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14.1 Introduction 
People with motor impairments, such as those caused by muscular dystrophy, cerebral 
palsy, Parkinson's disease, or spinal cord injuries, often cannot use a conventional mouse 
and keyboard. They may lack sufficient mobility to reach for these devices, sufficient 
dexterity to operate them or switch between them, or sufficient endurance to use them 
for more than a few minutes. However, many of these users have other input devices 
already at hand. Examples are joysticks and touchpads, which are found on many power 
wheelchairs, and trackballs, which are often preferred to desktop mice by people with 
low dexterity or limited motion (Fuhrer and Fridie, 2001}. This chapter presents our 
work on adding text entry capabilities to joysticks, touchpads, and trackballs so that 
they may be used as integrated devices for both mouse control and text entry. In so 
doing, we aim to reduce the need for multiple devices, free a person's environment from 
device clutter, and remove the need to switch among different devices when controlling 
a computer. We specifically focus on providing gestural text entry in an effort to move 
away from the tedious and visually taxing experience of using an on-screen keyboard. 

Motor impairments caused by neuromuscular disorders, injuries, or diseases 
manifest themselves in different ways. Accordingly, they affect people's ability to 
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use computers differently. For example, users with muscular dystrophy (MD), who 
number about 250 000 in the United States, suffer from degenerative voluntary 
muscle control (Myers et al., 2002). Accordingly, MD results in reduced strength, 
limited endurance, reduced flexibility, and slowed movements (Sears and Young, 
2003 ). However, it does not often result in tremors or spasms. Thus, many users 
with MD remain relatively accurate in their fine motor skills, although they are 
slow and prone to rapid fatigue. 

In contrast, people with cerebral palsy (CP) may suffer from spasms or 'intention 
tremors' that often magnify as they reach for objects or attempt to acquire targets 
(e.g. with a mouse or stylus). They may have a more difficult time using their fine 
motor skills than people with MD, and may also suffer from a compromised ability 
to speak, which reduces the utility of voice recognition systems for these users. 

Other sufferers of tremors are people with Parkinson's disease (PD), which 
affects over 1 % of the population aged 65 and over (Sears and Young, 2003). 
Resting tremors are common, as are stiff muscles and limited flexibility. Difficulty 
controlling voluntary movements often sets in as the disease progresses. Like with 
CP, speech impairments are also common, limiting the extent to which voice recog­
nition software may be used. 

People with spinal cord injuries (SCI) are also targets for this work. Spinal cord 
injuries differ depending on the position and severity of the injury. Paraplegics with 
SCI, for example, may be able to use computer input devices (e.g. trackballs) with 
their hands, but often with reduced dexterity, strength, and endurance. These users 
often cannot use a desktop mouse, since shuttling the mouse across the surface of a 
desk requires the elevation and suspension of the forearm and wrist. They also may 
not be able to use a physical QWERTY keyboard, since the ability to control the fin­
gers is compromised. Usually SCis of this sort are the result of trauma at the C6 level 
or lower (i.e. C6-C8, or Tl) (Sears and Young, 2003). 

Other motor impairments relevant to this work include/ repetitive stress injury 
(RSI) and arthritis. These ailments may benefit from alternative forms of text entry 
with devices that do not exacerbate pain, discomfort, or fatigue. For example, track­
balls are popular among sufferers of RSI because they do not aggravate the forearm 
and wrist muscles in the same way that desktop mice do. 

As this chapter will show, our approach to adding text entry to joysticks, 
touchpads, and trackballs takes into account the limitations of these user groups 
by providing a more accurate, physically stable means of entering text. The core 
idea is to use edges and corners to provide stability and higher accuracy during 
movement. The result is feasible gestural text input on commonly available input 
devices. 

_J 



14.2 MOTIVATION 

14.2 
14.2.1 Joystick 
An estimated 1.4 million people in the United States depend on wheelchairs for 
mobility (Kraus et al., 1996). Of these, about 10% are in power wheelchairs, about 
half of whom require more than one assistive technology to participate in daily activ­
ities (Cook and Hussey, 1995). A computer access solution that works with an exist­
ing power wheelchair input device, rather than one which adds to the mix of encum­
bering devices, would be valuable (Guerette and Sumi, 1994). Such solutions have 
previously been termed 'integrated control systems' (Spaeth et al., 1998). 

Commercial technology already exists· for enabling mouse cursor control from a 
power wheelchair joystick (e.g. Switch-It Inc., 2005a). But mouse control is only part 
of a computer access solution. The ability to enter text is also a cornerstone of suc­
cessful human-computer interaction. However, an integrated text entry method to 
accompany joystick mouse control is not readily available. Instead, text entry with a 
power wheelchair joystick is mouse-driven, taking the form of point-and-click or 
point-and-dwell on an on-screen keyboard. 

On-screen keyboards can be dissatisfying for many reasons. They require precise 
pointing over small targets. They also consume precious screen real-estate. When edit­
ing a document, they exacerbate the need for mouse travel between the document and 
the on-screen keyboard. They also impose a secondary focus-of-attention, the first 
being where the text is being entered, the second being the on-screen keyboard itself. 
This requires users to repeatedly look back and forth between their document and the 
on-screen keyboard, which can be visually fatiguing. In short, using a joystick-driven 
mouse cursor to enter text from a power wheelchair with an on-screen keyboard leaves 
much to be desired. By comparison, a gestural text entry method for joysticks, one 
which allows users to 'write' by moving the joystick in meaningful letter patterns, does 
not suffer from the aforementioned drawbacks. This is because gestures can be done by 
feel. However, the main drawback with gestures is, of course, that they must be learned. 

Though less common than joysticks, touchpads can also be used to control power 
wheelchairs (e.g. Switch-It Inc., 20056). Touchpads usually require less strength to 
operate than joysticks and little or no calibration. Like joysticks, they can be used pro­
portionally: the further a finger is from the center of the touchpad, the faster the 
wheelchair turns or moves. Although touchpads have been used extensively for mous­
ing (e.g. Hinckley et al., 1998; Rekimoto, 2003), they have not generally been consid­
ered text entry devices. People in power wheelchairs might benefit from an integrated 
device that controls their chair, mouse, and text entry. This requires a versatile text 
entry technique for touchpads. 
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As more public information terminals (i.e. kiosks) appear in building lobbies and 
public libraries, on streets, in subway stations, and in community centers, the abili­
ty to access these terminals becomes more important. Just as the Americans with 
Disabilities Act requires that many buildings have access ramps, future terminals 
may be required to be accessible electronically via Bluetooth or other wireless tech­
nologies. It would be advantageous to have an integrated control system where 
power wheelchair joysticks or touchpads could be used as input devices for mousing 
and text entry on these terminals. Wheelchair users could then approach public ter­
minals with confidence, knowing that their own wheelchair will be their gateway for 
access. 

14.2.2 
Although they are not used to control power wheelchairs, trackballs are often pre­
ferred by individuals with motor impairments for desktop mousing. Trackballs have 
many desirable properties that make them more suitable than conventional mice for 
people with limited dexterity, strength, or endurance in their hands or arms. The 
amount of effort required to roll a ball is generally less than that required to shuttle a 
mouse across the surface of a desk. Trackballs do not require reaching or the suspen­
sion of the forearm, as do conventional mice. Further, trackballs do not suffer from 
the 'edge of the pad' problem, unlike mice, which sometimes must be lifted and recen­
tered when pushed beyond a certain range. (This action is called 'clutching.') Finally, 
trackballs have a very small 'desktop footprint' (Card et al., 1990), making them suit­
able for space-constrained surfaces like the kinds of trays attached to many power 
wheelchairs. 

