index finger and one on the back of the hand. The index 

finger LEDs are divided into 3 groups of two LEDs, one red and one green. Only one of a group (i.e. red 

or green) should be on at a time. The green indicates the shift is on and will operate on the next character. 

The red indicates that the shift is locked and will stay on until turned off. These LEDs are located next to 

the shift buttons (Figure 3.1 ). The LED on the back of the hand is near the AutoCaps key. When AutoCaps 

is on the LED is on, when off the LED is off. The hardware design leaves room for future use of an eighth 

LED.

Figure C. 1 : Circuit diagram of the LED setup. D„ is the nth output bit. Resistor values are 180^1

O n  f i n g e r s
O n

h a n d

Df

C.3 Finger Sensors
Ten designs were tested for the finger sensors of the Chording Glove. These sensors were either digital 

or analogue. All the analogue sensors had the same circuit diagram, as shown in Figure C.2(a). In this 

diagram, /q is the sensor, with a variable resistance and ?'2 is a potentiometer which sets the cutoff voltage 

for the sensor. These are fed into a comparator to yield a digital on/off reading for the sensor. The capac­

itor is used for a low pass filter to remove excess noise. The resistor Rg is used to pull up the comparator
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output. The digital sensors has the same circuit diagram which is shown in Figure C.2(b). An open circuit 

gives Uoui - 5V and a closed circuit grounds t̂ oui- The capacitor is used for a low pass filter to eliminate 

bounce noise.

The ten sensor designs were as follows;

1. Double foil plates.

2. Interlaced foam.

3. Foil plate and single laced foam.

4. Single laced foam and conductive unlaced foam with foil backing.

5. Single laced foam and foil cover.

6. Moulded resistive foam with foil backing.

7. Moulded low density resistive foam with foil backing.

8. Resistive foam with silvered faces.

9. Resistive foam with foil backing.

10. Hard copper plate.

The Resistive Foam with Foil Backing sensors were initially used in the experiment, but were soon

changed after they were found to be long-term unstable. They were replaced by the Hard Copper Plate

sensors which were successfully used for the remainder of the experiments.

+5VA

% LM339

+5V

'+5V

(a) Ttie analogue finger sensor. C=22pF, Ri = !kt7, R2=430kQ, 

R3 = l()0kf2, ri is the variable resistance sensor, and rg is a 20kil 

potentiometer

(b) The digital finger sensor. C=22pF and 

R=56kn

Figure C.2: Circuit diagrams for the finger sensors

C.3.1 D ou b le  Foil P la te s

D escrip tion  The sensor consists of two aluminium foil plates separated by foam on the edges. The cen­

tre of each plate bulges out due to the placement of the wires, which are taped onto the foil (Figure C.3). 

O pera tion  Pressing with a finger causes the bump in the middle of one plate to hit the bump in the middle 

of the other plate, completing the circuit.
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Foam

Wire

Figure C.3: Double Foil Plate Finger Sensor. For clarity, the top plate is not shown in this diagram.

A d v an tag es Very easy to make.

P ro b lem s

• The sensor does not have necessary accuracy. It only works on well-defined presses near the mid­
dle. It is not sensitive near the edges.

• It is too small to sense the entire hngertip, and too big to use multiple sensors on one hnger.

C .3.2  In terlaced  Foam

/ /  T o  g ro u n d

F o a m

Figure C.4: Interlaced Foam Finger Sensor

D escrip tion  The sensor is made from a rectangular piece of foam about the size of the hngertip. Several 

small, flexible threads of wire are separated and sewn though the foam. One group of wires are sewn 

horizontally on one side of the foam, the others are sewn vertically on the other side. Each group meets 

at the end of the foam. Each groups meets outside the foam and are bundled together to make one wire 

(Figure C.4).

O pera tion  Pressing anywhere on the foam with a hnger causes the wires to touch completing the circuit. 

A d v an tag es

• Relatively easy to make.

• Should be accurate over the entire surface, as compared to the first sensor attempted.

P ro b lem s

• It is easy to make, but in practice it is hard to standardise. Threads do not go through entirely 
straight. This and irregularities (holes or bunching up) in the foam causes areas of extra sensitivity 
or no sensitivity.
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•  It is easy for wires to touch accidentally. If this happens it is very hard to fix.

• It is not llexible enough to mould to the shape of a fingertip.

C .3.3  Foil P la te  and S in g le  L aced  Foam

To V,

To ground

Foil Foam
Plate

Figure C.5: Foil Plate and Single Laced Foam Finger Sensor

D escrip tion  The sensor is made from two parts. The main part is a rectangular piece of foam about the 

size of the fingertip. The wire connected to it is divided into several small llexible threads. These threads 

are sewn through the foam, lengthwise, very close to the surface. The other wire is connected to the back 

of a strip of aluminium foil the same size as the foam. The foam is taped to the front of the foil (Figure 

C.5).

O pera tion  Pressing anywhere on the foam with a finger causes the wires in the foam to touch the foil, 

completing the circuit.

A d v an tag es

• Relatively easy to make

• There are no insensitive areas on the sensor.

P rob lem s

• In practice it is hard to standardise. Irregularities (holes or bunching up) in the foam causes areas 
of extra sensitivity or no sensitivity.

• The sensor not llexible enough to mould to the shape of a fingertip.

C .3.4  S in g le  L aced  Foam  and C o n d u ctiv e  U n laced  Foam  w ith  Foil B a ck ­

ing

D escrip tion  Two aluminium foil plates are separated by a high density resistive foam, and a non- 

conductive foam, laced with wires (Figure C.6).

O pera tion  When the sensor is pressed, the wires touch the conductive foam, completing the circuit. 

A d v an tag es None.
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To V<

R esistive
foam

To ground

' Foil /  
backing

Wire-laced
Foam

Figure C.6: Single Laced Foam and Conductive Unlaced Foam with Foil Backing Finger Sensor

P ro b lem s The wires in the foam cannot he made close enough to the surface to reach the foam when 

compressed . As a consequence the design cannot work.

C .3.5  S in g le  L aced  Foam  and Foil C over F inger S e n s o r

D escrip tion  The first half of the sensor is a rectangular piece of foam about 1 % inches by 1 inch. The 

wire connected to it is divided into several small llexible threads. These threads are sewn through the 

foam, lengthwise, just below the surface. This is sewn onto the glove covering the hngertip. The other 

half of the sensor is foil, moulded to the shape of the hngertip and placed over the foam. A second wire 

is taped to the foil (Figure C.7).

O pera tion  Pressing with a hnger causes the foil to touch the wires in the foam, which completes the 

circuit.

A d v an tag es

• This is the hrst design shaped specihcally for the hngertip.

• There are no insensitive areas on the hngertip.

P rob lem s

Wire-laced
Foil

cover
Foam

To ground

Figure C.7: Single Laced Foam and Foil Cover Finger Sensor
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•  ll covers Ihc entire fingertip, therefore it does not leave room for any shift keys on the last knuckle 
of the index finger

•  Irregularities in the size of the gaps in the foam cause too many unwanted circuit connections.

