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1. INTRODUCTION

Pen-based systems (incorporating a small touch-sensitive screen) have
emerged as an important access technology having carved out a large niche
in the computer market. Pen-based input is well suited to jotting down text
and accessing information in mobile computing situations. “Notepads”
made pen-based systems more popular a few years ago; however, not
enough empirical tests have been performed to determine how we can
improve their usage and efficiency. Goldberg and Richardson [1993], Mac-
Kenzie et al. [1994], Venolia and Neiberg [1994], and MacKenzie and Zhang
[1999] are a few exceptions.

In small pen-based systems, accessing information by the selection of a
target is more often attempted than by inputting handwritten data. Com-
mon targets are menus, data (one character of the text or graphic segment,
etc.), ranges etc., and the selection of keys on a software keyboard dis-
played on a screen. As the amount of information displayed on the screen is
increasing, users have to select smaller targets. The trade-off between the
size and accessibility of targets and the amount of information presented on
the screen is a fundamental problem in human-computer design. This is
especially obvious in mobile products, such as personal digital assistants
(PDAs), personal information managers (PIMs), and other mobile pen-
based applications.

In order to solve the problem, some leading studies have developed a
variety of relatively efficient selection strategies for the touch-screen
[Potter et al. 1988; Sears and Shneiderman 1991; Sears et al. 1992], the
mouse [Kabbash and Buxton 1995; MacKenzie et al. 1991],! and 3D input
systems [Zhai et al. 1996]. Potter et al. [1988] conducted an empirical
experiment to compare three selection strategies for touch-screens; how-
ever, only one target size was used, and finger-movement-distance and
finger-movement-direction were not considered. Sears and Shneiderman
[1991] tested three selection devices; touch-screen, touch-screen with stabi-
lization, and mouse. The task was the selection of rectangular targets of 1,
4, 16, and 32 pixels per side. Their results showed that a stabilized
touch-screen was effective for reducing the error rates when selecting a
target. Kabbash and Buxton [1995] developed an area cursor which is
larger than normal in order to improve target selection. Moreover, Worden

MacKenzie et al. [1991] also used a stylus but with an indirect tablet.
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et al. [1997] have provided a study of the effectiveness of two strategies for
target selection: “area cursors” and “sticky icons.” Zhai et al. [1994]
designed and demonstrated the effectiveness of the “silk cursor” which
provided the volume/occlusion cues for target selection.

However, current target selection strategies for pen-based systems are
mostly only imitations of selection techniques for mouse and touch-screen
devices. Investigations aimed at improving selection strategies for pen-
based input devices have been neglected. This article looks at selection
strategies suitable for selecting small targets, and identifies and quantifies
the influential factors that make strategies more or less efficient with a
view to improving selection performance on pen-based systems.

This article is organized as follows. Section 2 introduces two interaction
models for describing and designing 2D and 3D target selection strategies.
It also describes and evaluates six strategies and six strategy groups which
were tested in the experiments. Section 3 presents the experiment which
determined the best individual strategy and the best strategy group. We
explore the effect of target size, pen-movement-distance, and pen-move-
ment-direction on the differences between selection strategies. We also
investigate the relationships between interaction states, routes, and strat-
egy efficiency. Section 4 presents another experiment for determining “the
smallest maximum size,” i.e., the boundary value of the target size below
which the degree of difficulty was significantly affected when selecting
targets on pen-based systems. Section 5 gives a conclusion and directions
for future research.

2. CHARACTERISTICS OF SELECTION STRATEGIES

2.1 State Transition Models for Selecting a Target with a Pen

State transition models are very useful for describing and designing
pointing/selecting interactions. Buxton [1990] suggested a state transition
model to help characterize graphical input. However models for target
selection have not been considered in detail. Chen [1993] proposed a state
transition diagram for describing interactions with a target, but 3D targets
have not been reported. Our models shown in Figure 1 and Figure 2 may
expand and refine their research on target selection using a pen.

2.2.1 A State Transition Model Describing Two-Dimensional Selection
Strategies. Figure 1 shows a simple state transition model which eluci-
dates a number of properties for selecting two-dimensional (2D) targets.
This model can describe target selection not only on electromagnetic type
tablets but also on touch-sensitive type tablets (touch-screens) which are
used in general-purpose pen-based systems. The tip of the stylus pen
interacts with the electromagnetic tablet so that it switches on when in
contact with the screen surface. The pen switches off when the pen-tip is
not in contact with the screen surface.