Not surprisingly, many of the people who prefer trackballs due to motor impair­
ments cannot use a conventional physical keyboard. For these people, an alternative to 
touch-typing is required. One option is to use a trackball with an on-screen keyboard. 
But on-screen keyboards have the drawbacks mentioned in the previous section. 
Therefore, a gestural means of 'writing' with a trackball may be a desirable alternative, 
allowing users to accomplish mousing and text entry with the same device. 

14.3 Our 
Clearly, joysticks, touchpads, and trackballs are very different from one another. 
Adding gestural text entry capabilities to them requires leveraging their individual 
strengths while remaining consistent across devices. Simply providing users with a 
handwriting recognizer and asking them to 'write' with these devices by moving a 
mouse cursor around would not work very well, as these devices are not well suited 
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to making the kind of smooth, curved letters that one makes with a pencil or stylus 
(Sperling and Tullis, 1988; Accot and Zhai, 1999). Instead, these devices are best used 
for short, ballistic straight-line movements. Thus, our approach to adding gestural 
text entry to them must take this into account. 

As a part of the Pittsburgh Pebbles PDA Project (http://www.pebbles.cs.cmu.edu), 
we are investigating how handheld devices, including personal digital assistants 
(PDAs), mobile phones, joysticks, touchpads, trackballs, and other devices, can be 
used to interact in novel ways with desktop computers (Myers, 2001). In our previ­
ous work (Myers et al., 2002), we showed that a Palm PDA connected to a desktop 
PC could be effective for computer access for some people with motor impairments. 
This is because while many people with motor impairments, particularly MD, lack 
gross motor control, strength, and endurance, they retain enough finger dexterity to 
negotiate the small expanse of a PDA screen. 

In addition, we invented a new text entry technique called Edge Write (Wobbrock 
et al., 20036). Originally developed for use with a stylus and Palm PDA, Edge Write 
uses a custom unistroke alphabet whose letters are composed entirely of straight-line 
segments within a square region, making EdgeWrite suitable for a variety of devices, 
including joysticks, touchpads, and trackballs. Specifically, we adapted EdgeWrite to 
work on an Everest & Jennings power wheelchair joystick, a Synaptics touchpad, and 
any trackball. We conducted three studies of these prototypes, comparing their ges­
tural text entry performance to that of on-screen keyboards for real power wheelchair 
and trackball users. 

In the first study, seven power wheelchair users, six with CP and one with multi­
ple sclerosis (MS), used a power wheelchair joystick to enter EdgeWrite letters and 
letters with the on-screen keyboard WiViK from Prentke Romich, Inc. (Shein et al., 
1991). They also used a touchpad to enter EdgeWrite letters. The study was only a 
single session, and subjects had no prior experience with EdgeWrite letters, unlike 
with the WiViK keyboard, which may of them used daily. Nonetheless, with only 30 
minutes of practice, touchpad Edge Write was the fastest and most preferred, joystick 
WiViK was second, and joystick EdgeWrite was a close third. 

The second study was a follow-up to the first. Two subjects from the first study, 
both with CP, used the joystick and touchpad with Edge Write and WiViK over 10 ses­
sions. The goal was to discover a 'crossover point' (MacKenzie and Zhang, 1999) 
where EdgeWrite overtakes WiViK for each device. Our results showed that the 
touchpad methods were faster than the joystick methods, and that EdgeWrite over­
took WiViK on both devices after an initial learning period. This supports the notion 
that gestural text entry may be more satisfying for extended use than selection-based 
methods like on-screen keyboards. 
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In the third study, we developed trackball Edge Write over a series of nine participa­
tory design sessions with a 15-year trackball veteran with spinal cord injury. The ses­
sions were spread by at least a week and consisted of short 'checkpoint studies' in which 
we compared trackball Edge Write to our subject's preferred on-screen keyboard, the 
Microsoft Accessibility Keyboard, which he used with his favorite trackball. By the sec­
ond session his speed with Edge Write was better than with the on-screen keyboard, and 
over the nine sessions he was significantly faster with Edge Write without leaving more 
errors. After 15 years, our subject no longer uses an on-screen keyboard, preferring 
instead to use trackball Edge Write. 

In the remainder of this chapter, we tour the related work, describe the three 
Edge Write prototypes (i.e. the joystick, touchpad, and trackball), and discuss our stud­
ies and their results. We end with implications for stakeholders and some conclusions. 

14.4 lated 
Many devices exist for computer access, some of which can be used from a power 
wheelchair. Alternative physical and on-screen keyboards, head or hand switches, sip­
and-puff devices, voice recognition systems, and augmentative or alternative com­
munication (AAC) devices are just a few of the options available for computer access 
(Anson, 1997). But there are often obstacles to effective deployment. Many devices 
are prohibitively expensive. Others require extensive configuration or maintenance 
(Dawe, 2006). Some might be unwieldy, even on a power wheelchair. These and other 
reasons may be why prior research has found that less than 60% of people who indi­
cate they need adaptations actually use them (Fichten et al., 2000). Our aim in this 
work, by providing text entry techniques for existing power wheelchair and trackball 
devices, is to lower barriers to computer access by using devices already present. 

Edge Write is related to other gestural text entry methods, most notably 
Unistrokes (Goldberg and Richardson, 1993) and Graffiti (Palm Inc., 1996). 
Numerous efforts have been made both in research and industry at improving text 
entry for mobile devices, many of which are relevant to Edge Write. For an in-depth 
treatment, see the article by MacKenzie and Soukoreff (2002). 

A few methods besides Edge Write have been devised for 'writing' with a joystick 
(Wobbrock et al., 2004 ). One is myText by Co-operwrite Ltd. (1997), which is meant 
for miniature mobile phone joysticks. Another is Weegie (Coleman, 2001), a dual­
stick method for use on the X Window System, the graphical user interface shell that 
runs on UNIX. 

As will be seen, joystick and touchpad Edge Write use physical edges and corners 
to provide stability of motion. Previous work has explored using edges in interaction 
techniques, such as placing buttons along screen edges for easier target acquisition 

◄ 
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(e.g. Farris et al., 2001; Wobbrock et al., 2003a). The classic Lisa and Macintosh user 
interfaces placed their menus along the top of the screen for easy target acquisition 
using the screen's edge (Ludolph and Perkins, 1998). 

Mouse cursor control using a power wheelchair joystick has been studied previ­
ously (Romich et al., 2002; LoPresti et al., 2004), but not with an integrated text 
entry technique. Like the current work, the study by LoPresti et al. (2004) also used 
the on-screen keyboard WiViK for mouse-based text entry. 

Touchpad interaction techniques have existed for some time, but few text entry 
techniques have been developed for touchpads. Two limited exceptions are a touch­
pad used for a television remote control (Enns and MacKenzie, 1998) and for 
numeric entry using a clock-face metaphor (Isokoski and Kaki, 2002). Neither of 
these, however, is a generic touchpad text entry technique like EdgeWrite. Most 
touchpad techniques focus on control and selection tasks (e.g. Hinckley et al., 1998; 
MacKenzie and Oniszczak, 1998; Rekimoto, 2003). Similar to touchpad Edge Write, 
templates have been used before on touch surfaces to help guide finger motion 
(Buxton et al., 1985). 

