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Tablet PCs are gaining popularity, but many individuals still struggle with pen-based interaction.

In a previous baseline study, we examined the types of difficulties younger and older adults en-
counter when using pen-based input. The research reported in this paper seeks to address one of

these errors, namely, missing just below. This error occurs in a menu selection task when a user’s

selection pattern is downwardly shifted, such that the top edge of the menu item below the target
is selected relatively often, while the corresponding top edge of the target itself is seldom selected.

We developed two approaches for addressing missing just below errors: reassigning selections

along the top edge and deactivating them. In a laboratory evaluation, only the deactivated edge
approach showed promise overall. Further analysis of our data revealed that individual differences

played a large role in our results and identified a new source of selection difficulty. Specifically, we

observed two error-prone groups of users: the Low Hitters, who, like participants in the baseline
study, made missing just below errors, and the High Hitters, who, in contrast, had difficulty with

errors on the item above. All but one of the older participants fell into one of these error-prone

group, reinforcing that older users do need better support for selecting menu items with a pen.
Preliminary analysis of the performance data suggests both of our approaches were beneficial for

the Low Hitters, but that additional techniques are needed to meet the needs of the High Hitters

and to address the challenge of supporting both groups in a single interface.

Categories and Subject Descriptors: H.5.2 [Information Interfaces and Presentation]: User

Interfaces—Input Devices and Strategies

General Terms: Design, Experimentation, Human Factors

Additional Key Words and Phrases: Pen-based Target Acquisition, Menu Design, Aging, Older

Users, Interaction Techniques

1. INTRODUCTION

Technology is increasingly being promoted as a means of addressing cognitive and
sensory impairments and enabling individuals to live more independently (e.g.,
Hawkey et al. 2005; Lee and Dey 2007; Massimi et al. 2007; Moffatt et al. 2004;
Mynatt et al. 2000; Rowe et al. 2007; Wu et al. 2007). Pen-based technologies such
as Personal Digital Assistants (PDAs) and Tablet PCs are appealing platforms for
these endeavors because they are small, mobile, and powerful. They also allow
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users to take full advantage of their hand-eye coordination skills, in a familiar form
of interaction [Greenstein 1997]. Relative to the mouse, pen-based technologies
have been shown to be particularly beneficial for older adults [Charness et al. 1995;
Charness et al. 2004], suggesting promise for a wide range of users. However,
many of the target users for cognitive and sensory assistive technologies will have
associated motor impairments impeding their ability to interact with small devices.
For example, in our work designing mobile technology for cognitively impaired
individuals [Moffatt et al. 2004], we informally observed many struggling with target
acquisition using a stylus (e.g., selecting an icon).

These observations motivated us to gain a better understanding of the challenges
inherent to pen interaction, and to thereby build improved pen-based interfaces.
Research to date has been biased towards the needs of young-healthy adults, who
can more easily adapt to different techniques. Many parameters, including a user’s
sensory and motor ability, are likely to affect target acquisition and manipulation
skill. A broader perspective can be gained by examining a range of abilities. A
second bias is that research has tended to focus on designing novel techniques that
expand the interaction capabilities of the interface over supporting the basic target
acquisition needs of a wide range of users. Thus, despite considerable research aimed
at developing improved target acquisition techniques for the pen (e.g., Accot and
Zhai 2002; Hourcade and Berkel 2008; Mizobuchi and Yasumura 2004; Ren and
Moriya 2000), point and tap (i.e., selection based on the location of the tap up)
remains the de facto standard.

A third bias in research on pen interaction is one of speed over error reduction.
Error rates are often low in interaction technique studies,1 which has led most
research to focus on improving speed, sometimes at the cost of accuracy. We argue
that it is essential to address errors because they carry a high cost for recovery and
can be overly frustrating, especially for older users [Birdi and Zapf 1997; Czaja and
Sharit 1998; Rabbitt 2002]. Time-savings mostly benefit expert users by offering
small additive savings. Error reduction mostly helps those users who, like many
older adults, are easily confused and discouraged by errors. This is often lost
in laboratory studies as it is impossible to encapsulate the true cost of recovery
time even when penalties are included.2 It is also not clear that rates observed
in laboratory settings truly reflect real world frequencies: small changes in task
instruction can have a large impact on accuracy [Zhai et al. 2004].

In a previous baseline study [Moffatt and McGrenere 2007], we began to counter
these biases by gathering information on the underlying causes of target acquisition
difficulty across the adult lifespan. We identified three primary sources of target

1Fitts’ type studies typically aim to have an error rate of 4% [MacKenzie 1992]
2Although most modern programs offer extensive undo functionalities, these facilities do not
necessarily address all costs associated with making an error. Selecting the wrong menu item can

have a high cost; for example, even though the effects of selecting the wrong program from the

Windows Start menu can be easily reversed (by closing the undesired program and reselecting
the correct one), the user must first wait for the undesired program to load, which can be time-

consuming. Moreover, undo facilities cannot always be guaranteed. Web sites commonly use

menu-like navigation layouts. Selecting the wrong item on a webpage can be costly: it can result
in the loss of work (e.g. web forms), or it can cause the browser to navigate away from a page

that was costly to load (e.g. streamed video).
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Fig. 1. In a traditional menu, the active target region (shown by hashed red lines) is centered on
the text (left); in a reassigned edge menu, it is shifted down by 10% of its height (center); and

in a deactivated edge menu, it is reduced by 10%, such that the top region becomes an invisible

menu separator (right).

acquisition difficulty: (1) slipping, landing on the desired target, but unintentionally
slipping off before lifting the pen; (2) drifting, accidentally hovering over (and thus
triggering) an adjacent menu; and (3) missing just below, erroneously selecting the
top edge (i.e., the top 10% or 2 pixels) of the menu item immediately below the
target item.

The research reported in this paper seeks to address one of these difficulties,
namely, missing just below. We describe missing just below in detail in Section 3.
Briefly, it occurs in a menu selection task when a user’s tap distribution is down-
wardly shifted, resulting in frequent erroneous selection of the top edge of the item
below the target item, and infrequent selection of the corresponding top edge re-
gion of the target item itself. This coupling of frequent erroneous selection with
infrequent valid selection is important as it suggests we may be able to identify
and address missing just below errors with only minor adjustments to the standard
point and tap interaction. Minor unobtrusive adjustments are preferable to radical
new techniques as they do not require the user to learn a new interaction. Rather
they attempt to match existing user behavior.

With this in mind, we designed and developed two possible approaches for ad-
dressing missing just below. In the reassigned edge approach, input on the top edge
of a menu item results in selection of the item above. This approach effectively
shifts the target region of each menu item down (in motor space). In the deacti-
vated edge approach, input on the top edge is ignored. This approach effectively
shrinks the height of each item (in motor space), and adds an invisible menu sep-
arator between items. Figure 1 illustrates both of these experimental approaches
relative to a traditional menu.

The existence of a downward shift in the tap distribution implies a disparity
between where the user is aiming and the center of the menu item. Thus, the idea
behind the reassigned edge approach is to reduce this inconsistency by matching the
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target bounds to the user’s actions. We predict that most users would not notice
the small shift, but that those who make missing just below errors would benefit
from fewer errors. Its disadvantage is that it turns a small number of would-be-
correct selections into errors (i.e., those on the top edge of the target item itself).
The deactivated edge approach is different in that it does not introduce any new
errors. However, it introduces a performance penalty on all top edge selections
because these selections are ignored. The user must continue until a true selection
is made. Some users might not notice when their tap does not register, move on and
subsequently have to go back to try again. This may particularly affect older users
as they are less able to adapt to changing task requirements [Heath et al. 1999].
The effectiveness of the deactivated edge approach, thus hinges on the relationship
between the cost of re-tapping versus the cost of correcting erroneous selections.

This distinction is subtle but important. Classically, Fitts’ Law studies would
define both of these user inputs as errors. We, on the other hand, have separated
them because they have considerably different costs. The cost of tapping on an
inactive region (including deactivated pixels, menu separators and other inactive or
blank regions) is accounted for by the extra time needed to complete the selection.
In contrast, true errors (i.e., selections on undesired features) require one or more
corrective steps for recovery. This cost is not captured by speed and furthermore,
cannot be adequately accounted for in a laboratory environment as it is highly
dependent on the real world task, and thus, is varied and difficult to predict.