C .3.6  M oulded R e s is t iv e  Foam  w ith Foil B ack in g  F inger S e n s o r

Foil cover

To Vo

To ground

Foil
backing

High-density 
resistive foam

Figure C.8: Moulded Resistive Foam with Foil Backing Finger Sensor

D escrip tion  The sensor is made from a resistive foam shaped to the shape of a fingertip. There are two 

aluminium foil plates, one on the inside and one on the outside. A wire is attached to each foil plate 

(Figure C.8).

O pera tion  Pressing the sensor with a finger causes the foam to compress, lowering the resistance. This 

tried with both a Schmitt Trigger (with fixed positive and negative voltages) and a double voltage divider 

(Figure C.2(a)). The latter was found to work better.

A d v an tag es

• Easy to make

• Adjustable after making

• The sensor is not connected to the glove, making it easily fixed and interchangeable 

P ro b lem s

• A large number of components are necessary to use the sensor

• Since the sensor covers the entire fingertip, finger motions can set it off.

C .3 .7  M oulded Low D en sity  R e s is t iv e  Foam  w ith Foil B ack in g

D escrip tion  The sensor is made from a low-density resistive foam moulded to the shape of a fingertip. 

There are two aluminium foil plates, one on the inside and one on the outside. A wire is taped to each 

foil plate (Figure C.9).

O pera tion  Pressing with a finger causes the foam to compress, lowering the resistance. The resistance 

is detected by a double voltage divider (Figure C.2(a))).



c.3. Fiiiscr Sensors /55

To Vo

Foil cover

To ground

Low-density
resistive foam

Foil
backing

Figure C.9: Moulded Low Density Resistive Foam with Foil Backing Finger Sensor

A d v an tag es

• Easy to make

• Adjustable alter making.

•  The sensor is not connected to the glove, so it is easily fixed and interchangeable.

•  The sensor is more sensitive and less fragile than the high-density foam.

P ro b lem s

• The sensor requires more additional hardware than a digital sensor.

•  Since the sensor covers the entire fingertip, finger motions can set it off.

C .3 .8 R e s is t iv e  Foam  w ith S ilvered  F a c e s

Resistive foam

Conducfive paint 
backing

To ground

Figure C.IO: Resistive Foam with Silvered Faces Finger Sensor

D escrip tion  The sensor is made from a small rectangle of resistive foam which is coated with conductive 

paint on both sides. Wire is taped to each side. The foam is then sewn on the fingertip (Figure C. 10). 

O pera tion  Pressing the sensor with a finger causes the foam to compress, lowering the resistance. This 

is detected by the change in voltage across a voltage divider.

A d v an tag es

• Easy to make

• Adjustable after making

• Movements do not set it off
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P ro b lem s

• The sensor requires more additional hardware than a digital sensor.

• Since the sensor is small some finger presses may go unnoticed.

C .3.9  R e s is t iv e  Foam  w ith Foil B ack in g

R e s is t iv e  fo a m

Foil b a c k in g  T a p e  c o v e r

T o  Vc

To ground

Figure C.l 1 : Resistive Foam with Foil Backing Finger Sensor

D escrip tion  A layer of foil is taped to the top and bottom of a small rectangle of resistive foam. Wire 

is taped to each side (Figure C. 11 ).

O pera tion  Pressing the sensor with a finger causes the foam to compress, lowering the resistance. This 

is detected by the change in voltage across a voltage divider.

A d v an tag es

• Easy to make.

• Adjustable after making.

• Movements do not set it off.

• If wires are pulled out, they can be easily replaced.

•  Weaker fingers can use thicker foam for more sensitivity.

P ro b lem s

• The sensors require a comparator and potentiometer in order to use.

•  The wires are very easy to pull out.

• Since it is small, some finger presses may go unnoticed.

• The resistance in the foam is temperature dependent. The longer it is used, the more the resistance 
changes. The heating comes from a combination of internal heating due to the resistance and exter­
nal heating from the body heat of the finger. As a result potentiometers which control the threshold 
level must be constantly changed during use. The resistance eventually goes beyond the range of 
the potentiometers, rendering the sensor useless.

This sensor was the one initially used in the experiments. The temperature dependency was only 

discovered after the first few sessions. After this was discovered it was replaced by the next sensor.

C .3 .10 Hard C op per P late

D escrip tion  Two springs connect a pair of small rectangular plastic plates. Thin sheets of copper are 

glued to each of the plastic backing plates. Wires are soldered to the copper plates. Additional solder acts 

as a conductive extension of the copper plates. The entire sensor is encased in insulating tape to prevent 

damage and facilitate eonnecting to the glove (Figure C. 12).
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spring

tape cover

so ldera  epoxyglue

to V n n t

to ground

copper plate
plastic backing

Figure C. 12; Hard Copper Plate Finger Sensor

O pera tion  Pressing the sensor with a finger causes the springs to compress and the copper solder on top 

of the copper plates to complete the circuit. Bounce noise is removed by a filter in the hardware Figure 

C .2 (b ).

A d v an tages

• Easy to make.

• The height of the solder surface can be adjusted slightly to alter sensitivity.

• Movements do not set it off.

• Wires are attached with epoxy and solder and should not be able to be disconnected short of major 
breakage.

P ro b lem s

• Extra capacitors are necessary to remove bounce noise.

• Flat sensors do not mould to the fingertip shape well causing stress on the thread connecting them 
to the glove.

• The components are large and bulky, making the sensor somewhat inconvenient to use.

• There is a layer of solder on top of the metal plate. When the solder is initially put on, some of the 
llux forms a thin layer on top. After repeated use, the fiux fractures, forming what appears to be 
a white powder, at the contact points. This acts as an insulator and prevents contact between the
plates, causing the sensor to become difficult or impossible to use. The excess fiux can be easily
removed by burning off with a soldering iron. The more fiux removed, the less is left to cause a 
problem. This problem disappears after long term use.

• Repeated heating of the metal pads (to remove fiux, repair dislodged wires, etc) can cause the plastic 
backing to deform.

• There is not enough room on the thumb for two sensors.

• These are the most expensive of all the attempts at finger sensors.

These sensors replaced the Resistive Foam with Foil Backing sensors in the experiment, and were 

found to function adequately.

C.4 Shift Buttons
Two designs were tested for the shift buttons:

1. Taped aluminium foil plates.

2. Taped copper foil plates.
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Metal foil

0  V o u t

Thick paper To Ground

Figure C. 13: Taped Aluminium Foil Plate Shift Button

C.4.1 T aped A lum inium  Foil P la te s

D escrip tion  The button consists of two aluminium foil plates separated by a thick piece of paper with 

a hole cut out of the middle. The wires are connected to the foil at the sides. The button is taped together 

with blue PVC tape (Figure C. 13).

O pera tion  Pressing the button with a finger causes the foil plates to connect, completing the circuit. 

A d v an tag es

• Very easy to make

• Accurate

P ro b lem s

• No tactile feedback

• The buttons are too fragile to handle long term usage because the wires cannot be soldered to the 
aluminium, and consequently keep pulling loose.