Trackballs have also been evaluated as mousing devices, but not for text entry. 
Studies have generally found them to be slower and less accurate than conventional 
mice for able-bodied users in pointing, dragging, and steering tasks, but comparable 
to touchpads for steering (MacKenzie et al., 1991; Accot and Zhai, 1999). One study 
noted that a particular problem with trackballs is that users often accidentally move 
the ball when trying to click (MacKenzie et al., 2001). These findings suggest that 
using trackballs with on-screen keyboards is not optimal, as one must perform 
repeated target acquisitions. Studies have shown, however, that trackballs are well 
suited to short straight-line movements (Accot and Zhai, 1999). As will be seen, 
trackball EdgeWrite uses this type of motion. 

14.5 Edge Write for Joysticks, Touchpads, 
and Trackballs 

14.5.1 Stylus EdgeWrite for PDAs 
Edge Write was originally designed to address the problem of text input on PDAs. The 
built-in methods of text entry on PDAs usually consist of either a small 'soft' stylus 
keyboard displayed on-screen with tiny 'keys,' or a stroke alphabet like Graffiti, 
Graffiti 2, or Jot. As one might imagine, these built-in methods can be very difficult 
for people with motor impairments (Wobbrock et al., 20036). Tremor and poor 
strength, in particular, affect a person's ability to acquire small stylus targets or 
smoothly stroke letter gestures. 
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Figure 14.1 Stylus Edge Write on a Palm PDA. 

In contrast, Edge Write enables people with tremor and reduced strength to write 
on a PDA with over 90% accuracy, even if they are unable to write Graffiti. The core 
concept behind stylus Edge Write is that of physical edges, which are placed around 
the input area of a PDA in the form of a square hole (Figure 14.1). These edges pro­
vide physical stability and high accuracy (Wobbrock, 2003) as a user moves his or her 
stylus along the edges and into the corners according to letter patterns that mimic the 
feel of Roman hand-printed letters. For a thorough discussion of stylus Edge Write for 
PDAs, see Wobbrock et al. (20036). 

The EdgeWrite letter patterns (Figure 14.2) were devised through a formal guess­
ability study in which subjects lacking prior knowledge of EdgeWrite were asked to 
guess letter patterns by connecting the four corners of a square (Wobbrock et al., 2005a). 
Although the figure shows only one form for each letter, multiple alternate forms exist 

a b c 9 d e f g 

lZJ□□□□□□EJ 
r:l□□~D~~□ 

p q r S t U V W 

LJLJ□LJ□D00 
x y z space backspace 

[2]~[ZJ □ □ 
Figure 14.2 The Edge Write alphabet. Bowed segments are for illustrative purposes only; all 

motion is ideally in straight lines along edges or diagonals and into corners. 

◄ 
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for most letters, which increases guessability. Subsequent comparisons to Graffiti show 
that the Edge Write alphabet is as guessable and immediately usable as Graffiti 
(MacKenzie and Zhang, 1997; Wobbrock et al., 2005a).1 

A key feature of Edge Write is that stroke recognition is not based on the overall 
path of motion, but on the order that the corners of the square are hit. This provides 
tolerance to wiggle and tremor since conventional path-based recognizers can be 
thwarted by jagged or tremulous strokes. Corner-based recognition also enables fast 
recognition, even on weak processors, as 'template' gestures can be encoded as sim­
ple integers representing corner sequences instead of more elaborate geometric 
shapes. It is this corner-based stroking and recognition scheme that allows Edge Write 
to easily adapt to other devices like joysticks, touchpads, or trackballs. 

Prior results for stylus Edge Write show that it is significantly more accurate, over 
18%, than Graffiti for able-bodied novices after 15 minutes of practice, and upwards 
of 3 times more accurate than Graffiti for some motor-impaired individuals with CP, 
MD, PD, or SCI (Wobbrock et al., 20036). Moreover, it is not significantly slower than 
Graffiti in speed. Able-bodied novices can write at about 7 words per minute (wpm), 
while experts can reach 24 wpm with only 2.8% errors (Wobbrock and Myers, 2005). 

14.5.2 Joystick EdgeWrite 
We implemented a version of Edge Write in C++ for an Everest & Jennings 1706-5020 
power wheelchair joystick, which we removed from its chair (Figure 14.3). We 
attached wires to the joystick outputs in order to access the voltage signals corre­
sponding to the absolute (x, y) position of the stick and the state of a switch. We used 
a National Instruments 6024E DAQCard to read the voltage signals and make them 
available to our software. 

The joystick is polled for its position every 5 ms by the software. When the (x, y) 

position of the stick enters one of the four Edge Write corners, a character trace begins. 
When the joystick is briefly released and snaps back to the center, the trace is deemed 
complete and recognition of the stroke trace occurs. Using this snap-to-center approach 
for segmenting between letters worked very well. It was based on one of our previous 
studies (Wobbrock et al., 2004), where able-bodied users of a video game joystick ver­
sion of Edge Write committed no segmentation errors for thousands of letters. 

The (x, y) position of the joystick was initially very noisy, in essence containing a 
great deal of electronic 'tremor' (Figure 14.4, left). To filter out this noise, we took 

1A full chart with numbers, punctuation, accents, and extended characters is available at 
http://www.edgewrite.com. 
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Figure 14.3 Joystick Edge Write on a power wheelchair joystick. The plastic template pro­
vides a square boundary within which Edge Write letters can be made. 

the last n points and computed a running average, treating the result as a single point 
(Figure 14.4, right). Trial and error yielded n = 12 as a value that removed sufficient 
noise while decreasing the inevitable stroke lag introduced by a running average. 

It is important to note that the joystick is not used to drive a mouse cursor. That 
is, the joystick is not being used as a relative position device. Instead, the absolute 
position of the stick within the physical plastic square is read, so that when a user 
feels an edge or corner, their digital position is in agreement. For baseline compar­
isons, it is worth noting that able-bodied experts can write at about 12.9 wpm with 
this version with about 8.4% errors (Wobbrock and Myers, 2005). 

Joystick Edge Write is a prototype system that at this time requires us to use our spe­
cific joystick. In the future, we would like to cooperate with wheelchair manufacturers 

Figure 14.4 (left) A trace of the letter 's' using joystick Edge Write. The absolute (x, y) position 
of the stick was initially quite noisy. (right) A simple running average produced a clean trace. 
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Figure 14.5 Touchpad Edge Write on a Synaptics touchpad with a plastic template. 

to interface with their joysticks and allow our software to receive joystick inputs. 
EdgeWrite simply needs to know the (x, y) position of the stick in order to work, but 
this information is not available from most wheelchair joysticks. The EdgeWrite soft­
ware receives these inputs 'in the background,' allowing the input focus to remain on 
any other application. Edge Write strokes generate key events as if they were typed on 
the computer keyboard, allowing joystick Edge Write to send text to any Windows 
application. 

14.5.3 Touchpad 
We built a version of Edge Write in C# for use with a Synaptics touchpad (Figure 14.5). 
Like the stylus and joystick versions, the touchpad version used a plastic template to 
provide a square boundary for stability and passive haptic feedback. The edges of the 
touchpad's plastic template aid tremulous finger movement in the same way that phys­
ical edges aid stylus motion on a PDA. Users can feel the smooth plastic edges as they 
move, exerting pressure against them for stability. The touchpad surface is a capaci­
tive sensor that detects human skin, so putting pressure on the plastic template itself 
does not interfere with the touchpad. 