The primary contributions of this work are the results of a laboratory study ex-
amining the effectiveness of our reassigned and deactivated edge approaches with
younger (19–30) and older (66–81) adults. Overall, only the deactivated edge ap-
proach showed any promise. Further analysis of our data revealed that individual
differences played a large role in our results and identified a new source of selec-
tion difficulty. Specifically, we observed two error-prone groups of users: the Low
Hitters, who, like participants in the baseline study, made missing just below er-
rors, and the High Hitters, who, in contrast, had difficulty with errors on the item
above. All but one of the older participants fell into one of these error-prone group,
reinforcing that older users do need better support for selecting menu items with a
pen. Prelimnary analysis of the performance data suggests both of our approaches
were beneficial for the Low Hitters, but that additional techniques are needed to
meet the needs of the High Hitters and to address the challenge of supporting both
groups in a single interface.

The remainder of this paper is organized as follows. In the next section, we
summarize related work. Section 3 describes missing just below in more detail
and discusses relevant findings from the baseline study. Sections 4–6 describe the
experiment conducted to evaluate the reassigned and deactivated edge approaches.
The final sections of the paper discuss the results of this investigation and identify
areas for future research.

2. RELATED WORK

We begin our coverage of the literature with an overview of the general effects of
aging on motor skill to highlight the reasons for age-related differences in targeting
ability. In this section we also describe the small body of literature that has specif-
ACM Journal Name, Vol. vv, No. nn, mm 20yy.
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ically examined pen-based interaction in the context of aging. We then describe
general target acquisition research. The research in this space is quite large and
diverse; thus, we focus specifically on that work which has examined decoupling the
motor and visual spaces, as it is most closely related to our research. Finally, for
completeness, we review research aimed at improving menu interaction. Most of
this research has focused on improving speed rather than accuracy, and thus, has
limited applicability to our work.

2.1 Effects of Aging on Targeting Ability

There is a considerable body of literature that has examined the negative effects of
aging on the aspects of motor control that pertain to general targeting ability, both
with respect to mouse use and interaction in the physical world. That research
can be helpful in understanding why we might expect older adults to have more
difficulty with missing just below errors than younger adults. In particular, research
has found that older adults use different strategies concerning the speed-accuracy
tradeoffs involved in movement control. They tend to be more conservative, and
make more corrective sub-movements [Walker et al. 1997]. Older adults have
also been found to cover less distance with their primary movement [Ketcham and
Stelmach 2004], to make many more sub-movements en route [Keates and Trewin
2005], to make less smooth movements [Yan 2000], and to have difficulty staying
on the target while clicking [Smith et al. 1999]. In addition, slower selection speeds
have been attributed to lower peak velocities [Keates and Trewin 2005; Ketcham
and Stelmach 2004], longer deceleration phases [Ketcham and Stelmach 2004], and
more pauses while homing in on the target [Keates and Trewin 2005].

Very little work has examined the use of pen-based systems with older adults.
Charness et al. [1995; 2004] performed an age-related comparison of the mouse
and the light-pen, and found that the pen out-performed the mouse for all ages
and that it reduced the performance gap between ages, but that the mouse was
rated as being more acceptable and easier to use (across ages). However, this work
was done with a light-pen on a monitor, which required the pen to be held up,
a position that is unnatural for many users. Modern Tablet PCs are designed to
be more comfortable, and thus, should result in higher satisfaction. More recently,
Hourcade and Berkel [2008] compared two pen-based selection techniques, tapping
and touching (selection if the pen touches the target at any time before tap up),
across three adult age groups. They found that for the smallest target size examined
(3.8 mm) the oldest group was more accurate using touch. However, one limitation
of the touch technique is that it requires that only one target be ‘touched’ during
the selection. When targets are directly adjacent, it degrades to tap, and therefore,
has limited applicability to a menu task.

2.2 Improving General Target Acquisition

Some general target acquisition research has examined decoupling the motor and
visual spaces and is relevant to our research, specifically to the reassigned edge
approach, which also decouples these spaces. Semantic Pointing decouples the mo-
tor and visual size of targets, such that the motor size depends on the target’s
importance for interaction, and the visual size depends on the amount of visual
information conveyed [Blanch et al. 2004]. That is, targets that are likely to be se-
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lected are bigger physically (but not visually) than surrounding targets that are less
likely to be selected. A similar technique increases the physical size of all targets, by
shrinking the size of adjacent inactive space [Worden et al. 1997]; Object Pointing
takes this to the extreme, eliminating inactive space altogether [Guiard et al. 2004].
A major difference between the above body of work and our research is that the
techniques just described were all specifically designed for mouse interaction and
depend on the ability to adjust the control-display ratio of the cursor. Because the
mouse is an indirect input device, techniques can manipulate this ratio between
mouse and cursor movement to produce a wide range of interactions. The direct
mapping between the pen and the cursor considerably limits the options available
in this design space.

One technique in this area was designed for direct touch interaction. Offset
Cursor moves the cursor above the user’s finger, so as to address the problem of
finger occlusion in touch interfaces [Potter et al. 1988; see also Vogel and Baudisch
2007, for a recent extension]. While this technique shares some obvious similarities
to our reassigned edge approach, one major difference is that Offset Cursor requires
the user to adapt to the technique. That is, the user is expected to learn to aim
below their target and then use the on screen cursor to fine-tune the selection. In
contrast, we are trying to match the interaction to the user’s existing behavior.

Finally, research has also explored the use of alternative input modalities, such
as device orientation, for handheld interaction (e.g., Oakley and O’Modhrain 2005;
Rekimoto 1996). These approaches are beyond the scope of our current investiga-
tion, but provide additional avenues for future research.

2.3 Improving Menu Interaction

Many researchers have investigated methods for improving menu interaction, but
most have focused on younger users, and as a result have tended to focus on making
selections faster, rather than more accurate. One common approach has been to
develop techniques that reduce the distance the user must travel to reach items.
Fish-eye menus minimize the physical size of items, and use fish-eye visualization to
dynamically increase their visual size when the cursor is near. Because this makes
selection difficult, a focus lock mode is used to make a segment of the menu act
as a normal menu [Bederson 2000]. Pie Menus instead minimize travel distance by
arranging items circularly around the cursor [Callahan et al. 1988; Kurtenbach and
Buxton 1993; Venolia and Neiberg 1994]. As a final example, Split Menus reduce
average targeting time by placing the most frequently used items at the top of the
menu [Sears and Shneiderman 1994]. None of these techniques specifically address
accuracy.

Other research has focused on increasing the size of target items. Larger tar-
gets are easier to accurately select; thus, we would expect that this research would
be more likely to have applicability to missing just below. Morphing Menus pro-
gressively grow frequently selected menu items over time, allowing them to borrow
motor (and visual) space from neighboring infrequently used items [Cockburn et al.
2007]. This technique should reduce errors (including missing just below errors) for
the frequently used items, but it would do so at the expense of infrequently used
items, leaving its overall value unclear. A similar approach in this area uses the
relationship between size and distance described by Fitts’ law [Fitts 1954] to ’Fitt-
ACM Journal Name, Vol. vv, No. nn, mm 20yy.
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size’ menu items [Walker and Smelcer 1990]. In this approach, menu items that
are farther from the initial position of the cursor (i.e., from the menu head) are
larger than those nearby. This effectively equalizes the index of difficulty across
items. This approach was shown to improve speed, when evaluated with univer-
sity students. However, it did not improve accuracy. Finally, Bubbling Menus use
gestures to switch between two modes, a regular menu mode and a mode that uses
a Bubble Cursor [Grossman and Balakrishnan 2005] to enable quick selection of a
predicted set of items [Tsandilas and schraefel 2007]. Though this technique did
improve selection time when the prediction accuracy was high; it was found to re-
duce selection accuracy and to be difficult to master, suggesting it is likely a poor
match for individuals who have difficulty with missing just below.