C .4.2  T aped C op per Foil P la te s

D escrip tion  Two copper foil plates are separated by a thick piece of paper with a hole cut out of the 

middle. The wires are soldered to the foil at the sides. The button is covered with blue PVC tape. The 

setup is the same as for the Taped Aluminium Foil Plates (Figure C. 13).

O pera tion  Pressing the button with a finger causes the foil plates to connect, completing the circuit. 

A dvan tag es

• Very easy to make

• Accurate

• Wires will not pull out

• Stable enough for long term usage

P rob lem s

• No tactile feedback

C.5 Function Keys
The function keys use the same Taped Copper Foil Plates buttons as the shift buttons (Figure C. 13).
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This appendix explains in detail various aspects of the Chording Glove experiment. These are: the 

questionnaires, the tutorial, and the chording sessions.

D.l Questionnaires
D.1.1 Preliminary Questionnaire for the Glove Text Input Experiment
Figures D.1-D.3 shows the preliminary questionnaire used to determine subject suitability for the glove

text input experiment. Boxed text explains the rationale behind asking the question.

D.1.2 Daily Questionnaire for the Chording Glove Experiment
The questionnaire in figure D.4 is used to determine the subjects reaction to the glove after each session.

The boxed text explains which features of the Chording Glove this is trying to measure.
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Figure D .l: The Preliminary Questionnaire: Cover page

T h e  po in t of th is  e x p e rim e n t is to  s e e  how  fa s t p e o p le  lea rn  to  u s e  a  n e w  ty p e  
of k ey b o ard . T h e  e x p e rim e n t c o n s is ts  of o n e  in tro d u c to ry  s e s s io n  a n d  te n  
p ra c tic e  s e s s io n s .

In th e  in troducto ry  s e s s io n  you will lea rn  how  to  u s e  th e  k e y b o ard . T h is  will 
ta k e  a p p ro x im ate ly  o n e  hour, p o ss ib ly  longer. Y ou will no t b e  p a id  for th e  
in troducto ry  s e s s io n .

T h e  p ra c tic e  s e s s io n s  c o n s is t  of tex t en try  with th e  k e y b o a rd  for 
a p p ro x im ate ly  o n e  h o u r (with th re e  b re a k s) . You will b e  p a id  £ 1 .5 0  a t  th e  e n d  
of th e  hour.

if you a tte n d  ail th e  s e s s io n s  you will b e  g iven  a  b o n u s  of £ 1 5

In o rd e r  to  d o  th e  e x p e rim e n t you  n e e d  to  h a v e  e le v e n  d a y s  in w hich  yo u  c a n  
c o m e  to  th e  Q u e e n  M ary a n d  W estfie ld  C o lleg e  c a m p u s  on  Mile E nd  R o ad . 
T h e  d a y s  to  now  h a v e  to  b e  in a  row, b u t you  sh o u ld  c o m e  a t le a s t  o n c e  
ev ery  th re e  d a y s . T h e  e x p e rim e n ts  ta k e  p la c e  in R oom  E 2 0 0  of th e  m ain  
build ing .

If you still w an t to  ta k e  p a r t in th e  ex p erim e n t, p le a s e  fill o u t th e  follow ing 
q u e s tio n n a ire . T h is  will d e te rm in e  if you  will b e  a  v iab le  su b je c t.  M ore p e o p le  
h a v e  r e s p o n d e d  th a n  I n e e d  s o  se le c tio n  will b e  d o n e  b a s e d  o n  y o u r a n s w e rs  
a n d  w h o e v e r  rep lie s  first. I will g e t b a c k  to  you a s  s o o n  a s  I c a n  to  s c h e d u le  
tim e s  fo r th e  e x p erim en t.

T h an k  you  for y o u r tim e.

B ob R o se n b e rg  

bob @ dcs.qmw.ac.uk
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Figure D.2: The Preliminary Questionnaire: Page 1

Preliminary Questionnaire for the Glove 
Text Input Experiment

N am e:
For record keeping only

N ative L a n g u a g e :
People who are not proficient in English may have a harder time performing 
the ta.sks in the experiment.

S ex : ( M ale /  F em ale )

Do you w e a r  g la s s e s  o r c o n ta c t l e n s e s ?  (Y es /  No)

A re you right o r left h a n d e d ?  (R ight /  Left)

The.se are asked to help answer any 
anomalies in the subject’s perfor­
mance

H av e  you  e v e r  e x p e r ie n c e d  an y  repe titiv e  s tra in  injury in 
y our h a n d  o r a rm ?
(for example: tendonitis, carpal tunnel syndrome, etc)

(Y es /  No)

Left handed.subjects cannot be used be­
cause the glove is built fo r  the right 
hand only

This is to help accountfor mu.scle .strain 
measurements

A re you e x p e r ie n c e d  a t  a n y  m u sica l in s tru m e n ts?  (Y es /  No) 
If yes: Which ones and how well do you know them?

Knowledge List instrum ent Here
1. V a g u e  k n o w led g e
2 . . . .
3. C a n  p lay  a  few  tu n e s
4. ...
5. P ro fic ien t

Do you  know  (e v en  rem otely ) a n y  s ig n  la n g u a g e s ?  (Y es /  No) 
Which ones and how well?

Knowledge List Languages Here
1. A few  w o rd s  o r le tte rs
2 . . . .
3. E n o u g h  to  g e t  by
4. ...
5. F lu en t

These are to 
help answer 
any possible  
anomalies in 
the learning 
rate.
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Figure D.3: The Preliminary Questionnaire: Page 2

How e x p e rie n c e d  a re  you  a t  typ ing  on  a  norm al (Q W ER TY ) k e y b o a rd ?
How experienced? tick one

0. Never used one 0

1. Hunt and peck 1

2. A few tim es per week 2

3. Enough to get by 3

4. Some touch typing 4

5. Very good at touch typing (over 100 wpm) 5

Subjects should 
not have too 
much expe­
rience on a 
QWERTY 
keyboard

G ive a n  ap p ro x im atio n  of how  fa s t  you c a n  ty p e  (in w o rd s  p e r  m inute)

How o ften  d o  you  ty p e  o n  a  k e y b o a rd ?

This is to com­
pare with their 
chording speed

How often? tick one

0. Never 0
1. A lm ost n e v e r 1
2. A few  tim e s  p e r  w e e k 2
3. L e ss  th a n  5 h o u rs  to ta l in o n e  w e e k 3
4. At le a s t  o n e  h o u r p e r  d a y 4
5. S e v e ra l h o u rs  p e r  d a y 5

This is to help 
answer ques­
tions relating to 
typing injuries

H av e  yo u  e v e r  u se d  a n  a lte rn a tiv e  k e y b o a rd ?
(e.g. Dvorak, Microwriter, Apple Adjustable Keyboard, Newton, etc.) (Y es / No)

Knowledge List Keyboards here
0. N ev er
1. A lm ost n e v e r
2. A few  tim e s  p e r  w e e k
3. L e s s  th a n  5 h o u rs  to ta l in o n e  w e e k
4. At le a s t  o n e  h o u r p e r  d a y
5. S e v e ra l h o u rs  p e r  d a y

Subjects 
with ex­
perience 
on chord 
keyboards 
should not 
be used
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Figure D.4: The Daily Questionnaire

Input Experiment

Do you have any pain in your hands or arms?
1. No pain at all 1
2. ... 2
3. Somewhat sore/tired 3
4. ... 4
5. Very sore/tired 5

Muscle strain

Do you feel you have chorded too much, or could you chord for longer?
1. Too much 1
2. ... 2
3. Just about right 3
4. ... 4
5. Could continue for longer 5

What did you like best about chording?