The state transition model (Figure 1) shows an interaction with a 2D
target. The model shows the target and the status and position of the
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Fig. 1. A state transition model describing 2D target selection with a stylus pen. The ellipses
illustrate 2D targets. The line arrows show the transition between two states which may be in
either direction. The short lines under the pen-tip (in & and ¢) show the pen-tip in contact with
the screen (the pen is switched on by contact with the screen). State a: pen outside/above the
2D plane, pen-tip switched off (pen not in contact with the screen); state b: outside the target,
switched on (pen in contact with the screen); state c: inside the target, switched on (pen in
contact with the screen). If we assume for example that state a is an initial state and ¢ is a
final state, the state transition route may be eithera — b — c ora — c.

pen-tip. The ellipses represent 2D targets on the screen. The line arrows
show the transition between two states. The short lines under the pen-tip
show that the pen-tip is in contact with the screen (the pen is switched on).
State a shows the pen outside/above the 2D plane, pen not in contact with
the screen (the pen-tip switched off). State b6 shows the pen in contact with
the screen (and therefore switched on) but outside the target area. State ¢
represents the pen in contact with the screen (therefore switched on) inside
the target. In state a the pen is approaching the 2D screen surface from
above, in 3D space. In states b and ¢ the pen is in contact with the screen
(the pen is dragged over the 2D plane). Thus there are three states: state a:
outside/above the 2D plane, not in contact with the screen (switched off);
state b: outside the target, in contact with the screen (switched on); state c:
inside the target, in contact with the screen (switched on).

2.2.2 A State Transition Model Describing Three-Dimensional Selection
Strategies. Figure 2 shows a state transition model which elucidates a
number of properties for selecting three-dimensional (3D) targets. We used
an electromagnetic tablet in the experiments. This type of tablet also
allowed us to trial 3D selection strategies, because when the pen-tip is
above the tablet screen surface (within a height of 1 cm), the computer can
recognize the coordinates (x, y) of the pen-tip. Thus, even though the
bottom of a target (e.g., a menu or a button) on the screen is 2D, it can be
highlighted or selected when the pen is above the tablet surface (within 1 cm).
This means that the target can also be expressed as a 3D target.
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Fig. 2. A state transition model describing 3D target selection with a stylus pen. The
cylinders with dashed lines show the body of a 3D target. The ellipses with a solid line
illustrate the bottom of 3D targets on the tablet screen surface. The short lines under the
pen-tip (in e and f) show the pen-tip in contact with the tablet surface. State d: the pen-tip is
outside the 3D target, pen-tip switched off (pen not contact with the screen); state e: the
pen-tip is outside the 3D target, switched on (the pen is in contact with the screen); state f: the
pen-tip is inside the 3D target, switched on (pen in contact with the screen); state g: inside the
3D target but not in contact with the screen and therefore switched off.

The state transition model in Figure 2 showing an interaction with a 3D
target consists of the target and the status and position of the pen-tip. The
ellipses with a solid line illustrate the bottom of the 3D targets on the
screen surface. The cylinders show the body of the 3D target. Some
responses (e.g., highlighting) will take place when the pen is in the cylinder
even though the pen-tip is not in contact with the screen surface. The short
lines under the pen-tip show that the pen-tip is in contact with the screen
surface. States d and e represent the pen outside the target. State f and
state g represent the pen inside the target. States e and f represent the pen
in contact with the screen surface (the pen is dragged over the 2D plane).
States d and g represent the pen as not in contact with the screen surface.
In this model we considered the two pen positions above and beside the 3D
target as the same in effect. There may, however, be some design value in
considering the implied approach paths as offering different selection
options. Thus there are four states: state d: pen not in contact with the
screen, outside the target (before or after entering the 3D target sensitive
zone); state e: in contact with the screen surface, outside the target; state f:
in contact with the screen, inside the target; and state g: approach or
removal from the 2D plane inside the 3D target sensitive area (3D cylin-
der).
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It should be noted that although the illustrations show ellipses in Figure
1 and cylindrical targets in Figure 2, the shape of the target has no
definitive bearing on this discussion. Our focus here is on the description of
selection strategies using the state transition models. For example, we
shall describe 2D target selection strategies using the state transition
model in Figure 1. Here assume state a is an initial state, and state c is a
final state. The states and transitions used to select a target can be
expressed asa — b — cora — c.In other words, new strategies may
be designed using these state transition models. The state transition
models representing the manipulation of a pen from an arbitrary initial
state to an arbitrary final state can become a strategy. For example, in the
“Slide Touch” strategy the initial state is a, and the final state is ¢ (see
Section 2.2); in the “Direct Off” strategy, the initial state is a, and the final
state is a (see Section 2.2). Theoretically, an infinite range of selection
strategies exists.