Another focus has been on improving the selection of submenu items in cascading
menus. Although that research targets a different problem than the one we aim to
address, we note there are some similarities between the difficulties associated with
cascading menus and missing just below. A common difficulty with cascading menus
is that users have a tendency to angle down from the target item while traveling
to the submenu. Often the downward component of this motion is sufficient to
cause the user to move onto the item below, and thus lose the submenu. While the
underlying cause of this downward motion is likely different from that of pen-based
missing just below errors, there may be overlap in potential solutions. Cockburn
and Gin [2006] grew the activation area of each cascading item downward over
non-cascading items allowing users to move more directly to the target item of the
submenu. This approach shares some similarity to our reassigned edge approach in
that both techniques allow target items to borrow activation space from non-target
items, albeit for different purposes. Other research has attempted to break apart
the horizontal and vertical movement components, and use that information to
improve submenu navigation. For example, target stickiness and force-fields have
been used to support horizontal movement towards the sub-menu [Ahlström 2005;
Ahlström et al. 2006]. Another example uses horizontal movement to the right to
open sub-menus, and movement to the left to close them; thus once open, a submenu
is ‘locked on’ until an explicit movement closes it [Kobayashi and Igarashi 2003].
These approaches are not well-suited to missing just below because in contrast to
the cascading menu problem, missing just below is not related to a bidirectional
movement task.

3. MISSING JUST BELOW: RESULTS FROM THE BASELINE STUDY

Full details of the baseline study can be found in [Moffatt and McGrenere 2007].
To summarize, we performed a controlled laboratory evaluation of pen-based target
acquisition across two tasks (Fitts’ tapping task and menu selection) and three adult
age groups (18–54, 55–69, and 70–85), with 36 participants in total. We included
two tasks to gain a better understanding of how task might affect targeting ability,
especially in terms of accuracy. We involved users from three different age groups
to help us understand both the general shortcomings of pen-based interaction, and
those unique to older users. In this section we describe those results which pertain
specifically to missing just below and provide additional relevant details to what
were published in our earlier paper.

ACM Journal Name, Vol. vv, No. nn, mm 20yy.
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Fig. 2. Histogram of the vertical tap distribution in the baseline study (for taps on the target item

and the item below), relative to the center of the target. (Bin size = 2, N = 5127). An additional
57 selections fell outside the range shown. These included errors such as wrong menu selections,

randomly wrong item selections, and slips off the menu head. There was otherwise no dominant

pattern to these 57 erroneous selections.

Missing just below occurs in a menu selection task when a user’s tap distribution
is downwardly shifted, resulting in frequent erroneous selection of the top edge of
the item below the target item and infrequent selection of the corresponding region
of the target item itself. In the baseline study, we saw a general tendency towards
this behavior across all participants, as shown by Figure 2. Of the total 5184 trials
across all 36 participants (144 trials each), only 4 selections were made on the top
edge of the target item, while 56 selections were made on the corresponding region
of the item below.3 Thus, a selection on the top edge of a menu item was 14 times
more likely to be intended for the item above the selected item, than the selected
item itself. In total, missing just below accounted for 41% (56/135) of the errors
in the menu task, and affected a substantial subset (20/36) of individuals.

There was no indication that missing just below decreased over the course of
the study or was affected by age. We reanalyzed the baseline study data, running
4x3 (block of 36 trials x age group) repeated-measures ANOVAs on the mean y-
coordinate of the selection and on total missing just below errors, and found no
significant differences. Figure 3 provides an age breakdown of the tap distributions
and demonstrates the similarities across age: all three age groups showed a similar
shift in the peak of the distribution (approximately 5 pixels below the center of the
target item), and made a similar number of missing just below errors. However, the

3That is, 44 misses and 12 slips. In [Moffatt and McGrenere 2007], we considered these errors

separately. We combine them here as we believe our approaches apply to them equally.
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Fig. 3. Histogram of the vertical tap distribution in the baseline study by age (for taps on the

target item and the item below), relative to the center of the target. (Bin size = 2, N = 5127).
An additional 57 selections fell outside the range shown.

two older age groups did have somewhat wider and flatter distributions, reflecting
more variability in their selections; thus, a more sensitive study design may have
detected a relationship with age.

Error rates were lower in the menu condition than we expected. Of 5184 trials,
there were 135 errors, yielding an error rate of 2.6%. This is less than the 4%
typically expected in a Fitts’-like experiment, and as we were including a much
broader age range, we expected error rates to be higher. One possible explana-
tion for the low error rates is that participants may have been overly focused on
accuracy. Though instructed to balance speed and accuracy equally (i.e., to move
as quickly and as accurately as possible), many seemed to aim for 100% accuracy,
becoming visibly frustrated by errors, but unconcerned with speed. Moreover, to
accommodate both the tapping and the menu tasks in the baseline study, the menu
task was relatively short. The small number of trials observed may have combined
with an accuracy bias to result in the particularly low error rates observed, limiting
our power to detect age-related differences. Thus, although we did not find a rela-
tionship between age and missing just below in the baseline study, we have chosen
to maintain it as a factor in the current investigation.

4. EXPERIMENTAL METHODOLOGY

In this section we describe the experimental methodology for our current study, a
controlled laboratory experiment with younger and older adults to compare the ef-
fectiveness of our two experimental approaches, relative to each other and a control
condition. While much of the methodology is similar to that of the baseline study,
there are some notable differences, which we describe in Section 4.11.
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4.1 Menu Conditions

The three menu conditions are defined below, relative to their handling of input on
the top edge (i.e., the top 2 pixels or the top 10%) of a menu item:

Reassigned : Input on the top edge of an item results in selection of the item above.

Deactivated : Input on the top edge is ignored, but the menu does not close.

Traditional : Input on the top edge of an item results in selection of that item.

Reassigned and Deactivated were the experimental conditions and Traditional
was used as a control.

4.2 Participants

We recruited 12 participants from each age group, for a total of 24 participants:

Younger : Aged 19–30 (M = 24, 7 female)

Older : Aged 66–81 (M = 73, 6 female)

The younger participants were recruited through advertisements posted on cam-
pus, and were paid $15 for approximately 1.5 hours of participation. The older
participants were recruited through a local community group. As older partici-
pants typically take longer to complete the same task, they were paid $20 for ap-
proximately 2 hours of participation. No participants from the baseline study were
included. Participants were right-handed, free of diagnosed motor impairments to
their right hand, and had normal or corrected-to-normal eyesight. To control for
biases between age and Tablet PC experience, all were novices to pen-based inter-
action. None had any previous Tablet PC experience, and none owned a PDA, but
one reported having tried a friend’s PDA. The younger participants did, however,
have greater general computer experience (in terms of frequency of use, breadth
of applications used, and self-rating) than the older participants. All participants
were screened using the North American Adult Reading Test [Spreen and Strauss
1998] to ensure sufficient English fluency to follow our instructions; all participants
met our minimum criteria for participation.

4.3 Motor Skill

Because motor skill is known to be one of the main factors accounting for age-
related differences in targeting ability [Smith et al. 1999], we administered four
standardized tests to gather data about our participants’ motor abilities.

To measure perceptual speed, we used the Digit Symbol Substitution Test [Wech-
sler 1981]. In this test, the digits 1–9 are each paired with a simple symbol. The
participant is presented with a sheet of numbers and asked to fill in as many of the
symbols as they can in a set amount of time (we used one minute). Participants are
not expected to memorize the symbols, but are provided with a legend for reference.

As a measure of motor-coordination, we used the right-hand component of the
Purdue Pegboard test [Tiffin and Asher 1948]. This test involves the sequential
insertion of small pins into a pegboard (similar to a cribbage board). Participants
have 30 seconds to place as many pins as they can, using their right hand only. We
repeated the test three times and computed the average score.
ACM Journal Name, Vol. vv, No. nn, mm 20yy.
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For reaction time, we used a simple reaction time test [Wilkinson and Allison
1989]. Simple reaction time is the time required to respond to a stimuli. We asked
participants to press a button as soon as a green light appeared on the computer
screen. Five stimuli were presented (after a random delay) and an average reaction
time was calculated.