Fatigue

User preferences

What did you like least about chording?

User preferences

find chording more or less comfortable than typing?
1. Much less comfortable than typing 1
2. ... 2
3. The same as typing 3
4. ... 4
5. Much more comfortable than typing 5

Do you find chording more or less comfortable than writing?
1. Much less comfortable than writing 1
2. ... 2
3. The same as writing 3
4. ... 4
5. Much more comfortable than writing 5

Given the opportunity, would you want this for personal use?
1. Never! 1
2. ... 2
3. I’d use it sometimes 3
4. ... 4
5. I’d definitely want it 5

User preferences

User preferences

User preferences
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D.2 The Tutorial
The following is the chord keyboard tutorial. This includes the handouts, programme and the script for

the experimenter. An arrow (— >•) appears whenever the subject is prompted for a response.

The subject is handed two papers. The first is the keymap (Table 4.1 ). The second is the list o f chords

based on hand motions (Figure 3.4).

Experimenter: This is a tutorial to help you learn to type using chords. This is called chording. Feel free 

to ask any questions you may have as we go along. A chord is made by simultaneously pressing 

one or more fingers against a surface. The combination of fingers determines what letter is typed.

Experimenter: This (point to 1st paper) lists all the chords. The first column is the finger combination. 

A filled dot means the finger is pressed. An empty dot means the finger is not pressed. The rest of 

the columns show which chord is made, depending on which shifts are on.

Experimenter: The shift keys are located on the side of the index finger, (point) Pressing a shift will turn 

it on for the next one letter typed. Pressing the shift twice, rapidly, (like double-clicking a mouse) 

will lock the shift on. The shift will then stay on until pressed again. There are two lights by each 

shift which tell you the state. No lights, mean the shift is off, the green light mean it’s on, but only 

for the next letter. If the red light is on, the shift is locked. Note that the shift does not turn off when 

you type <Space>, <BackSpace>, or <Return>.

Experimenter: The third button on the side of the index finger operates the help window (point). While 

the button is pressed the help window will be open. You don’t need to use this for the tutorial unless 

you really want to, as you have this (point to 1st paper) to look at. During the experiment you won’t 

have this, so you will have to use the help button.

Experimenter: When the first shift is on, the glove is in the upper case mode. All letters will be capi­

talised. <Space>, <BackSpace>, <Return>, <Period>, and <Comma> are unaffected. 

The second shift turns on the number and math mode. All the letters are turned into number and 

mathematical symbols such as <Plus> and <Minus>. Note that <Minus> is the same as 

<Hyphen>. When both shifts are on together the glove is in punctuation mode. This is all the 

punctuation keys that are above the numbers on the normal keyboard.

Experimenter: This (point to 2nd paper) lists all the chords which are similar in shape to the letters they 

make. You will use this in the tutorial. Practice using the glove until you feel you are ready to start 

the tutorial. Experiment with different hand positions, such as flat horizontal (show) or vertical 

(show).TeW me when you are ready, (experimenter must press <Escape> on the keyboard to 

continue with the tutorial)

Experimenter: In the tutorial you will be asked to type all the characters, followed by one or more short 

phrases. When you are done with each line press <Return>. Remember to type exactly what 

it tells you. It may not left you continue until you get the line correct. You will know this has 

happened, when you press return and nothing happens. Any questions before you begin?
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******** The Basic Chords ********

In this section you will be introduced to the basic chords and 
how to use them to make lower case letters.

Using the chord list as your guide, type the following chords: 
space, backspace, and return

Now type full stop (period) and comma. Note that the comma is the same 
chord as the full stop, with the thumb added.
Press return when you are done.

The word 'the' is very common. It can be easily made by pressing 
the first 3 fingers in order: index, then middle, then ring. 
Type the word: the

******** The Basic Chords ********

In this section you will be introduced to the basic chords and 
how to use them to make lower case letters.

Using the chord list as your guide, type the following chords: 
space, backspace, and return

Now type full stop (period) and comma. Note that the comma is the same 
chord as the full stop, with the thumb added.
Press return when you are done.

The word 'the' is very common. It can be easily made by pressing 
the first 3 fingers in order: index, then middle, then ring. 
Type the word: the



D.2. The Tutorial 167

Experimenter: Use this (point to 2nd paper) for this part of the tutorial.

There are several chords that form the fingers into similar shapes to
the letters they represent. Some of these chords are based on sign language
Use the chord shape list you were given as a reference.
Type the following letters a few times each and press return:

c shaped like c

shaped like F

shaped like i, as in sign language

all the fingers are in a line, they're shaped like 1

shaped like m

shaped like n

shaped like r

y shaped like y, as in sign language

Now type the sentence :
let their chimney fly. (Don't forget the full stop!)

Referring to the chord list, type the letter s
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Now type the sentences : 
this is it.

let their chimney fly.

Type the letters a and d:

Now type 
and

this and that

let their chimney fly.

this is it.

Type the letter g

Now type : 
ing

Note that 'ng' is formed by the first two fingers(index and middle] 
followed by the second two fingers (middle and ring).
Type again: ing

Now type : 
thing
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this and that thing 

let their chimney fly.

The letters o, b, and p, are formed using similar chords. 
Type three times : obp

Now type 
bop

this and that thing

let their chimney fly.

bop

Experimenter: Use this (point to 2nd paper) for the next part of the tutorial.

There are three letters similar to the letter u: 
u, w, and v.

The chords for these letters are also similar. Also note that the 
chord for u is shaped like a U made of the index and little fingers

Using the chord shape list as a reference, type a few times each: 
u

w (like u + the thumb)

(like u + the ring finger)
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f o u r  w i v e s

vipers usually wobble, 

this and that thing 

let their chimney fly.

four wives

Now type the letters x, z, k, j ,  and q, three times each, 
Note that z is just s + the little finger, 
also note: q is u plus the middle finger.

Type :
six joke quizzes

vipers usually wobble

this and that thing

let their chimney fly.

four wives bop.

the quick brown fox jumps over the lazy dog,
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Congratulations! You are now over the hard part 
Rest for a moment, then press return to continue

******** The Shift Modes ********

In the last section you learned all of the basic chords and characters 
that are listed in the first and second columns of the chord list.
Now you will learn about the next three columns : 
caps (upper case), number, and punctuation modes.

There are two shift keys: caps and number.
Pressing a shift key once turns it on for the next one character typed.
Pressing it twice rapidly, locks it on for all characters typed.
When the shift is on, pressing it once turns it off.

The third column in the chord list shows which characters will be 
generated by each chord when caps is on.

Press return to continue.