Touchpad EdgeWrite is similar to stylus Edge Write in that segmentation between 
letters is accomplished when the finger (or in the case of a PDA, the stylus) is lifted. 
Before a finger goes down on the touchpad, the corners are rectangular. Once a fin­
ger enters a corner, however, the corners 'deflate,' changing from rectangles into tri­
angles. This deflation is to prevent diagonal strokes from accidentally hitting unin­
tended corners (Figure 14.6). 
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Eile Iouchpad ~dgeWrite ~indow t!elp 

Figure 14.6 An 's' trace within the touchpad Edge Write square. Note the 'deflation' of the 
corners as triangles, which helps the diagonal part of the 's' avoid unintended corners. 

Like the stylus and joystick versions, the touchpad version of EdgeWrite does 
not drive a mouse cursor but receives input as the absolute position of a finger 
within the Edge Write square. Synaptics drivers allow the software to read the 
absolute position of the finger on the touchpad's surface. With this version, able­
bodied experts are able to write at about 19 .1 wpm with about 4. 7% errors 
(Wobbrock and Myers, 2005). 

Touchpad EdgeWrite can send text to any application running on Microsoft 
Windows. With help from the Synaptics drivers, it receives touchpad events 'in the 
background,' so the input focus can remain on any other application window and yet 
EdgeWrite can receive touchpad input. EdgeWrite strokes generate key events as if 
they were typed on the computer keyboard, allowing touch pad Edge Write to send 
text to any Windows application. 

14.5.4 Trackball EdgeWrite 
Many people with motor impairments prefer trackballs to conventional mice because 
of the relatively low strength and dexterity required to roll a ball (Fuhrer and Fridie, 
2001). Accordingly, many of these same users cannot touch-type on a conventional 
physical keyboard. We therefore built a version of Edge Write for trackballs. Unlike 
the stylus, joystick, and touchpad versions described above, trackball Edge Write does 
not work by reading the absolute position of a stylus, stick, or finger within a square. 
That's because trackballs do not report absolute position or even absolute rotation, 
but only changes in rotation (Card et al., 1990). Trackball Edge Write therefore works 



14.5 EDGEWRITE FOR JOYSTICKS, TOUCHPADS, AND TRACKBALLS 

E,lle ~dit FQtmat Y.lew ttelp 
--------

Trackball EdgeWrite is greJ 

Figure 14. 7 Trackball Edge Write works within a virtual Edge Write square. The cursor itself 
is hidden during writing, and the input focus remains on the active window (e.g. Notepad). 

by observing the motion of a mouse cursor within a virtual EdgeWrite square that 
appears on-screen (Figure 14.7). 

Although trackball Edge Write is based on the underlying mouse cursor, the cursor 
is not moved about the square as one would move a stylus, joystick, or finger in the 
other versions.2 Instead, the cursor is hidden during writing, and users make short 
'pulses' with the trackball toward the corners they desire. The angle (or vector) made 
by the cursor determines the intended corner, and an idealized stroke trace is drawn to 
that corner. Theoretically, this can be modeled as a 'crossing task,' which has been 
shown to be more accurate than traditional pointing (Accot and Zhai, 2002). Thus, 
subjects are not using the trackball as they would on an on-screen keyboard to point to 
targets. Instead, they are using the trackball to 'pulse' toward intended comers. Thus, 
a tight coupling exists between the corner users feel they are in, and the corner their 
stroke trace is actually in. Segmentation occurs after the trackball is left stationary for 
a brief amount of time, usually about 250 ms. Figure 14.8 depicts the process of writ­
ing an 's' and the underlying crossing tasks performed. 

In Figure 14.8, the user's mouse, which is invisible, moves a short distance r from 
the top-right corner of the Edge Write square. The angle 0 indicates the top-left corner, 

2Our early prototypes were designed this way and were slow and dissatisfying. They did not 'feel like' 
writing because there was no correspondence between the corner the user felt he was in, and the corner 
the mouse cursor was actually in. 
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Figure 14.8 The conceptual stages of writing an 's' with trackball Edge Write. 

and an idealized stroke is drawn to the top-left, where the mouse now appears. Next, 
the angle departing the top-left indicates the bottom-right corner, to where a stroke is 
subsequently drawn. Then the final angle departing the bottom-right indicates the 
bottom-left should be entered. This process is not unlike object pointing with only 
four objects (Guiard et al., 2004). 

Note that the stroke trace that is drawn is not a literal trace of mouse movement, 
but a smooth idealized trace directly connecting corners. The subjective experience 
for users is that they are 'pulsing' the trackball with subtle but distinct movements 
toward the corners they desire. Able-bodied users can write at about 12. 7 wpm and 
6.6% errors (Wobbrock and Myers, 2005). 

Trackball Edge Write has been robustly engineered in C# to run on Microsoft 
Windows operating systems. Although we call it trackball Edge Write, it actually will 
work with any cursor-control device. Directlnput is used to poll the mouse position 
'in the background' so that the input focus can remain on the active application (e.g. 
Notepad, Microsoft Word, Microsoft Outlook) and yet trackball Edge Write can still 
receive mouse movements. 3 Edge Write strokes generate key events as if they were 
typed on the computer keyboard, allowing trackball Edge Write to send text to any 
Windows application. 

14.6 Study 1: Novice Use of Joystick 
and Touchpad EdgeWrite 

This section describes our first study with seven subjects. Throughout this study we 
worked closely with real power wheelchair users to improve joystick and touchpad 
Edge Write. 

3Normally, only the active application, that is the window with the current focus, receives mouse and 
keyboard events. 
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14.6.1 Mouse Control and The WiViK Keyboard 
In order to compare Edge Write to a currently available means of text entry with a power 
wheelchair joystick, we compared joystick and touchpad EdgeWrite to the on-screen 
keyboard WiViK (Shein et al., 1991) in conjunction with a power wheelchair joystick, 
the Everest & Jennings 1706-5020 (Figure 14.3 ). In order to allow subjects to use the 
WiViK on-screen keyboard, we implemented proportional mouse control for the wheel­
chair joystick (LoPresti et al., 2004). We also enabled a switch on the joystick to simu­
late a mouse click. When the switch was pressed, it acted as a mouse-down. When the 
switch was released, it acted as a mouse-up. 

We used the WiViK keyboard with the default settings, which included no 'dead 
space' between the virtual keys, no word prediction, and click-triggering of keys 
rather than hover/dwell-triggering. The keyboard consumed the entire width and 
about a third of the height of a 1024 X 768 screen. We chose the WiViK keyboard 
because of its familiarity to subjects as a mouse-driven on-screen keyboard. 

14.6.2 Subjects 
We improved the three techniques that we evaluated - joystick and touchpad 
Edge Write, and joystick WiViK -with the help of seven power wheelchair users. (We 
initially had eight subjects, but one was too impaired to perform any of the tech­
niques.) Six of the seven were from the United Cerebral Palsy Center of Pittsburgh 
and had CP. One subject had MS. The average age of the subjects was 25.9 years, 
with a low of 21 and a high of 67. Subjects had been in wheelchairs for an average 
of 14 years, with a low of 3 and a high of 30. Two of the seven subjects were male. 
Four were right-handed. None of the subjects had ever used EdgeWrite, but six of 
seven had used WiViK. Thus, subjects were very familiar with the technique to which 
we would compare EdgeWrite. 