Finally, to measure hand steadiness, we used a Nine-Hole Steadiness tester [Haa-
land and Harrington 1998]. In this test, participants are asked to move a metal
tipped stylus through nine progressively smaller holes without touching the edge.
For each diameter of hole, we recorded whether the participant inserted the stylus
without touching. Participants repeated the nine-hole sequence three times. As a
final score, we used the number of holes successfully completed on at least two of
the three trials.

4.4 Apparatus

We used the same experimental setup as in the baseline study. All experimental
conditions were run on a Fujitsu LifeBook T3010D Tablet PC with a 1.4 GHz
Pentium M processor and 768 MB RAM, running the Windows XP Tablet PC
Edition operating system. The display was 12.1 inches large, with a resolution of
1024 x 768. The standard inductive pen that came prepackaged with the machine
was used for all computer tasks; however, the button on the side of the pen was
removed to ensure participants did not accidentally use it as it was not required for
the study tasks. The experimental software was written in Java, using the Standard
Widget Toolkit (SWT).

For the experimental tasks, the Tablet PC was placed on a stand, which posi-
tioned the screen at a comfortable viewing angle (based on previous pilot studies)
of approximately 35 degrees from horizontal. We chose this setup, as it is difficult
to see the screen when it is flat, and holding the tablet can be strenuous for older
users. Future work could examine the additional difficulties that arise when holding
the device. Participants were encouraged to adjust the position of their chair and
the placement of the stand for comfort and most participants made these adjust-
ments. They were further encouraged to rest their hand on the screen to reduce
arm fatigue.

4.5 Design

The experiment used a 2x3 factorial design with age (Younger, Older) as a between-
subjects factor, and interface condition (Reassigned, Deactivated, Traditional) as a
within-subjects factor. Interface was chosen to be a within-subjects factor because
this increases the power of the design and allows for comparative comments on
the interfaces. To minimize learning effects, we fully counterbalanced the order of
presentation of the interfaces. To ensure that familiarity with the menu contents
did not bias the results, a different menu scheme was randomly generated for each
condition as described in Section 4.7.

4.6 Procedure

Participants started the study by completing the motor tests and a brief question-
naire about their background and computer experience. They then completed the
first 8 steps of the built-in tutorial “Get Going with the Tablet PC”. (Steps 9–17
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concern text input and were not relevant to the study.) In this tutorial, partici-
pants were introduced to using the pen as an input device. Most importantly, they
were informed of the following features: (1) they can rest their hand on the screen
during input, (2) the computer tracks the pen both when it is touching the screen
and when it is slightly above it, and (3) an on screen cursor provides feedback of the
current cursor location. The tutorial also provided participants with an opportu-
nity to practice using the pen for input. Once participants finished the tutorial, the
tablet was calibrated to each participant using the built-in Windows XP (Tablet
PC Edition) calibration utility. This utility presents four crosshair targets, one in
each corner of the screen. The user taps on these targets, and based on the loca-
tion of these taps, the system calibrates itself to the user. The main purpose of
this calibration is to account for parallax; that is, the apparent displacement of the
cursor caused by the small separation between the input sensors and the surface of
the screen.

Participants then completed the menu conditions. Participants were told that
they were going to be using three different interfaces, but not how they differed.
They were instructed to use the programs naturally, and assured that the differ-
ences between the programs would be discussed at the end of the experiment. To
enable comparative comments on the interfaces without biasing the results, each
interface was masked with a neutral-sounding name. All spontaneous verbal com-
ments made by participants throughout the experiment were documented by the
researcher. After each condition, each participant was asked specifically to reflect
on that condition; these comments were made verbally and documented by the re-
searcher to allow participants to rest their arms. Between conditions, participants
also completed short verbal distracter tasks. Between the first and second condi-
tion participants completed the North American Adult Reading Test [Spreen and
Strauss 1998] and between the second and third condition they completed the FAS
test of verbal fluency [Nussbaum 1998]. These two tasks were chosen to engage par-
ticipants mentally, but not physically. Finally, at the end of the study, participants
were asked to rank the conditions, and encouraged to make additional comments.
These were also made verbally and documented by the researcher. Beyond the
instructions given in the tutorial, participants were not instructed to use the pen
in any particular manner. We explicitly wanted to observe how participants would
naturally approach the task.

4.7 Task

Figure 4 illustrates the experimental interface. All three conditions had the same
visual appearance. For each trial, a menu item was displayed across the top of the
screen. Participants were instructed to select that item from the menu as quickly
as possible while remaining accurate. The system advanced to the next item when
the participant selected a menu item, regardless of correctness. It did not advance
if the participant selected a deactivated region (or any non-menu-item component
of any of the interfaces; e.g., a menu separator or the interface background). A soft
clicking sound provided feedback for correct selections, and a louder beep alerted
participants to selection errors (i.e., selection of a non-target menu item); there was
no auditory feedback on deactivated regions, or on any other parts of the interface.
ACM Journal Name, Vol. vv, No. nn, mm 20yy.
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Fig. 4. Screenshot of the upper-left corner of the experimental interface. All three interfaces had

the same visual appearance. Not shown: In the lower left corner, a counter displayed the number
of trials remaining in the block.

For each condition, participants completed a short 12-trial practice block followed
by six 36-trial blocks with an enforced 45 second break between blocks. Each block
consisted of a randomly ordered selection sequence from a single 12-item menu.
Each item was selected three times in each block (once in each practice block).
Each menu item was 20 pixels (4.8 mm) high, and each menu separator was 5
pixels (1.2 mm) high. In total, each participant completed 36 trials x 6 blocks x 3
interfaces for a total of 648 trials (excluding the 12 practice trials in each condition).
One participant only completed 4 blocks for each interface, for a total of 432 trials.
Where necessary, his data is scaled.

Menu contents remained constant within each condition, but changed between
conditions. Each menu contained three groups of four semantically related items.
These schemes were randomly generated for each participant using the approach
presented by Cockburn et al. [2007]. That is, three 4-item semantic groups were
randomly selected from a collection of such groups. The items were then randomly
ordered within that group, and no group was reused in any other condition. (See
Figure 4 for an example of a generated menu.) By randomly generating menu con-
tents, we reduced the impact of the particular menu contents on our measures and
prevented a confound between content and interface. Moreover, semantic groupings
provide structure in the menu, making them more like real menus. The semantic
groups were separated visually by menu separators. For Reassigned, the top edge
of each separator was assigned to the item above it so that all menu items be-
haved consistently. For Deactivated, no additional changes were required as menu
separators are by default inactive.
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Fig. 5. The performance feedback presented between blocks, which provided the rate of correct
selections for each block completed (including the practice block) and a summary of the errors

and time for the most recent block. In this example, the user has just completed block 3.

4.8 Duration

The experiment was designed to fit into a single 120 minute session. All participants
finished in between 75 and 120 minutes, with the older users requiring, on average,
more time. Although 120 minute sessions may at first appear inappropriately long,
these sessions comprised multiple different activities and included regular breaks.
Specifically, verbal distracter tasks were inserted between conditions and breaks
were inserted between blocks of the same condition to allow participants to rest their
arms. Previous research has shown that when these techniques are used (activity
switching and short breaks), sessions of this length do not result in fatigue, even for
older adults [Uttl et al. 2000]. On average, the younger adults spent approximately
57 seconds per block (17 minutes total tapping time across all three conditions),
while the older adults spent just over 134 seconds per block (40 minutes total).

4.9 Speed Accuracy Tradeoff

We introduced a monetary incentive and a graphical feedback mechanism to en-
courage participants to perform both quickly and accurately. For the incentive,
an additional $10 was awarded to the top 1/3 performers in each age group. The
1/3 ratio was chosen to encourage participants to believe they had a reasonable
chance of receiving the incentive. Performance was calculated as the number of
correct selections divided by the time taken to complete all selections. Shown in
Figure 5, the graphical feedback was presented during the breaks between blocks to
ensure participants understood the performance measure used for the incentive and
to allow them to accurately gauge their performance on both speed and accuracy.
ACM Journal Name, Vol. vv, No. nn, mm 20yy.
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Table I. Definition of net benefit for each interface. For deactivated, recall that nothing happens

when the top edge is selected; thus, observation of the subsequent selection is necessary.