******** The Caps Mode * * * * * * * *

Press the caps key once. A green light should turn on next to it. You 
have now set the caps mode. The next one character you type will be 
capitalised.

Type the sentence:
Let Their Chimney Fly.

Press the caps twice in rapid succession. A red light should turn on. 
This means that caps are locked.
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Type the sentence: 
THIS AND THAT THING

To exit the caps mode, press the caps key once. Note that light turns off 
when you exit the mode.

Important: Return, space and backspace are unaffected by the shift keys. 
If the shift key is pressed once, it will stay on until a key other than 
return, space, and backspace are pressed. Also, the full stop and comma 
are unchanged by the caps key.

Press return to continue.

******** The Number Mode ********

The number key works in the same way as the caps key.
The fourth column in the chord list shows the characters generated by
the chords when the number key is on.
(note that the full stop and comma are unchanged by the number mode)

Double press the number key to lock on the number mode.

The numbers 1-4 are made in this mode by using the first four fingers 
Type the following numbers five times each:
1 (index finger)

2 (middle finger)

3 (ring finger)

4 (little finger)
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The numbers 5-8 are just the first four fingers, plus the thumb, 
Type the follwing numbers five times each:
5 (index finger + thumb)

(middle finger + thumb)

(ring finger + thumb)

little finger + thumb)

Type the following numbers five times each: 
9 (index finger + middle + thumb)

index finger + middle + ring + thumb)

Type :
1 2 3 4 5 6 7 8 9  10

The number mode also contains mathematical symbols. Some of them 
are based on letters. These can be used as mnemonic devices. 
Type the following five times each:
+ P for Plus

M for Minus

X for multiply or B for By.
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/  D  f o r  D i v i s i o n

- L for equaL

K for Karat

Type :
2 . 7  + 9 , 0 0 0 / 4 5  -  2^6  = 1 3 8 . 7

Parentheses are made in the number mode by:
( first two fingers (index and middle)

second two fingers (middle and ring]

Square brackets are made by:
[ (index and little fingers)

] [ + thumb (index and little + thumb)

type : 
( ) ( ) ( ) ( ) [ ] [ ] [ ] [ ] [ ]

Turn off number mode by pressing the number key once, and rest for a moment

Press return to continue.

******** The Punctuation Mode ********
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Punctuation mode is made by having both the caps and number modes on at the 
same time.
Double press caps. Now double press number.
Note: they can be pressed in either order.

Full stop and comma can NOT be made in this mode. The full stop becomes colon 
and comma becomes semicolon. Return, space and backspace remain unaffected.

Type colon and semicolon:

Experimenter: Use this (point to 2nd paper) for the next two characters.

There are three quote characters: ' (the apostrophe, single quote, or close
quote), " (double quote), and ' (backwards quote or open quote).
Using the chord shape list as a reference, type the following:
' (index finger)

" (index + middle)

index + middle + thumb)

The rest of the punctuation chords in this mode correspond to letters 
Again, this can be used mnemonically.

Type the following five times each:
! E for Exclamation point

S for dollar sign

P for Pound sign

L for Less than
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>  G  f o r  G r e a t e r  t h a n

& A for And

I O for Or (as in the c programming language)

% C for percent

I for Inquiry or Q for Question

Y for wigglY

H for Hat - (Hat rhymes with 'at

There are also punctuation chords based on the number chords :
For example, both * and " are the same chords in both punctuation 
and number modes.

Type the following five times each:
* X for multiply or B for By.

K for Karat

{ like [

} like ]

like - (Minus)
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\ like / (Division)

Turn off punctuation mode by pressing the caps and number keys once

Press return to continue

******** Revi ew ********

Type the following:

I said, "Hello world! I have 16 oranges

six joke quizzes

Vipers usually wobble

this and that thing

2.7 + 9,000/45 - 2"6 = 138.7

Let their chimney fly.

Four wives b o p .

The Quick Brown Fox Jumps Over The Lazy Dog I
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** * * * * * C o n g r a t u l a t i o n s !  You a r e  f i n i s h e d ! * * * * * * *

The experimenter presses <  Es c a p e  >  on the keyboard to exit the tutorial.

D.3 The Chording Sessions
The chording sessions consisted of text entry trial and data entry trials. The text entry trials used the text 

from the hook A lice’s Adventures in Wonderland. One subject managed to get as far as the third paragraph 

of Chapter Three (399 lines).

The data entry text was mostly tabular stock market data. The intent was to use characters in the 

Number mode, with occasional switching to punctuation and text. The furthest any subject achieved was 

158 lines. The first 158 lines of the data entry text follows:

162 . 31 + 3 ,. 15 159 ,. 55 162 ..32 159 ,. 55

471 . 23 + 4, .12 467 .. 48 471. .48 467 ,. 48

399 ,. 51 + 3 ,. 6 6 396 .. 00 399. . 80 396 . 00

448, . 62 + 0.. 58 448 .. 04 449 ..13 448 ,. 00

263 ,. 98 - 0 . .69 264 . . 63 264. .89 263 ,. 76

94, . 32 - 0 . . 31 94. . 32 94. .32 94, . 32

99 ..13 - 0  .. 25 99 ..13 99 .. 13 99 ..13

89 .. 51 - 0  ., 12 89. . 51 89. .51 89. . 51

12 7 7 . . 22 + 8 ..87 1267 ..78 1278 ..72 1267 . . 78

3 8 2 9 . .73 +28. . 26 3798  .. 10 3833 . .43 3798 .. 10

148 4  .. 84 + 12 .. 58 1472 .. 03 1486 ..24 1472 ..03

177 .. 30 + 0 ..59 176 .. 84 177 ..76 176. ,71

7 1 0 . . 24 + 0 ..46 709 ., 64 711 . .02 708 .. 50

7 6 8 . .18 + 6. .06 763 ..61 7 68 . .18 762 ..12
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8 9 0 . 14 + 0. 42 8 9 0 . 20 8 9 0 . 47 8 8 8 . 59