14.6.3 Procedure 
In order to involve subjects in the design of the techniques, we had them practice each 
technique before entering a single test phrase (-30 letters). Practice consisted of 
entering each letter four times in a row with a given technique (e.g. 'aaaa bbbb ... 
yyyy zzzz'). This took about 30 minutes with the EdgeWrite techniques, and about 
15 minutes with WiViK, since there was no gestural alphabet to learn. The whole test 
duration did not exceed 2 hours. All seven subjects used joystick WiViK and joystick 
EdgeWrite, but only four subjects used touchpad Edge Write due to time constraints. 
This first study did not involve using WiViK with the touchpad. 
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An EdgeWrite character chart was visible during the test. With the slow pace of 
practice and the limited endurance of subjects, we did not want to unduly burden 
subjects with memorizing the Edge Write letters. Instead, we taught them how to read 
the chart and observed their need to do so. Reading the chart greatly slowed them 
compared with their use of WiViK, which required no chart. The inter-character time _ 
the time from the end of one character to the start of the next - gives us some idea 
of the delay caused by reading the Edge Write character chart. The average inter-char­
acter time was 6.23 seconds for the EdgeWrite methods. With more practice, this 
value drops dramatically, since subjects become familiar with the letters. Our second 
study (described below) confirms that after 10 sessions, the inter-character time drops 
to 3.74 seconds. 

All text input was logged on the PC by a text entry test program that we wrote 
(Wobbrock and Myers, 2006). It was later analyzed with recently developed measures 
(Soukoreff and MacKenzie, 2003), which allow subjects to enter text in an uncon­
strained, real-world fashion, where they can choose to fix errors or not. According to 
this testing paradigm, subjects are merely instructed to 'proceed quickly and accurately' 
(Soukoreff and MacKenzie, 2003). 

We solicited responses from subjects in between text entry phrases and more for­
mally using questionnaires. In addition, many subjects offered ideas while practicing 
with the techniques. 

14.6.4 Results 
In this first study, slow performance and rapid fatigue during the practice phase meant 
that only one test sentence could be entered by each subject for each method. Thus, 
we do not have sufficient data for statistical significance. Speeds are reported in wpm 
and error rates in per cent. Standard deviations are reported in parentheses. 

For text entry speed, touchpad EdgeWrite proved fastest at 1.00 wpm (0.72), 
joystick WiViK second at 0.84 wpm (0.36), and joystick EdgeWrite a close third at 
0.77 wpm (0.57). See Figure 14.9. 

Uncorrected errors are those left remaining in the transcribed string (Soukoreff 
and MacKenzie, 2003).4 It is common for gestural methods to make more errors 
than selection-based methods like on-screen keyboards, particularly for novices 

4In contrast to uncorrected errors, corrected errors are any letters backspaced during entry. Although 
corrected errors should be minimized, it is uncorrected errors that warrant real concern, since these are 
at odds with speed - that is, the more errors one leaves in the transcribed text, the faster one can pro­
ceed. Corrected errors, on the other hand, are subsumed in speed, since it takes time to make correc­
tions. Thus we focus on uncorrected errors in these analyses. 
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14.6 STUDY 1: NOVICE USE OF JOYSTICK AND TOUCHPAD EDGEWRITE 

Speeds of Three Methods 

II Joystick WiViK 

■ Joystick EdgeWrite 

□ Touchpad EdgeWrite 

Figure 14.9 Mean speeds of three methods after minimal practice. Error bars 
represent ± 1 st. dev. 

(e.g. Koltringer and Grechenig, 2004). This was indeed the case with EdgeWrite 
and WiViK. For uncorrected errors, joystick WiViK had the lowest rate at 0.46% 
(u = 1.21), followed by joystick EdgeWrite at 6.05% (7.28), and touchpad 
EdgeWrite at 6.70% (8.24). These results are shown in Figure 14.10. 

Clearly, subjects left more errors with joystick and touchpad Edge Write than with 
joystick WiViK. This is to be expected, since subjects often perform gestures incor­
rectly when learning them. On the other hand, to make an error with WiViK, a sub­
ject had to place the mouse cursor over the wrong key and still choose to press the 
switch, a lengthy perceptual-motor task that is easily avoided. 

Uncorrected Error Rates of Three Methods 

[I Joystick WiViK 

1111 Joystick EdgeWrite 

□ Touchpad EdgeWrite 

Figure 14.10 Mean uncorrected error rates of three methods after minimal practice. Error 
bars represent ± 1 st. dev. 
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likert Scale Ratings of Three Methods 
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Figure 14.11 Mean Likert scale ratings for subjective measures (1-5, worst-best). 

The questionnaire results showed that, of the three methods, subjects felt that 
touchpad EdgeWrite was the easiest to use, easiest to learn, fastest, most accurate, 
most enjoyable, most comfortable, and most liked. They rated joystick WiViK second 
in these categories, and joystick EdgeWrite third (Figure 14.11). 

14.6.5 Lessons Learned Subjects 
Subject #1 was a 67-year-old retired school teacher with MS. He was notable for two 
reasons: he was the only person without CP, and he was only one of two subjects who 
was faster with joystick EdgeWrite than with joystick WiViK (1.91 vs. 1.22 wpm). 
The other was subject #8, who was a 22-year-old female with good fine motor con­
trol. She was only slightly better with joystick Edge Write than WiViK (0.52 vs. 0.50 
wpm). Subject #1 showed us that the plastic template should be thicker to prevent the 
exposed spring on the joystick post from catching the template's edge. After using 
WiViK for a few minutes he said, 'It takes the patience of Job to do this.' Upon 
switching from WiViK to Edge Write he said, 'I'm much faster with this; don't you 
think I'm much faster?' indicating his first impression of joystick Edge Write. 

Subject #2 was a 21-year-old student. She initially had trouble with the diagonal 
strokes required by joystick EdgeWrite because she would move too slowly through 
the center, and Edge Write would try to recognize her stroke to that point. She moti­
vated us to change the center dwell time required for segmentation. If a polled joystick 
point falls outside the center area before the dwell time has elapsed, the dwell time 
counter resets. The time that worked well for subject #2 was 500 ms. However, a long 
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dwell time was not sufficient for subject #4, a 40-year-old volunteer. She moved incon­
sistently with joystick EdgeWrite, sometimes making letters very quickly, other times 
pausing for many seconds to think. For her we added the ability to trigger segmenta­
tion explicitly with the switch, removing the need for implicit snap-to-center segmen­
tation. She enjoyed touchpad EdgeWrite because she said it was the easiest method 
with which to fix mistakes. She said, 'Once you understand what you are doing, it goes 
completely well.' Subject #7 echoed this when she said, 'If you got used to it, you'd be 
really fast I suppose.' 

While the females tended to interact too gingerly with the joystick, the males, sub­
jects #1 and #3, were too forceful at first. For them, discovering the right speed and pres­
sure to exert against the joystick template was a large part of learning joystick Edge Write. 

A common problem was that subjects did not always start in the corner of the 
plastic template before making their gestures with the joystick. This was less of a 
problem with the touch pad. The reason may be that the joystick must be pushed from 
the center to reach the starting corner, whereas a finger can begin in the corner of the 
touchpad. 

Subject #4 gave us an important insight into the design of the touchpad's plastic 
template. We originally beveled the edge of the touchpad template so that it was 
slightly rounded. But this caused subject #4's finger to slip up onto the template's sur­
face, actuating a 'finger lift' and prematurely triggering letter segmentation. This 
insight led to the fabrication of a thicker touchpad template, the edges of which we 
left vertical and unbeveled. We also added a settable lift-tolerance for the second 
study (described below). 

Subject #6 highlighted the importance of end-user customizability. While using 
touchpad Edge Write, this subject's finger did not always press against an edge of the 
physical square. Having defined the software square for ourselves by tracing along 
the plastic edges, we later saw that her fingers moved inside this square, and that the 
actual square in which she moved was smaller than the one we had defined. When 
we had her redefine the software square by tracing around the physical square her­
self, her accuracy improved remarkably. 