Interface Net Benefit

Traditional
Selections on the top edge of the

minus
Selections on the top edge of the

target item item below

Reassigned
Selections on the top edge of the

minus
Selections on the top edge of the

item below target item

Deactivated
Correct trials following selection

minus
Error trials following selection

of the top edge of any item of the top edge of any item

4.10 Measures

Because Reassigned turns a small number of would-be-correct selections into errors,
we need to consider the impact of both the missing just below errors it prevents
(i.e., those selections on the top edge of the item below the target), and the errors
it introduces (i.e., those selections on the top edge of the target itself). Thus, to
compare our interfaces we computed a net benefit score. For Reassigned, the net
benefit was equal to the number of missing just below errors prevented minus the
number of errors introduced. For example, if a participant selected the top edge of
the item below the target 12 times in Reassigned, and the top edge of the target
5 times, then their net benefit for Reassigned would be 7. For Traditional, the net
benefit was instead equal to the number of correct selections along the top edge
of the target minus the number of incorrect selections on the top edge of the item
below (i.e., the missing just below errors). For Deactivated, nothing happened when
the top edge of a target was selected. Thus for it, we considered the final outcome
of the trial: the net benefit was equal to the number of correct trials which included
input on the top edge of an item minus the number of error trials which included
input on the top edge of an item. These definitions are summarized in Table I.

We recognize that for Deactivated, the measure of net benefit is imperfect. It does
not fully capture the cost associated with selecting a deactivated pixel, and may
overestimate the true benefit. For example, in terms of overestimation, if a correct
selection is made after a selection on the top edge of the target item itself (the
deactivated region), this is counted positively in the net benefit calculation though
the interface actually interfered with the menu selection. To partially address these
limitations, we provide a breakdown of the selections that contributed to the net
benefit in the Deactivated condition. We additionally measure the average time
and the average number of taps required to select an item.

Many of our older participants struggled with opening the menu, at times requir-
ing several attempts before succeeding. This difficulty was different from missing
just below and independent of our interfaces. When we included opening the menu
in our time and taps measure, the variability among participants was so great that
it hindered interpretation of the results. Thus, for clarity and to allow us to focus
uniquely on the contribution of our interfaces to the results, we excluded from these
measures the time and taps required to open the menu itself. Specifically, time and
taps were measured from the point the menu was last opened until the final selec-
tion was made. Because tapping on a deactivated region does not close the menu,
we do not expect any difference among our interfaces in terms of time spent opening
menus as no treatment was applied to the menu heads in any condition.
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4.11 Comparison to the Baseline Study Design

The basic task setup of the current investigation closely mirrors that used for the
menu task of the baseline study [Moffatt and McGrenere 2007]. In this section,
we highlight the key differences. As mentioned previously, we observed a bias
towards accuracy in the baseline study. To encourage participants to perform both
quickly and accurately, we introduced a performance feedback mechanism and a
monetary incentive. At the individual trial level, we also added auditory feedback
to correct selections because the sudden beep of an incorrect selection seemed to
be startling in some cases in the baseline study. By increasing the regularity of
the auditory feedback, we hoped to reduce its disruption, while maintaining its
information content. To increase statistical power, we increased the number of
trials in each condition. In order to keep the total study duration reasonable,
increasing the number of trials required changing the task from a discrete task,
where users return to a home button in the center of the screen between trials, to
a continuous task, where items are selected in an uninterrupted stream [Soukoreff
and MacKenzie 2004].

We also modified the age groups to simplify the design based on our age findings
in the baseline study. Specifically, in the baseline study we divided the older end of
spectrum into two categories (55–70 and 70+) and for the younger group included
the entire spectrum from 18–55. These groupings were based on age-related changes
that occur in cognition [Craik and Salthouse 1992], notably that higher cognitive
function remains relatively stable up to about age 55, after which there is a small
decline, followed by a much steeper one after 70. However, we found few significant
differences between the two older groups in the target acquisition tasks and no
differences between them on the motor tests. Thus, for this study we chose to
include only two groupings representing the younger (18–30) and older (65+) ends
of the spectrum.

Menu contents were randomly generated for each condition in this study. In
the baseline study, a single scheme was used for all participants as there was only
one menu condition. Moreover, participants selected items from three menus in
the baseline study, but from only one in the current study. Drifting, one of the
difficulties uncovered in the baseline study, involved the interaction between menus.
Thus, we included only a single menu in this study so as to prevent drifting from
interfering with our results.

5. HYPOTHESES

We had the following hypotheses for this experiment:

H1. Both Deactivated and Reassigned will have higher net benefit than Tradi-
tional, but Deactivated will have higher net benefit than Reassigned. This hypothesis
is based on data from our baseline study. Additionally, because Reassigned turns a
small number of would-be-correct selections into errors (i.e., those on the top edge
of the target item itself), we expect it to be slightly less effective than Deactivated.

H2. Deactivated will require more taps and take longer overall. Because Deacti-
vated ignores all selections along the top edge of an item, we predict it will require
longer selection time and more taps to select, relative to Traditional and Reassigned.
ACM Journal Name, Vol. vv, No. nn, mm 20yy.



Methods to Improve Pen-based Menu Selection · 17

Table II. Results of the motor tests, by age (N = 24). (*) denotes Welch’s ANOVA.

Motor Test
Mean (SD)

Significance
Younger Older

Simple Reaction Time (ms) 275.8 (37.53) 455.8 (189.76) p < .001∗

Purdue Pegboard (# pins) 16.1 (1.82) 12.5 (1.64) p < .001

Digit Symbol Substitution (# subs.) 54.2 (5.01) 25.6 (6.02) p < .001

Hole-type Steadiness Test (# holes) 5.0 (0.95) 3.83 (0.72) p < .01

H3. Both age groups will benefit from the experimental approaches, but the older
users will benefit more so. Research has indicated that older adults move less
smoothly [Yan 2000], and have more difficulty staying on targets [Smith et al.
1999]. So although the baseline study suggests missing just below affects all users,
we expect that with a more sensitive study design, we will find that it is a larger
problem for older adults.

H4. Both experimental approaches will be preferred to Traditional, and Reas-
signed will be preferred to Deactivated, especially by the older participants. We
expect that the predicted performance benefits will result in an overall preference
for our experimental interfaces. We further predict that Reassigned will be pre-
ferred over Deactivated, because although it is expected to be slightly less effective
in terms of net benefit, we predict many will find re-tapping frustrating.

6. RESULTS

For each of our main performance measures (Net Benefit, Taps to Select, and Selec-
tion Time) we performed a two-way repeated measures ANOVA (Age x Interface).
Bonferroni corrections were used for all post-hoc pairwise comparisons. Signifi-
cant heterogeneity of error variance was an issue in many of our analyses of the
effect of age group (with the older group showing more variability). This is not
surprising; it has been previously found that individual variability increases with
age [Gregor et al. 2002]. For these analyses, we used a Welch’s ANOVA, which
is robust against unequal error variances. In all our repeated measures analyses
(except trial time), sphericity was an issue; thus, Greenhouse-Geisser adjustments
were used. We defined outliers as scores more than two standard deviations from
the mean. Analyses where outliers have been removed are noted. For completeness,
we did a preliminary analysis, which included presentation order as a between sub-
jects factor. As expected there were no significant main or interaction effects for
the presentation order, giving us confidence that counterbalancing the interfaces
sufficiently accounted for any learning or fatigue effects.