I l l .24 + 4. 14 773 . 69 I l l . 30 773 . 69

9 0 1 . 92 - 3  . 86 9 0 6 . 40 906 . 52 9 0 0 . 53

6 8 1 . 00 - 0 . 17 6 8 1 . 73 6 8 2 . 72 6 7 8 . 96

342 . 05 +2 . 84 339 . 90 342 . 05 339 . 21

719 . 47 - 0 . 67 7 2 0 . 14 7 2 1 . 38 718 . 79

2 5 4 . 79 + 1 . 54 253 . 25 2 5 4 . 94 253 . 25

2 0 0 . 51 4- 0 . 95 1 9 9 . 56 2 0 0 . 60 199 . 56

3 2 2 . 81 +2 . 19 3 2 0 . 62 3 2 2 . 97 3 2 0 . 62

2 2 7 . 08 + 0. 09 2 2 6 . 99 2 2 7 . 61 2 2 6 . 67

2 0 0 . 13 H-1 . 17 1 9 8 . 96 2 0 0 . 26 1 9 8 . 96

433 . 54 -^3 . 07 4 3 0 . 52 433 . 97 4 3 0 . 52

4 6 5 . 94 -h3 . 59 462 . 32 466 . 30 462 . 32

2 5 0 . 39 4-1 . 01 249 . 58 2 5 0 . 39 249 . 57

2 8 2 . 20 + 1 . 06 2 8 1 . 17 2 8 2 . 21 2 8 1 . 17

2 0 8 9 . 29 + 1 0 . 94 2 0 8 6 . 75 2 0 9 4 . 30 2 0 8 6 . 75

9378  . 92 + 1 1 . 07 9363 . 44 9397 . 42 9 3 3 4 . 89

3095 .3 + 19 . 4 3076 .9 3095 .3 3069 .5

2 4 8 6 . 6 4 0 - 4 0 . 3 50 526 . 990 2 5 4 0 . 3 80 2 4 8 4 . 9 00

1 9 4 1 . 08 - 7  . 27 1 9 4 0 . 27 1 9 4 6 . 64 1927 . 64

2 3 2 6 . 94 + 4. 35 2322  . 59 2 3 3 3 . 31 2 3 2 2 . 59

1926 . 5 + 0 . 0 1926 . 5 1926 .5 1926 .5

1 9 2 6 1 . 45 - 2 2  . 91 1 9 2 4 6  . 45 1 9 2 9 8 . 96 1 9 1 1 5 . 72

1705  . 15 - 3  . 45 1709  . 90 1 7 1 4 . 41 1705 . 15

1 4 , 6 5 9 , 3 0 0 31 1 / 4 - 1 / 8

2 3 , 2 5 8 , 6 0 0 48 7 / 8 +2 7 / 8

3 2 , 9 7 8 , 9 0 0 52 1 / 4 - 1 1 / 4

4 2 , 9 0 1 , 2 0 0 23 1 / 2 - 1 / 8

5 1 , 9 2 8 , 7 0 0 62 1 / 2 +1

6 1 , 9 0 8 , 9 0 0 29 + 1 / 2

7 1 , 8 5 0 , 1 0 0 20 3 / 8 - 1 / 4

8 1 , 8 3 3 , 3 0 0 15 5 / 8 - 1 / 2

9 1 , 8 0 9 , 2 0 0 38 3 / 4 + 1 / 8

10 1 , 7 8 2 , 2 0 0 16 1 / 4 0

11 6 , 1 7 3 , 8 0 0 33 3 / 4 + 3 / 4

12 3 , 8 7 2 , 3 0 0 69 1 / 4 +7 7 / 8

13 3 , 6 7 8 , 8 0 0 46 5 / 1 6 - 2 1 / 1 6
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14 3,045,100 64 1/2 + 2 1/4
15 2,861,900 74 1/4 + 2 3/4
16 2,347,400 62 1/4 + 1 5/8
17 2,297,500 23 1/8 + 3/8
18 2,213,800 22 1/8 + 1/2
19 1,868,800 44 1/8 + 1
20 1,336,400 39 5/8 + 3/4
21 667,900 33 + 1 3/4
22 481,100 8 3/8 + 1 3/8
23 437,700 33 1/4 + 3/4
24 427,800 4 1/16 + 9/16
25 422,000 8 7/8 + 1/4
26 344,400 8 + 1/8
27 287,500 40 3/4 + 3/4
28 252,700 20 5/8 + 3 1/4
29 1,858,800 26 5/16 - 5/16
30 250,300 3 7/8 - 3/16
*****

London Gold $385.10 -0.15 385.25
New York Gold $384.50 -0.5 385 . 00
Fed Funds Rate $5.75 +0.875 4.875
UST 3m Bill Rate $5.27 + 0 . 03 5.24
UST 6m Bill Rate $5.69 -0.02 5.71
UST ly Bill Rate $6.11 + 0 .08 6.03
UST 3y Note % Yield $7.36 -0.05 7.41
UST 5y Note % Yield $7.65 -0.05 7.70
UST lOy Note % Yield $7.93 -0.06 7.99
UST 3 Oy Bond % Yield $8.08 -0 . 07 8.15
*****

4.500 4.125 4.375 808 +58% +0.125 (+3)
17.375 16.875 17.125 4379 +56% -0.125 (-1)
24.750 24.250 24.375 1365 +133% -0.375 (-2)
31.625 31.250 31.250 55511 +215% -0.125 (-0)
27.875 27.250 27.875 3132 +63% +0.500 (+2)
10.375 9.875 10.125 8254 +78% +0.125 (+1)
60.250 59.250 60.000 14542 +72% +1.000 (+2)
5.250 4.875 5 . 000 419 +56% -0.125 (-2)

43.875 42.875 43.875 3167 +64% +1.000 (+2)
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13 .125 12.625 12.875 749 + 109% -0.250 (-2)
6 . 625 6.250 6.625 4054 + 116% +0.375 (+6)

48.750 47.375 48.750 38735 + 86% +2.750 (+6)
39 .125 38.750 38.750 7346 + 177% -0.625 (-2)
9 . 875 9 . 000 9.625 2347 +220% +0.250 (+3)

12.750 12.375 12.500 514 + 147% -0.125 (-1)
31.250 30.750 31.250 18245 + 56% +0.500 (+2)
38.375 38.000 38.000 6532 + 66% -0.500 (-1)
8.375 8.125 8.250 3921 + 653% +0.000 (+0)

16.250 15.625 15.625 21744 + 73% -0 . 500 (-3)
9 .125 8 . 875 9.125 475 + 303% +0.250 (+3)

60.125 58.000 59.500 3527 + 55% +1.500 (+3)
30.500 30.000 30.250 1188 + 101% +0.375 (+1)
23.750 23 . 000 23.250 9514 + 64% + 0 . 000 (+0)
23.250 23 . 000 23.125 646 + 873% +0.250 (+1)
29.375 28.875 29.250 11287 + 56% +0.000 ( + 0)
30.125 29.750 30.000 2273 + 106% +0.250 (+1)
57.375 56.125 57.250 7054 + 69% +0.375 (+1)
38.000 37.000 37.375 5831 + 87% -0.750 (-2)
50.875 49.875 50.750 3467 + 63% +1.250 (+3)
51.875
*****

51.375 51.750 10027 + 60% -0.062 (-0)

exa E 10^18 10-36 1 0 - 5 4

peta P 10^15 1 0 - 3 0 1 0 - 4 5

tera T 10^12 10-24 10-36
giga G 10"9 10-18 10-27
mega M 10-6 10-12 10-18
hectokilo hk 1 0 - 5 10-10 10-15
myria ma 1 0 - 4 10-8 10-12
kilo k 1 0 - 3 10-6 1 0 - 9

hecto h 10-2 1 0 - 4 10-6
basic unit 1 meter, 

1 gram,
1 liter

1 meter-2 1 meter -3

deci d 10--1 10--2 10--3
centi c 10--2 10--4 10--6
m i n i m 10--3 10--6 10--9
decimilli dm 10--4 10--8 10--12
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centimilli cm 10^-5 10 " - 1 0 10"-15
micro u 1 0 " -6 10 " -1 2 10"-18
nano n 10^-9 10 "-18 10"-27
pico P 1 0 ^ -1 2 10 "-24 10"-36
femto f 10^-15 10 "-30 10"-45
atto 
* * * *

a 10^-18 10 "-36 10"-54

28.750 28.500 28.750 5985 + 99% +0.250 + 1)
34.875 33.250 34.875 2916 + 68% +1.625 + 5)
33 . 625 33.250 33.500 2913 + 82% -0.125 -0)
5 . 875 5.500 5 . 875 529 + 55% +0.250 + 4)