Finally, the diagonal strokes were difficult for many users of joystick Edge Write. 
This is not surprising, because it is along the diagonals that the user does not have an 
edge to press against. The letter 'k' was particularly problematic because of its two 
diagonals in a row. For our second study, we designed a new form of 'k' that is still 
reminiscent of a Roman 'k' but without the diagonal. This new 'k' proved much eas­
ier to perform and has become a permanent part of the alphabet in all versions of 
EdgeWrite. In fact, all letters except 's,' 'v,' 'x,' and 'z' now have alternate forms that 
contain no diagonals. 
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14. 7 Study 2: Extended Use of Joystick 
and Touchpad EdgeWrite 

The first study largely represents 'immediate usability' (MacKenzie and Zhang, 1997; 
Wobbrock et al., 2005a). Its findings showed that subjects needed more practice, war­
ranting a second investigation over multiple sessions. Such a study can identify a 
'crossover point' where Edge Write overtakes WiViK in speed or accuracy. Subjects #2 
and #4 from the first investigation agreed to partake in a 10-session study over con­
secutive days (except weekends). About 3 months passed between the end of the first 
study and the beginning of the second. 

14. 7.1 Subjects 
Subject #2 is female and 22 years old. She uses a computer more than a few hours a 
day, largely for email, surfing the web, and word processing. She reports being able to 
slowly use a standard physical QWERTY keyboard for up to 1 hour, after which she 
switches to an alternative method, usually a WiViK on-screen keyboard accessed with 
a standard mouse. She is able to write her name with a pen, though it takes her many 
seconds, and it is legible to others only about 80% of the time. The joystick on her 
power wheelchair has a short stick with a plastic ball at the top. She is right-handed. 

Subject #4 is female and 41 years old. She uses a computer only about once a 
week for email, surfing the web, or word processing. She, too, reports being able to 
use a standard physical QWERTY keyboard for up to 1 hour, after which she either 
stops using the computer or uses the WiViK on-screen keyboard with a standard 
mouse. She can write her name legibly with a pen but it takes her many seconds (if 
not minutes), and it is legible to others about 80% of the time. The joystick on her 
power wheelchair is about twice as long as the one we used in the study. It also has 
a softer spring. Subject #4 was much weaker than #2, which affected her ability to 
move the joystick snugly into the corners while using joystick EdgeWrite. 
Presumably this would be remedied by using a joystick more like her own. This sub­
ject was also right-handed. 

14. 7.2 Design Improvements 
Before conducting the second investigation, we made some changes to the joystick and 
touchpad techniques based on observations from our first study. For example, we 
added more 'accidental lift tolerance' to touchpad Edge Write. Previously, when a finger 
was lifted the stroke was immediately segmented. The new tolerance, which took the 
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form of a customizable lift-delay, allowed subjects to briefly lift from the surface while 
stroking, thereby avoiding premature stroke segmentation. Both subjects preferred a 
tolerance of 2 7 5 ms. 

The triangular corner regions in touchpad EdgeWrite were also reduced slightly 
from 47.5% of the square's width and height to 42.5%. This was because subjects 
would sometimes hit unwanted corners when making diagonals, particularly when 
moving from the bottom-left to the upper-right corners. 

The area considered the 'center' for joystick EdgeWrite letter segmentation was 
reduced by about 11 % to make accidental segmentations less common, since subjects 
would often move too slowly through the center region while making a diagonal. In 
the first study, this caused the software to think the joystick had snapped to center for 
segmentation between letters. We also found that subject #2 required a 500-ms cen­
ter dwell segmentation time, while subject #4 required 1000 ms. 

The joystick used with WiViK was rate-controlled, so the farther it was moved 
from its center, the faster the mouse cursor moved. The acceleration transfer function 
was linear from the center of the joystick to its extremes. For joystick WiViK, we 
reduced this acceleration from a maximum of 1.2 pixels/ms to 0.8 pixels/ms. We 
made this change because of some occasional target overshooting while subjects tried 
to acquire keys on the WiViK keyboard during the first study. With the reduced accel­
eration, target overshoots in the second study were rare. 

Finally, for this second study we included a condition for touchpad WiViK. Thus, 
the study contained four input techniques, two devices crossed with two text entry 
methods. 

14.7.3 Procedure 
The experiment was a 2 X 2 X 10 within-subjects factorial design with factors for 
method (EdgeWrite or WiViK), device (joystick or touchpad), and session (10 ses­
sions). With only two subjects, the experiment was aimed less at achieving statistical 
significance and more at observing how long it takes subjects to become proficient at 
Edge Write. 

Each subject performed all four techniques (method X device) during each ses­
sion. Technique order was assigned randomly by the software for each session. 
Subjects warmed up with each technique before testing by entering about 10 letters. 
During the test, subjects transcribed two phrases of about 30 letters each for a total 
of about 60 letters. Subjects were quite slow, so this process took about 20 minutes 
per technique. Test phrases were drawn randomly from the published test corpus of 
500 phrases by MacKenzie and Soukoreff (2003). 
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Figure 14.12 Mean speeds over 10 sessions for two subjects. 

Unfortunately, subject #2 was unable to finish all 10 sessions due to intervening 
commitments. She finished six sessions with joystick WiViK due to technical prob­
lems during the seventh and eighth sessions. She finished eight sessions with the other 
three techniques. These limitations are taken into account in our analyses. 

14.7.4 Results 
There was a significant speedup for the two Edge Write methods over sessions, but no 
significant speedup for WiViK. This was expected, since there is more to learn with a 
gestural method than an on-screen keyboard already familiar to the subjects. Figure 
14.12 depicts the mean session speeds for each of the four method X device 
combinations. 

The touchpad was generally faster than the joystick for both methods at 1.27 vs. 
0.81 wpm, respectively. There was no significant difference between EdgeWrite and 
WiViK overall (1.02 vs. 1.06 wpm), since Edge Write was slower in the early sessions 
but faster toward the end for both devices. 

Overall uncorrected errors were less than 1 % for all methods excluding joy­
stick EdgeWrite in session 1 (14.6%) due to subjects refamiliarizing themselves 
with the technique. Average uncorrected errors for sessions 2 through 10 were 
0.68% (1.41) for joystick WiViK, 0.31 % (0.37) for joystick Edge Write, 0.28% 
(0.41) for touchpad WiViK, and 0.26% (0.39) for touchpad EdgeWrite. Clearly, 
subjects were very conscientious in correcting any errors made during entry, so 
speeds can be compared fairly. 
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Figure 14.13 Learning curves extended to 20 sessions for our two subjects. 

14.7.5 Learning Rates 
It is customary in input studies to fit regression curves to speed data based on the 
power law of learning (Card et al., 1978; MacKenzie and Zhang, 1999). Such curves 
are of the form y = bxc, where y is speed and x is session, and b and c are regression 
coefficients. These performance models allow us to predict how a subject might per­
form in future sessions. Fitting these curves is speculative for the current data, how­
ever, since we only have two subjects. Nonetheless, the curves give a sense of how 
their performance may proceed beyond session 10. 

The regression curves for the four method X device combinations are shown in 
Figure 14.13. The data is highly varied, so obtaining high correlations is not possi­
ble. But the learning curves show clear upward trends for the two EdgeWrite meth­
ods. The flat or downward slopes for WiViK are due to subjects' prior familiarity 
with WiViK from extended use. In addition, on-screen keyboards require little learn­
ing and offer little room for improvement. Thus, the WiViK curves are governed more 
by fatigue than by learning. 