Analysis of the motor tests confirmed overall motor decline with age: Univariate
ANOVAs revealed a significant main effect of age on each of the motor tests. These
results are summarized in Table II. Interestingly, the older participants performed
significantly worse on the digit symbol substitution test than comparably aged
individuals in the baseline study,4 perhaps foreshadowing the differences found

4In the baseline study, 17 participants were aged 65+, and 7 were aged 19–30. We performed a

Univariate ANOVA (Study x Age Group) on the digit symbol substitution test scores and found

a significant interaction between study and age group (F1,44 = 10.058, p = .003, η2 = .186).
Post-hoc pairwise comparisons further revealed that the older participants in the baseline study

outperformed those in the current study (p = .001). Not surprisingly, there was also a main effect
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Table III. Breakdown of the net benefit results for Deactivated. For each age group, the average

number of trials involving selection of the top edge of an item is provided, broken down by whether
or not the selection was on the top edge of the target item, and whether or not the subsequent

(non-top edge) selection was correct (i.e., on the target item) (N = 23).

Age Group
Item Type of Mean (SD)

Top Edge Selection Correct Trial Error Trial Total

Younger
Target 1.00 (2.30) 0.00 (0.00) 1.00 (2.30)
Non-target 2.08 (2.50) 0.00 (0.00) 2.08 (2.50)

Older
Target 4.91 (4.48) 0.73 (1.01) 5.64 (5.18)
Non-target 6.91 (6.04) 0.14 (0.45) 7.05 (6.40)

between the results of the two studies. However, there were no differences between
the studies for the Purdue pegboard test (and no comparable data was available
for the steadiness or reaction time tests).

6.1 Net Benefit

A two-way repeated measures ANOVA (Age x Interface) for net benefit, excluding
one outlier (older), revealed a significant main effect of interface (F1.24,26.09 = 6.653,
p = .011, η2 = .241), but no main effect of age (p = .20). Post-hoc pairwise
comparisons further revealed that Deactivated had a higher net benefit than both
Traditional (p = .003), and Reassigned (p = .001). No significant difference was
found between Reassigned and Traditional (p = 1.000).

A breakdown of the net benefit for Deactivated is provided in Table III and
summarized as follows. Older participants selected the top edge of the target item
5.64 times on average, and the top edge of a non-target item 7.05 times. Following
selection of a deactivated top edge, older participants selected the correct target
item 87% and 98% of the time (following selection of the top edge of target and
non-target items, respectively). Younger participants selected the top edge of the
target item 1.00 time on average and the top edge of a non-target item 2.08 times on
average. Subsequent to selecting the top edge of an item, the younger participants
always went on to select the correct item.

Thus, our predictions in hypothesis H1 were partially supported. Contrary to
hypothesis H1, Reassigned did not provide any performance benefit. Consistent
with H1, Deactivated did result in a significantly higher net benefit, but selections
on the top edge of the target item made a substantial contribution to the positive
net benefit observed for Deactivated, overestimating its true benefit. Interestingly,
individual participant scores were polarized: participants either made selections on
the top edge of the target or on the top edge of the edge item below, but no one
made marked use of both edges, suggesting that individual differences were at play.
We explore this idea further in Section 6.5.

Our analysis also revealed a trend suggesting an interaction between interface and
age (F1.24,26.09 = 3.48, p = .065, η2 = .142). Figure 6 illustrates this interaction
and suggests that Deactivated may have disproportionately helped the older group,
as predicted by H3. Further investigation with a larger sample is needed to confirm
this preliminary evidence.

of age group (F1,44 = 10.058, p = .003, η2 = .186). Mean scores for the older group: Baseline

study: M = 34.20 (SD = 6.4); Current study: M = 25.58 (SD = 6.0).
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Fig. 6. Average Net Benefit for 216 trials, by interface and age group (N = 23). Error bars repre-
sent 95% Confidence Intervals. (Note: A higher score in this graph represents better performance

of the interface).

Fig. 7. Average taps needed to select an item, by interface and age group (N = 23). Error bars

represent 95% Confidence Intervals.
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Table IV. Breakdown of comments made by participants, by age group and by tap distribution

group, reported as # Positive (# Negative) (N = 24).

Deactivated Reassigned Traditional

Age group Younger 2 (3) 4 (2) 2 (2)
Older 1 (6) 5 (1) 2 (0)

Total 3 (9) 9 (3) 4 (2)

Tap distribution group Low hitters 1 (3) 6 (0) 1 (1)
Neutrals 2 (0) 1 (2) 1 (1)

High hitters 0 (6) 2 (1) 2 (0)

Total 3 (9) 9 (3) 4 (2)

6.2 Speed and Taps to Select

A two-way ANOVA (Age x Interface) on taps to select, excluding one outlier (older),
revealed a significant main effect of interface (F1.22,25.56 = 9.58, p = .003, η2 =
.313), and significant interaction between age and interface (F1.22,25.56 = 6.40,
p = .014, η2 = .234). Post-hoc pairwise comparisons further revealed that, for the
older group, Deactivated required more taps than both Traditional (p < .001), and
Reassigned (p = .004), as predicted by H2. Figure 7 shows the average number
of taps required to make a selection for each interface, by age. There was also
a significant main effect of age (F1,10.66 = 7.78, p = .018, η2 = .288, Welch’s
ANOVA), indicating the older group required more taps to make a selection than
the younger group.

Contrary to hypothesis H2, a two-way ANOVA (Age x Interface) on selection
time, excluding one outlier (younger), revealed neither a significant main effect
of interface (p = .39) nor an interaction between interface and age (p = .46),
suggesting the cost of the deactivated condition may not have been as great as we
had predicted. As expected, there was a significant main effect of age, F1,11.16 =
34.52, p < .001, η2 = .600, Welch’s ANOVA), indicating that older participants
were generally slower than their younger counterparts. In Traditional, Reassigned
and Deactivated, respectively, younger participants took on average 980 ms, 972
ms, and 986 ms (SD = 120, 83, 128), while older participants took on average 2436
ms, 2290 ms, and 2502 ms (SD = 1052, 852, 767).

6.3 Subjective Responses

Many participants reported difficulty completing the ranked questionnaire at the
end of the study. This difficulty may have been caused by the fact that the differ-
ences between the conditions were subtle. Many participants, in particular those
in the older group, did make insightful comments on the interfaces, so we instead
provide a descriptive account of those comments. The top portion of Table IV
provides a summary of the number of participants who commented positively and
negatively for each interface by age group. These counts are based on comments
made throughout the study sessions in reference to one of the interfaces. No neutral
comments were made.

Despite its positive performance results, there was a strong negative reaction to
Deactivated. Nine participants commented negatively on it, while only 3 made
positive comments. In contrast, 9 commented positively and 3 negatively on Re-
assigned, and 4 commented positively and 2 negatively on Traditional. The older
participants were responsible for most of the polarity between Deactivated and Re-
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assigned: 6 commented negatively on Deactivated (versus 1 positively), while 5
commented positively on Reassigned (versus1 negatively).

For Deactivated, the negative comments reflected confusion and disruption. As
one participant from the older group put it, “[It] really throws you off when you
have to click more than once.” Others were less specific, making comments such
as “[Deactivated] seems to be a little more awkward,” and “[With Deactivated, it]
was harder to make selections.” Both of these comments were made by partic-
ipants from the older group. Other negative comments reflected misconceptions
over why taps were not being recognized by the system. One common interpreta-
tion was that more force or longer contact was required. For example one older
participant reported, “This one seems to need you to press harder,” while a younger
participant speculated, “I think you need to hold [the pen] for quite a while [with
Deactivated].” Positive comments on Deactivated were less specific; for example,
one older participant simply stated that he liked Deactivated “better”, but could
not further qualify his preference.

Negative comments on Reassigned, reflected an awareness of the discrepancy be-
tween motor and visual space in that condition. For example, one older participant
asked, “Why does this keep happening, I see I have got it right but then it tells
me I’m wrong.” In contrast, the positive comments reflected a sense that things
were somehow easier. One older participant described it as, “[Reassigned] was a
bit easier. I seemed to be able to manipulate it a bit better.” Another reported, “I
thought I slipped off but the computer didn’t think so.”

6.4 Summary of the Main Results

All four of our hypotheses were partially supported by the data.