46 .750 44.625 46.750 1761 + 55% +2 . 375 + 5)
8.250 7.750 8 .0 0 0 4987 + 160% +0.125 +2)

46.875 44.875 45.250 15515 + 175% -1.500 -3)
59 .250 58.750 59.000 8571 + 138% -0.500 -1)
2.625 2.375 2.500 1902 + 153% -0.125 -5)

56.250 55.500 56.250 1279 + 44% +0.750 + 1)
51.375 50.625 51.250 12806 -15% + 0 . 875 + 2)
74.500 73 . 875 74.125 6323 + 27% +0.375 + 1)

1 . 812 1.500 1 . 688 2264 + 13% + 0 .125 + 8)
22.375 21.875 22.125 522 + 46% -0.250 -1)
29.375 28.875 29.250 11287 + 56% +0.000 + 0)
41.375 39.500 40.250 468 + 180% -0.500 -1)
31.625 30.625 31.250 9569 + 87% -0.125 -0)
31.750 30.750 31.250 2501 + 605% +0.000 + 0)
19.625 19.500 19.625 101 + 111% +0.000 + 0)
10.500 1 0 .0 0 0 10.500 288 + 90% +0.062 + 1)
35 . 000 34.250 34.375 2141 +259% -1.625 -5)

8 . 000 7.250 7.562 696 + 58% -0.438 -5)
10.750 10.375 10.500 255 + 132% -0.250 -2)
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Fitts’ law requires IF to be a one-dimensional term. In the performance experiments, IF needed 

to be derived from a two-dimensional button. It was decided to use a method described by MacKenzie 

(MacKenzie, 1992) which the span of the rectangle across the direction of the approach vector is used.

E,.i

P

Figure E. 1 : The button and the approach vector

The position of the pointer at the start of the task is point P . The centre of the button is point B. The 

approach vector A is defined as;

A =  B - P  (E.l)

The point is the point where the vector A intersects the rectangle. The point p  can be found by 

using the Cyrus-Beck clipping algorithm (Foley et ah, 1990), which is described as follows: 

p is a function of the parameter t such that:

p(7) =  P  -t- /A . (E.2)

Ej is any arbitrary point on edge i and n, is the outward normal vector for that edge. This yields:

f i , - ( p ( 7 i ) - E i )  =  0 (E.3)

where ti is the value of the parameter t where it intersects edge i. This can be solved for ti by:

n, - { P +  t i A - E ^ )  =  0 (E.4)

Ui • (E( — P) =  iij ■ t i A  (E.5)

and finally.

ti =
IF ■ (E, -  P]

lîi A
p is then chosen from the smallest defined value of ti between 0 and I, yielding:

(Eh6)

IF =  2|B -  p | (E.7)
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The neural network used in the Biofeedback Pointer is simple perceptron which uses the EMG spec­

tra as input, and outputs a two-dimensional position vector. In this appendix we will show the derivation 

of the equations used to calculate the weights for the neural network.

F.1 Definitions
The input data S  is a set of N  frequency spectra

S =  (so .. . SN- i )  (F.l)

Each frequency spectrum is an array consisting of B  bins.

Sj   (ë; Q . . . 5; ) (F.2)

In order facilitate manipulation of the data, it can be converted to the linear array a  of #  4- B  -t-1 points 

so that

a  =  (1, so.o • • • si,o • • • Si j  . . .  .s n - i ,b - i ) (F.3)

The leading I in a  is to allow for an offset value for the weights.

There is a set of test points (x, y) where ( xi , yi )  is the zth test point associated with the zth input

data a*. There is a set of weights and Wy which, when applied to each a* yield a set of points (%-, y-)

which are as close as possible to original points. In other words:

Xi ^  x\ =  w ja j o r  x  w x' =  w j a  (F.4)

Vi % y'i -  w ja j o r  y  «  y' =  w j a  (F.5)

where a  is the matrix generated from all a ,.

The errors €x and ey are defined by

€x =  X -  x' (F.6)

Cy =  y -  y' (F.7)

In order to find the best value for the weights we want to minimise the errors. We can solve exactly 

for the weights which minimise the errors by a method very similar to a linear least squares fit.

F.2 Derivation
Since the equations for the error are equivalent and independent, we can examine the x case to derive 

both equations. Dropping the x subscripts for now, we find the error squared is:

=  ( x - x ') 2  (F.8)

=  ( x - w '^ a ) 2  (F.9)

= w'^(aa'^)w -  2(xa" )̂w (F.io)



F.2. Derivation 187

We then define R  =  8lsJ  and q  =  Note that R  is independent of x . Replacing the terms in 

the Equation F. 10 we get:

+  w ^ R w  — 2qw  =  ^(w ) ( F l l )

Where # i s a  function of w  which we need to minimise to find the best values for w. This is done by:

N-i-B / \
V ^ ^  =  2 R w - 2 q  (E12)

We define the w* as the array which makes Equation F.12 equal to zero.

2 R w * - 2 q  =  0 (F I 3)

Rw* =  q  (F14)

w* =  R " \  (F.l 5)

Which for both x  and y  becomes:

w* =  R  'q ,  (P. 16)

w ; =  R “ ‘q„ (F.17)

Solving these equations is easily done by well established methods. The Singular Value Decomposition

method described in Press et al. (1992) was used for the Biofeedback Pointer.
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G.1 The Physiological Amplifiers
The four physiological amplifiers are custom-made and designed specifically for reading the EMG. Each 

one is contains the amplification hardware (see Section 3.3.3) and is encased in a hard epoxy resin, ap­

proximately 4.5cm long and 1.5cm wide. On the bottom side of each physiological amplifiers are two 

connectors spaced 2.54cm apart. The specifications for these amplifiers is detailed in Table G. 1.

Table G .l: Physiological Amplifier specifications

Input Impedance lOGf^

Input Offset Limit ±350mV

Overall Gain xlOOO

Noise S p Y  p-p

Frequency Response 16Hz- 1.6kHz

Common Mode Rejection >  lOOdB

Current Protection Limit < 500//A

Supply Voltage ±4.5V

Amplifier Current 3mA
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G.2 The Analogue-Digital Converter
The analogue-digital converter used was a Pico ADC-11 (Pico Technology LTD, n.d.). The specifications 

are described in Table G.2 and the pin connections to the EMG amplifier are described in Table G.3.