The power law equations and R2 values are as follows: 

y = O.978x0.l574 R2 = 0.3755 Touch pad Edge Write 

y = 1.397x-0.0492 R2 = 0.0873 Touchpad WiViK 

y = O.632x0.l406 R2 = 0.3609 Joystick Edge Write 

y = O.819xO.OllO R2 = 0.0025 Joystick WiViK 

Crossover points for the touchpad and joystick techniques occur at about sessions 5.5 
and 8.0, respectively, with EdgeWrite overtaking WiViK in both cases. While these 
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curves are speculative, they do give a sense of the overall trends. The higher R2 values 
for Edge Write suggest that more learning took place for these methods than for the 
WiViK methods, and would likely continue to do so with further practice. 

Overall, the results for speed and accuracy confirm both the challenge of learning 
a gestural text input method and the potential benefits. The initially poor accuracy of 
EdgeWrite, particularly the joystick version, is not surprising, and could be mitigat­
ed with further design. For example, both subjects' personal power wheelchair 
joysticks were longer and had much weaker springs than the one used in the study. 
Optimizing design parameters such as these might be one way to improve users' expe­
riences. The general advantage of the touchpad over the joystick points to this device 
for future inclusion in computer access solutions. 

A post-test questionnaire showed similar results for the two subjects as from the 
first study (see Figure 14.11). Both subjects preferred touchpad EdgeWrite overall, 
followed by touchpad WiViK, joystick EdgeWrite, and joystick WiViK. For both 
devices, the WiViK methods were considered easier to learn but the Edge Write meth­
ods were preferred for their perceived speeds. 

14.8 Study 3: Participatory Design 
of Trackball EdgeWrite 

Our third study compared trackball Edge Write and on-screen keyboards. Since the 
requirements for the design of a trackball version were not well understood, we iter­
ated over nine participatory design sessions with a single trackball user, obtaining 
feedback and incorporating it into the next version of the software. At this early stage 
of design, it would have been premature to run multiple subjects in a single session; 
so instead, we opted to run one subject over multiple sessions. 

14.8.1 'Jim' 
Our participatory design subject, who we will call 'Jim,' has a spinal cord injury and 
is in a power wheelchair. He lacks fine motor control in his hands and arms. He is 46 
years old, has used trackballs for over 15 years, and prefers the Stingray trackball 
from CoStar Corporation (Figure 14.14). 

Jim has two methods for entering text. For long sections of prose, like lengthy 
emails, class papers, and formal documents, Jim uses Dragon Naturally Speaking, a 
voice recognition program. However, he says it often 'acts up,' failing to recognize his 
speech and becoming frustrating to him. Sometimes fatigue or medications alter his 
voice and make speech recognition problematic. He also says that it is tiresome to put 
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Figure 14.14 Jim's hand upon his Stingray trackball. 

on and take off his microphone headset whenever he wants to use speech recognition, 
especially for writing quick replies to emails. Furthermore, Jim works in a lab where 
others sit nearby, and speaking aloud can disturb them. Finally, Jim says that certain 
computer-related tasks don't work well with voice recognition, like filling out web 
forms, writing search queries, naming or renaming files, entering email addresses, edit­
ing spreadsheet formulae, working with command-line interfaces, and retrieving con­
tacts in an address book. Thus, Jim has always relied on a secondary method of text 
entry: point-and-dwell with a mouse cursor on an on-screen keyboard. He has tried 
numerous on-screen keyboards but has found the Microsoft Accessibility Keyboard to 
be his favorite. He uses it with the minimum hover-time setting of 0.5 seconds. This 
means that after his mouse cursor remains over a virtual key for half a second, the key 
is 'pressed' and the letter is sent to the active application. 

Jim has three main complaints about on-screen keyboards. The first is that they 
are extremely visually intense and therefore fatiguing. He finds himself constantly 
looking back and forth between the on-screen keyboard and his document. He also 
must locate each letter on the on-screen keyboard in a visually taxing 'hunt and 
peck' manner. Jim's second complaint is that the on-screen keyboard is slow. He 
must have the dwell time set long enough that he does not trigger unwanted keys as 
he moves over them, but short enough that once he arrives at his target key, it does 
not take forever to actuate. This inherent trade-off makes typing with point-and­
dwell laborious, but point-and-dick is not viable for Jim. Jim's third complaint is 
that performing repeated letter-by-letter selections is, in his words, 'mind numbing.' 
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Jim says that word prediction can reduce the letter-by-letter doldrums, but that he 
feels it often slows him down by adding more visual elements to inspect. This senti­
ment is consistent with the findings of some word prediction studies ( e.g. Koester 
and Levine, 1996). 

14.8.2 
We met with Jim nine times from May to November 2005. Meetings consisted of two 
objectives. The first was to receive Jim's feedback from using the latest version of 
trackball EdgeWrite. This feedback consisted of improvements to the writing 
mechanics and the overall application design. The second objective was to measure 
Jim's speed and accuracy in short 'checkpoint studies' that compared his performance 
with his on-screen keyboard to that of Edge Write in a series of five test phrases with 
each. This was to ensure that the design changes we were making were beneficial, and 
also to collect detailed data about Jim's performance. 

Jim permitted us to log his use of Edge Write at all times, providing us with valu­
able information on which to base our changes. Over the course of the study, Jim 
used Edge Write sporadically, mainly for short text entry tasks. His weekly usage var­
ied from a few minutes to a few hours. Over time, he became proficient with 
Edge Write and began to use it more. By the end of the study, Jim no longer used his 
on-screen keyboard, but preferred to use EdgeWrite instead. After 15 years, he said 
he once again could feel himself 'writing.' 

14.8.3 Its 
Jim's mean speeds over the weekly checkpoints are shown in Figure 14.15. After the 
first week, Jim's Edge Write speed (mean= 5.61, a= 1.40, max= 8.25) remains con­
sistently higher than his on-screen keyboard speed (mean= 4.86, a= 1.17, max= 
6.90). A Wilcoxon sign test shows that his Edge Write speeds were significantly faster 
than his on-screen keyboard speeds (z = -19.5, p < 0.02). 

Jim's uncorrected errors varied but were generally low for both methods. 
Uncorrected errors for EdgeWrite were 1.12% (1.39) and for the on-screen keyboard 
were 2.03% (2.45). These are shown over sessions in Figure 14.16. Although 
Edge Write was lower on average, a Wilcoxon sign test is not quite significant (z = 8.0, 
p = 0.22). 

Jim's learning curves are shown extended to week 50 in Figure 14.17. Although such 
an extension is speculative, it gives us an idea of the possible trends for Jim's data. As in 
the second study, we see that the use of on-screen keyboards, particularly by those famil­
iar with them, is not as well-modeled by the power law of learning as Edge Write is. 
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Figure 14.15 Jim's average speeds over nine checkpoint studies spread over 32 weeks. 

The power law equations and R2 values for Jim's curves are: 

y = 3.7l3xo.1sso 

y = 3. 796x0•1127 

R2 = 0.5274 

R2 = 0.2144 

Trackball Edge Write 

On-screen Keyboard 

Jim no longer uses an on-screen keyboard with his trackball, but keeps trackball 
Edge Write running at all times, able to be called up at a moment's notice. To begin writ­
ing, Jim simply places the mouse cursor in the top-left corner of his screen, waits a 
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over 32 weeks. 
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Figure 14.17 Jim's learning curves as wpm extended to week 50. 

moment, and then watches as the cursor is 'captured' automatically within the 
Edge Write square for writing. When he is done writing, he makes a dedicated stroke to 
'release' his mouse cursor and dismiss the EdgeWrite window. Thus, he can operate 
trackball Edge Write without ever clicking a mouse button. The idea for this button-less 
design was a contribution Jim himself made during our participatory design sessions. 
He also helped us improve the 'look and feel' of the software with suggestions for alter­
ing the on-screen depiction and stroke feedback while writing. 