H1. Both Deactivated and Reassigned will have higher net benefit than Tradi-
tional, but Deactivated will have higher net benefit than Reassigned. Contrary to
our hypothesis, Reassigned did not result in a performance benefit over Traditional.
Consistent with our hypothesis, Deactivated resulted in a higher net benefit than
both Traditional and Reassigned; however, selections on the top edge of the target
item itself substantially contributed to the positive net benefit of Deactivated sug-
gesting the measure of net benefit overestimated its true benefit. Further research
is needed to better understand this result.

H2. Deactivated will require more taps and take longer overall. For the older
group, Deactivated increased the number of taps required to make a selection;
however, there was no evidence that it increased the overall trial time, suggesting
that the cost may not be as large as predicted.

H3. Both age groups will benefit from the experimental approaches, but the older
users will benefit more so. Preliminary trends suggest that the older group may
have benefited more from Deactivated than the younger group, however further
research is necessary to confirm this indication.

H4. Both experimental approaches will be preferred to Traditional, and Reas-
signed will be preferred to Deactivated, especially by the older participants. Many
participants found the comparative rankings difficult, and thus, those results were
not informative. The subjective comments made by participants throughout the
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experiment did provide some interesting insight into user preferences: although Re-
assigned did not show a performance benefit, a number of participants commented
favorably on it, and despite the positive performance result for Deactivated, it
received a number of negative comments, especially from the older group.

6.5 Individual Differences: Understanding the Performance Results

We performed a secondary analysis to provide insight into the unsuccessful per-
formance results for Reassigned and to better understand the breakdown of net
benefit for Deactivated. Across all participants, Reassigned prevented a total of 68
missing just below errors, but introduced 50 new errors; overall, it performed no
better than Traditional. Deactivated did result in a significantly higher net benefit,
but for the older and younger participants, respectively, 44% and 32% of selections
on the deactivated top edge were on the target item, suggesting Deactivated is less
effective than indicated by its net benefit score.

To determine if individual differences played a role in these results, we examined
each participant’s vertical tap distribution across all conditions. Visual analysis
suggested three distinct types of users. A K-means cluster analysis on the mean
y-coordinate of all errors on the item above and below the target (using data from
all conditions) confirmed our visual analysis and identified three clusters (with an
observed significance of p < .001).

The Low Hitters followed the distribution observed in the baseline study: their
distribution was shifted down, and they tended to select the top edge of the item
below the target, seldom selecting the top edge of the target itself. The High
Hitters displayed a somewhat diametric distribution. Their distribution was skewed
upwards, and their errors tended to be on the item above the target. They rarely
selected the top edge of the item below. These tendencies were relatively strong:
the Low Hitters all had at least twice as many selections on the item below than
on the item above, and likewise the High Hitters all had at least twice as many
selections on the item above than on the item below. There were 7 Low Hitters
(4 young), and 10 High Hitters (2 young), accounting for 17 of the 24 participants
in the study. While both the High and the Low Hitters made substantial and
skewed use of either the item above or the item below the target, the remaining
7 participants, the Neutrals, seldom used the top edge of any item and showed no
strong tendency for either. We would thus expect these individuals to be neither
hindered nor helped by the experimental interfaces as they would have experienced
very little difference between them. Not surprisingly, most of the participants who
were classified as neutral were from the younger group (6/7). To summarize, the
tap distribution groups were as follows:

Low Hitters: 4 older, 3 younger, 7 total.

Neutrals: 6 older, 1 younger, 7 total.

High Hitters: 8 older, 2 younger, 10 total.

Figure 8 highlights the contrasting error patterns of the groups and Figure 9
shows each group’s tap distribution across all three interfaces. (There were no
differences in the tap distributions across the three interface conditions; i.e., par-
ticipants did not change their tapping behavior in response to the interfaces). We
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Fig. 8. Errors above and below the target item (across all interfaces), by tap distribution group

(N = 24). Error bars represent 95% Confidence Intervals.

would especially like to highlight the High-Hitter group’s marked use of the bot-
tom half of the item above the target, indicating that although they do not make
missing just below errors, they do have interaction difficulties.

In consideration of these differences, we reexamined net benefit blocking on these
three groups of users. These results need to be considered as very preliminary
indications only, as these groups were not identified a priori and were not controlled
for in the experiment. Though the spread of participants across each of the groups
is reasonably balanced, presentation order was not counterbalanced across them.
A two-way repeated-measures ANOVA (Distribution Group x Interface) for net
benefit revealed a significant main effect of interface (F1.51,31.68 = 7.55, p = .004,
η2 = .264), a significant main effect of distribution group (F2,10.44 = 6.56, p = .014,
η2 = 0.283), and a significant interaction between interface and distribution group,
(F3.02,31.68 = 8.219, p < .001, η2 = .439). Post-hoc pairwise comparisons further
revealed that for the Low Hitters, both Deactivated (p = .001), and Reassigned
(p = .016), had a significantly higher net benefit than Traditional, but for the High
Hitters, Reassigned had a significantly lower net benefit than both Traditional
(p = .028), and Deactivated (p < .001). Figure 10 illustrates this interaction
between interface and distribution group. In particular, it contrasts the positive
effect of Reassigned for the Low Hitters, against the negative effect it had for the
High Hitters.

These results also help explain the net benefit score for Deactivated. Figure 9
shows that the High Hitters were mostly selecting the top edge of the target. Thus,
although they saw a positive net benefit for Deactivated (as shown in Figure 10),
this was mostly due to selections on the top edge of the target item. In contrast,
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Fig. 9. Histograms of the vertical tap distributions (for taps on the target item and the lower/upper
half of the item above/below) for each hitter group and across all interfaces, relative to the center

of the target item. (Bin size = 2.)

Fig. 10. Average Net Benefit for 216 trials, by interface and tap distribution group (N = 24).

Error bars represent 95% Confidence Intervals.
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for the Low Hitters, Deactivated had a positive net benefit due to selections on the
top edge of the item below (i.e., missing just below errors).

Finally, these individual differences help explain the seemingly contradictory sub-
jective responses observed. The bottom section of Table IV provides a breakdown
of the positive and negative comments made for each interface by tap distribution
group. Notably, 6 of the 9 negative comments made on Deactivated were made by
High Hitters, and 6 of the 9 positive comments made on Reassigned were made
by Low Hitters. This response pattern suggests that although Deactivated did not
impede the High Hitters in terms of increasing their selection errors, they were
aware of the cost of unregistered taps and that this cost was not being offset by
any benefit. Most (5/6) of the High Hitters who complained about Deactivated
had at least one other condition before it, and thus were commenting from a refer-
ence point of having already experienced a condition without deactivated areas. In
contrast, although the Low Hitters were also incurring the cost of re-tapping, their
much lower number of negative responses suggests that this cost may have been
balanced by the benefit of fewer selection errors.

7. DISCUSSION

The primary goal of this research was to evaluate two potential approaches for
addressing missing just below errors. Only the deactivated edge approach, where
input on the top edge of menu items was ignored, showed a performance improve-
ment, though for some users, this benefit was inflated due to selections on the top
edge of the target. Promisingly, the cost of having to re-enter ignored input was
not as large as we had thought it might be. Though the deactivated edge approach
required significantly more taps to make a selection for the older group, this did
not translate into an increase in the selection time. However, many participants
did not like the deactivated edge approach and found it confusing when selections
were ignored. Thus, for the deactivated edge approach to be a viable technique,
refinements are needed to make its functionality clearer; in Section 8, we discuss
possible refinements to explore in the future. The reassigned edge approach, for
which input on the top edge of an item resulted in selection of the item above, did
reduce missing just below errors, but the number of errors it introduced (on the
top edge of the target itself) negated any potential benefit.