Table G.2: Specifications for the Pico ADC-11
Resolution 10 bits

Number of input channels 11
Input voltage range 0-2.5V

Maximum sampling rate max 18k samples per second

Repeatability ±1 at25°C

Input overvoltage protection ±30V

Input impedance > m n
Digital output voltage typically 3-5V, depending on com­

puter and load

Digital output impedance approx. l-2kQ  depending on type of 
computer

Input collector 25 way female D-type

Output collector 25 way male D-type (connects to PC 
printer port)

Table G.3: Output pin connections for the ADC-11

Pin Function Use
1 Digital output /  voltage output unused

2 Signal ground ground

3 Analogue input channel 1 EMG 1
4 Analogue input channel 2 EMG 2

5 Analogue input channel 3 EMG 3

6 Analogue input channel 4 EMG 4

7 Analogue input channel 5
8 Analogue input channel 6

9 Analogue input channel 7
10 Analogue input channel 8 unused
11 Analogue input channel 9
12 Analogue input channel 10
13 Analogue input channel 11

14-25 Unused
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Figure H. 1 : The B iofeedback  Pointer Softw are
A^^EMG Poinlei
F te  iSm m  '

Rwi*

H.1 Introduction
The windows application “EMG Pointer” was written to provide an easy to use graphic interface to the 

Biofeedback Pointer. The primary use of the application is to read the Analogue/Digital converter (ADC) 

and convert the data into pointer motion. In addition the application can train the neural network, run the 

performance test experiment, and perform several diagnostic functions.

The application is a 32 bit Windows 95 application written in Microsoft Visual C++ on a Pentium 

133MHz desktop computer.

H.2 Using the Application
The application is operated by either buttons, pull-down menus, or hotkeys. Information is either dis­

played in the main window, status bar, a pop-up window, or saved to disk as a binary data file.

H.2.1 B utton  control

There are two sets of buttons which control the application. The first is the standard Windows 95 set 

of window control buttons. The upper right corner contains buttons which iconify, maximise and close 

the application. The upper left corner contain the application’s icon which is designed to resemble the 

frequency spectrum of an EMG. Pressing it will display a pull-down list of standard window control op­

erations. The second set of buttons control software specific functions and tire detailed here.

Retrieve a sav ed  neural network file The weights of the neural network can 

be saved as a binary file, for analysis or to be used later. This button reads the hie 

d a t a  .n n t  and stores the weights in a new neural network. If the EMG data is 

being read, the pointer control will start immediately.
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Save  a  neural network In a file This saves the weights of the neural network 

in a hie called d a t a  . n n t .

S ta r t  or s to p  read ing  EMG da ta  This starts or stops the application reading 

the ADC on the parallel port (Section H.3). The data will be displayed in the main 

window (Section H.2.4).

If the pointer has been trained, or the neural net retrieved from a file, the applica­

tion will take immediate control over the pointer. When pressed again the appli­

cation will stop controlling the pointer.

Note that the mouse still works when the application has control of the pointer. In 

this case, either device can be used to control the pointer.

Train the  neural network When this is pressed, the neural network training will 

start immediately. The pointer moves to the centre of the screen and performs sev­

eral motion which the user must follow (see Section 3.3.4 for exact details). Af ter 

the data is collected the programme pauses a short time while the neural network is 

calculated (Appendix F). The network is calculated eight times, with time delays 

ranging from zero to 448ms. The weights with the least error are used in the neural 

network. Pointer control begins immediately upon termination of the calculations. 

It is possible that some the matrixes are unsolvable. If this occurs, no network is 

generated, and no pointer control occurs. The network must be trained again. In 

practice this is an extremely rare occurrence, but it can happen. If this button is 

pressed again while training, the training stops immediately without calculating 

the network.

S ta r t /s to p  recording EMGs When pressed, this causes all EMGs to be saved 

in the file em g. d a t  until the button is pressed again. Every 64ms, the 4 reduced 

spectra of 8 points are saved. This is a diagnostic tool for saving data to be anal­

ysed by external programmes.

f Display applica tion  information This pops up a window displaying the appli­

cation’s name, author and copyright information.
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H.2.2 Menus

There are three pull-down 

File Exit

View Toolbar

Statusbar

Start/End measure­

ments

Train Pointer 

Performance Test

Help About EMG Pointer

H.2.3 H otk eys

menus which can be used to control the application.

— Exits the application

— Hides or displays the buttons.

— Hides or displays the status bar at the bottom on the window.

— Starts or stops reading the EMG data, as above.

— Trains the pointer as described above.

— Starts the performance test which is described in Section 5.2.3. 

There is no button which performs this function, this is to avoid 

problem with subjects accidently pressing it during an experi­

ment.

— Pops up the information window as above.

There are three hotkeys used by the application. Hotkeys are necessary since the application takes control 

over the pointer, and there must be a way to operate the commands with Just keyboard commands.

<Control>-P Start the performance test

<Control>-S Start / Stop reading EMG data

<Control>-T Start/Stop training

H.2.4 Main D isp lay  Area

Figure H.2: The real-time displayed plot for one EMG signal
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The display contains the output of all four EMG amplifiers. Each of the signals is displayed in three 

ways, as shown in Figure H.2. These are all used for diagnostic purposes, and have no effect on the run­

ning of the application. These are displayed primarily to let the operator know if anything has gone wrong. 

Problems such as broken equipment, loose electrodes, weak batteries, and the like are fairly evident just 

by observing the display.

The first graph is a plot of the entire power spectrum. This is generated by the square of the absolute 

value of the fast fourier transform (EFT) of the EMG signal. This is displayed downward so as to not 

interfere with the other two graphs. This is used to determine the strength of the signal, which is especially 

useful when attaching the electrodes.

The second graph is the spectrum, rebinned down to 8 points. These are the values fed into the neural 

network.

The third graph is a plot of the integral of the spectrum over time. The 16 values correspond to the 

last 1.024 seconds. This plot shows that the wrist was recently extended and then relaxed. The horizontal 

and vertical offset is to enable the plot to be clearly differentiated from the others.

H.2.5 Status Bar
The status bar displays the current state of the application to the user. In the lower right it displays the 

shift states of the device (this has no effect on the application). The lower left displays text information 

to the user such as the purpose of a button or comments like “Pointer training will start immediately”.

H.3 Internal Processes
When the EMG reading is started, a regular timer event is registered. This tells the window manager to 

call the TimeProc function every millisecond. This function reads the ADC and stores the value in an 

array. In addition, every 64th call, a copy is made of the entire array, and a message is sent to the operating 

system to tell it to update the pointer. Updating is done in a separate procedure with a copy of the raw 

data to allow the millisecond timing to run in parallel without any interference .

When the window manager receives the message to update the pointer it calls the showData func­

tion. This function calculates the square of the absolute value of the complex EFT of the data. The DC 

components of the power spectra are removed to avoid problems with signal drift. The spectra are then 

rebinned down to 8 points each. The full spectra, rebinned spectra, and the sum over each spectrum are 

then displayed in the main window.

If the pointer is being trained, the position and the 4 reduced spectra are saved for later calculations. 

If the pointer has been trained successfully, the 4 reduced spectra are fed into the neural network to receive 

the raw (z, y) position. This value is scaled by Equation 3.9 and added to the current position of the 

pointer.

This process is repeated until the data reading is turned off.
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