Jim's main reasons for preferring trackball Edge Write over an on-screen keyboard 
are, in his words: 

"' 'The on-screen keyboard is so terribly boring. EdgeWrite is fun, like a video game. 
The on-screen keyboard is not fun. I don't care which is faster.' 

"' 'With Edge Write, you can keep your eyes on your document and just write as you 
would holding a pencil. I don't feel disabled when I'm using Edge Write.' 

"' 'The on-screen keyboard requires too much visual scanning and concentration. In 
Edge Write, if you know the letter, you can just bang it out by feel.' 

"' 'I feel like I can write again.' 

When Jim began working with trackball EdgeWrite, he had trouble using a PDA 
because he could not enter text. A neat benefit for Jim was that his trackball Edge Write 
knowledge transferred directly to the PDA for use with stylus EdgeWrite (Wobbrock 
et al., 20036). We compared his stylus EdgeWrite accuracy to his accuracy with 
Graffiti 2, the built-in Palm OS alphabet, and found that Jim was 99 .0% accurate with 
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Edge Write compared to just 54.8% accurate with Graffiti 2. This comparison did not 
require Jim to recall strokes from memory, but was simply a comparison of motor 
performance while Jim looked at a character chart. 

14.9 Implications for Stakeholders 
The current work has implications for a variety of stakeholders. This section describes 
some of those implications, highlighting areas of importance for future work. 

14.9.1 Users 
People with motor impairments who wish to access computers are faced with a 
variety of challenges in acquiring, configuring, and maintaining access technolo­
gies (Dawe, 2006). Accordingly, less than 60% of people who indicate they need 
adaptations to use computers actually use them (Fichten et al., 2000). The current 
work attempts to lower the barriers to access for users by providing text entry 
solutions for use with devices that are readily available, inexpensive, robust, and 
easy to configure and maintain. So-called 'commodity' devices can be purchased at 
everyday electronics and computer stores, and do not require a therapist or spe­
cialist to configure. This is particularly true of our touchpad and trackball 
EdgeWrite solutions. Our joystick solution, on the other hand, was prototyped 
specifically for use with the Everest & Jennings 1706-5020 power wheelchair joy­
stick. In order for joystick Edge Write to become widely available, wheelchair man­
ufacturers would have to make wheelchair joystick inputs available to third-party 
software. One can imagine future wheelchairs equipped with USB or serial ports, 
making it possible for users to benefit from add-on software solutions like joystick 
Edge Write. 

All of the software discussed in this chapter is available for free download at 
http://www.edgewrite.com. 

14.9.2 Developers 
This work brought to light issues relevant to developers of both software and hard­
ware. One issue is that access technologies must achieve a high level of robustness in 
order to be genuinely useful. Our trackball version, for example, was not 'academic­
ware,' but commercial-grade software capable of running stably in a user's System Tray 
for weeks or even months. This level of robustness and reliability was necessary for the 
software to become adopted into actual daily use. Furthermore, if prototypes are suc­
cessful, disabled users may come to rely heavily on them. The developer therefore has 
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an additional responsibility to his subjects to provide them with stable software that 
will support their real-world needs. 

Another consideration for developers is to prioritize their application's interoper­
ability with other software. Too often, research software is engineered to run in a 
stand-alone test bed where its integration with other software, if appropriate, is left 
for later (or never). High fidelity prototypes, in particular, should strive to integrate 
well into users' actual computing environments. For example, joystick, touchpad, 
and trackball Edge Write could have been built as stand-alone applications where the 
text destination was contained within the prototype software itself. Instead, extra 
care was taken to make these versions able to send text to any other Windows appli­
cation, allowing them to support real-world text entry. 

Developers can download an EdgeWrite library (a Windows DLL) and create 
their own versions in any .NET language (C#, J#, VB .NET) in under 10 lines of code. 
The library is fully documented with examples and code snippets. Visit 
http://www.edgewrite.com to obtain the developer's library. 

14.9.3 Researchers 
As assistive technology researchers, we learned three important lessons from con­
ducting this work: 

• Small changes can make big differences. The success of input systems depends on a 
tight perceptual-motor loop that is quite fickle. Small adjustments, from beveling 
edges to adjusting timeouts by milliseconds, can have a large effect on the resulting 
user experience of such systems. Similar sentiments were expressed by Ted Selker in 
his development of the Trackpoint isometric joystick found on many IBM laptops 
(Ehrlich, 1997). 

" Logging is essential. When designing input systems, 'intuition' is generally not reli­
able for making quantitative adjustments like segmentation timeouts or the size of 
input regions. Input systems must be outfitted with log-writing capabilities so that 
adjustments can be made based on quantitative data of actual user performance. 
Similarly, log data can capture extended field use over days, weeks, or months, and 
yield insights not available in laboratory settings. 

• Real users are invaluable. All of this work relied heavily upon multiple sessions 
with real power wheelchair and trackball users. Our best attempts at designing 
apart from them produced solutions that were lacking in many ways. Early 
deployment, continual testing, and rapid iteration are keys to successful input 
technique development. Designers and engineers should sit with users during 
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these sessions and not completely offload this work onto usability specialists. 
Only then will they see how their innovations fare. In assistive technology and 
human-computer interaction, if a design does not succeed with real users, it does 
not succeed. 

14.9.4 Policymakers 
Those who make policy concerning assistive technologies may be able to contribute 
in meaningful ways to the spirit motivating this work. Policies that help reduce the 
cost of specialized assistive technologies and make it easier for special populations to 
acquire computer access devices will help lower barriers to access. Standards com­
mittees also can influence the interoperability of hardware and software devices. 
Certainly our work on joystick EdgeWrite would have been made much easier, and 
potentially much more successful, if wheelchair joysticks had standardized ports from 
which computers could receive data. Then subjects would have been able to use their 
own wheelchair joysticks instead of the one in our prototype. 

In addition, American and European populations are aging rapidly. By 2030, 
over 20% of the population in the United States will be 65 or over; in Europe this 
number will exceed 23.5% (Kinsella and Phillips, 2005). Many more people will 
have motor impairments of some kind, particularly those associated with aging 
(e.g. arthritis). These users must have adequate computer access technologies if 
they are to continue to participate in an information society. Policies must be 
upheld or enacted that put real emphasis on the need for handheld and desktop 
computing technologies to become more accessible, lest we risk creating another 
digital divide. 

14.10 Conclusion 
In this chapter, we described three means of integrating text entry into pre-existing 
input devices for power wheelchair and trackball users. All three devices - joysticks, 
touchpads, and trackballs - are small, light, inexpensive, and require minimal con­
figuration, giving them significant practical advantages as integrated control systems 
over dedicated computer access technologies. We described our design and imple­
mentation of Edge Write and the participatory role real power wheelchair and track­
ball users played in our development process. We presented results from three sepa­
rate studies of real-world users in which EdgeWrite was compared to various 
on-screen keyboards. Although these techniques still have much room for improve­
ment, this work has opened the way for their future refinement, and ultimately, better 
computer access. 
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