A secondary goal for this work was to further examine the role of age in missing
just below. Consistent with the baseline study, we did not see any indication that
missing just below disproportionately affects older users, though there was some
preliminary evidence that the older users were disproportionately helped by the
deactivated edge approach. However, including older users in this research was
important. Our analysis of individual selection patterns identified two error-prone
groups of users: the Low Hitters, who, like participants in the baseline study, made
missing just below errors, and the High Hitters, who, in contrast, had difficulty
with errors on the item above. Most of the High Hitters were from the older group
(8/10), and their needs would likely not have been identified had we conducted this
study with younger users only. Moreover, all but one of the older users fell into one
of the Low- or High-Hitter groups, and the older users required more taps and took
longer to make a selection than the younger participants. These findings reinforce
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that older users do need better support for selecting menu items with a pen. This
work presents a first step, but it only addresses the needs of the Low Hitters.

The existence of these two diametric error-prone groups makes developing general
interaction techniques to assist users more challenging. Indeed, one of our main
motivations in performing this work was that the results from the baseline study
suggested missing just below errors could be addressed for those who make them
without hindering those who do not. The results of this study indicate that a single
pre-determined solution will not likely meet the needs of all users. Additional
techniques will likely be needed to detect the user’s distribution before custom
functionality can be offered. Some researchers have begun to examine methods for
detecting real-world pointing problems [Hurst et al. 2008], but more work is needed
to make this a viable approach to offering customized support. In the context of
low- and high- hitting behavior, one approach might be to track the occurrence of
programs and dialog boxes that are closed immediately after being opened from a
menu, and whether a subsequent selection was made on either the item above or
below. This might be an effective indication of difficulty selecting the correct item,
and a way of predicting the type of difficulty the user is experiencing.

It is interesting that we saw no evidence of high hitting behavior in the baseline
study, while two-thirds of the older adults in the current study were High Hitters.
One possibility is that individuals in the two studies were different. Indeed, the
older adults in this study scored significantly lower on the digit symbol substitu-
tion test than similarly aged individuals in the baseline study. Another possible
explanation is that the continuous menu-selection task used in this study encour-
aged participants to initiate upward movement towards the menu head (to start
the next trial) before fully completing the item selection (of the current trial). In
contrast, the discrete task used in the baseline study required participants to move
towards the center of the screen (down and right) after a selection, which may have
encouraged missing just below.

In a real world setting it is impossible to predict where the user will go after
making a menu selection. In many instances they will move towards a dialog box
(initiated by the menu selection), likely in the center of the screen. However, many
other configurations are possible (e.g., the user may have multiple windows open,
or be working in multiple applications), suggesting that in a real world task we
might expect to see an even wider range of behavior. Nonetheless, as some of our
participants did demonstrate missing just below behavior despite the continuous
task used, we believe that some users may have a downward tendency regardless
of the task context. Perhaps the most important implication of this inter-study
variability is that it highlights the need for increased replication in human-computer
interaction research. We believe this may be especially important in research with
older or disabled populations, as the high variability in these populations may make
the outcomes of such studies especially sensitive.

8. FUTURE WORK

One area for future work is developing a better understanding of what factors influ-
ence the different error types observed in this study. Understanding what causes a
user to be a Low or High Hitter may shed light onto how these different user types
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can be identified and supported. Scanning direction and hand occlusion of the con-
tents are two possible reasons for why errors may occur, and individual differences
in hand posture may account for the opposing (Low vs. High) categories. We have
not investigated these possibilities experimentally; however, we believe they are
promising avenues for further exploration as each would have unique implications
for design. If scanning direction were to prove to be a factor, we would expect that
menus anchored from below (such as the Windows Start menu) might impact the
selection patterns. If hand occlusion was found to be a factor, it would suggest that
wider menus, with more whitespace to the right (or to the left, for left-handed users)
would ease errors for both Low and High Hitters without increasing the distance
to any of the items in the menu.

Parallax is also a possible explanation, though the results of our baseline study
suggest otherwise in that missing just below was menu specific; we did not find
similar results for the tapping task. Furthermore, in the current study, we calibrated
the tablet to each participant, which should have addressed any parallax. It is worth
noting, however, that the built-in calibration utility used may not be sufficient for
older adults. Though four calibration points may be sufficient for detecting an offset
in a consistent able-bodied individual, for a user with more movement variability
it may be insufficient.

Another avenue for further work is to improve the visual appearance of our
approaches. The deactivated edge approach, in particular, was not liked by the
participants. One likely factor contributing to this response is confusion over what
was happening when taps were ignored. For the evaluation, we did not explain to
participants the differences between the interfaces because we did not want them
actively trying to adapt. We additionally maintained a consistent visual represen-
tation across the interfaces so that visual appearance would not be a confounding
factor. Thus, it is possible that a better understanding of why taps are being ig-
nored, coupled with better visual and auditory feedback may improve subjective
opinion of the deactivated edge condition. In addition, some of the comments made
with respect to the deactivated edge condition indicate that some participants need
better feedback informing them when contact has been made with the screen. This
feedback could be provided by adding a pen-down visual response, an auditory re-
sponse for all pen-down actions, a tip-switch [Buxton 1990] to the physical pen to
give it a clicking feel, or a combination of these approaches.

In general, the visual representations of both the deactivated and the reassigned
edge conditions could be improved. For the deactivated edge approach, the target
boundaries could be better delineated to make it clear where the target is active
and where it is not. For the reassigned edge technique, a better approach may
be to shift the label up rather than shifting the motor region down. Figure 11
demonstrates how these ideas might be achieved in an interface. Further research
could investigate whether and how much these modifications would increase the
effectiveness and reception of the approaches.

9. CONCLUSION

To date, pen-based target acquisition research has mostly focused on the needs of
younger users by improving efficiency and designing novel techniques which extend
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Fig. 11. Proposed visual presentations for the reassigned edge (center) and deactivated edge

(right) approaches as compared to a regular menu (left). For the reassigned edge approach, the
label is shifted up within the target area. For both approaches, the target boundaries are clearly

marked by borders.

the capabilities of the interface. In contrast, addressing basic target acquisition
difficulties has not received very much attention. We argue that it is essential to
address errors because they carry a high cost for recovery and are overly frustrating,
especially for older users. Time-savings mostly benefit expert users by offering small
additive savings. Error reduction mostly helps those users who, like many older
adults, are easily confused and discouraged by errors. In this paper we sought to
address missing just below, a difficulty some users experience when selecting menu
items with a pen-based input device. Missing just below occurs when a user’s
tap distribution is downwardly shifted, resulting in frequent erroneous selection of
the top edge of the item below the target item, and infrequent selection of the
corresponding top edge region of the target item itself.

We designed and developed two possible approaches for addressing missing just
below. In the reassigned edge approach, input on the top edge of a menu item
resulted in selection of the item above, while in the deactivated edge approach,
input on the top edge was ignored. An evaluation comparing the effectiveness of
these two approaches relative to a standard menu revealed that only the deactivated
edge approach showed an overall benefit in terms of addressing missing just below.
The reassigned edge approach did reduce missing just below errors, but, the number
of errors it introduced (on the top edge of the target itself) negated this benefit.
Further analysis of our data revealed that individual differences played a large role in
our performance results. In contrast to the baseline study, many of our participants
did not make missing just below errors. Instead, we found that there were three
distinct user types: the Low Hitters, the High Hitters, and the Neutrals. Only the
Low Hitters made missing just below errors, and for them, preliminary analysis
suggests both of our approaches were beneficial. The High Hitters, in contrast, had
difficulty with errors on the item above the target. The reassigned edge approach
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further impeded them, and though the deactivated edge approach did not introduce
errors for the High Hitters, it did not help them either. The Neutrals rarely made
any errors, and thus, were neither helped nor hindered by our interfaces.

Though our interfaces were not as effective overall as we had hoped, this research
highlights the need for better support, especially for older users. All but one of the
older users fell into one of the error prone groups. Pen-based devices are increasingly
being used in the development of assistive technology for a variety of age-related
impairments. For this to be a viable approach, the accessibility of these devices
needs to be improved, with a focus on reducing errors, and ensuring adequate undo
facilities for correcting errors when they do occur. In this paper, we examined
one source of error and found some preliminary evidence for how this error can be
addressed for the Low Hitters. However, additional research is needed to consider
the practical implications of deploying these techniques in real-world applications,
and to expand upon them to address the needs of the High Hitters.
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