We consider that these states are an adequate basis for 2D (a, b, and ¢ in
Figure 1) and 3D target design (d, e, f, and g in Figure 2) because they
include all the normal conditions for these types of pen-based systems (pen
in contact with the screen, pen not in contact with the screen; pen switched
on, pen switched off; pen inside the target area, and pen outside the target
area). Furthermore, the models may be modified to include other conditions
such as pen side switches.

2.2 Six Strategies Used in Two Experiments

The six strategies for selecting a target in the two experiments (see
Sections 3 and 4) are illustrated in Figure 3. The arrows show the direction
of pen-tip movement. The dashed lines indicate that the pen-tip is not in
contact with the screen surface (either before or after contact), and the
solid lines (in Slide Touch, Direct Off, and Slide Off) show that the pen-tip
is in contact with the screen surface. The pen-tip is automatically switched
on by contact with the screen surface. The dark points show where target
selection is affected in the strategy process. Here, we explain the six
strategies and show how these strategies fit into the state transition
models (Figures 1 and 2). Assume I is a collection of initial states, described
as I = {}; F is a collection described as F = {}; M is a collection of middle
states, described as M = {}; R is a collection of routes, described as R = {}.
An arrow “—” means that a state changes to another state. “<” means the
changes between two states may be in either direction. Table I shows initial
states (I), middle states (M), final states (F'), and routes (R) for the six
strategies.

—Direct On strategy: the pen approaches from above. The target is selected
only momentarily at the time the pen makes contact with the screen in
the target area. Here, I (Initial state) = {a}, F (Final state) = {c}, R
(Route) = {a — c}, and there is no middle state (M) (see Figures 1 and 3).
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Fig. 3. This figure represents the six strategies (Direct On,, Slide Touch, Direct Off, Slide
Off, Space On, and Space Touch described according to the sate transition models used in the
two experiments. The figure also shows the strategies (On, Off, 2D, 3D, In, and In-Out) as they
grouped according to their characteristics (see Section 2.3). The In strategies (on the left) are
duplicated (center column) to indicate that they are functional possibilities within the In-Out
strategies to which they correspond and with which they constitute a group (2D On or Off or
3D On). The figure shows only the simplest representation of each route and does not include
possible repeated steps. Im many routes the initial and/or middle steps may be repeated any
number of times before selection is affected, e.g., in the Space On strategy the figure shows d
— g — [, but this could be represented asd < g — f(eg,d - g - d - g = f)
because the repeated step does not affect the selection of the target though it may affect the
highlighting function.

—Slide Touch strategy is an extension of the Direct On strategy. Here also
the target is selected when the pen touches it for the first time, but in
this case the pen initially lands outside the target area before moving
into it. Here, I = {a}, F = {¢}, M = {b}, R = {a —> ¢, a > b —>c}.

—Direct Off strategy: the target is highlighted only while the pen is
touching it. The selection is made at the moment the pen is taken off the
target. Here, I = {a}, F = {a}, M = {b,¢}, and R = {a¢ > ¢c —a,a —b

< c —al.
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Table I. Initial States, Middle States, Final States, and Routes of the Six Strategies

Initial Middle Final Numbers of
Strategies States States States Routes Routes
Direct On a (no) c a—c 1
Slide Touch a b c a—c¢ 2

a—b— ¢

Direct Off a b, ¢ a a—>c¢c—a 2
a—>bwc—a

Slide Off a b, c a a—>c¢c—a 4
a—>beoc—a
a—>ceob—a
a—>beoceb—a

Space On d g f deg—f 1

Space Touch d d, g e, f deg—f 2
deg—d—e

—Slide Off strategy is an extension of the Direct Off strategy. The target is
highlighted only while the pen is in contact with it; however, the
selection is made when the pen is removed from any point on the screen
either inside or outside the target area. Here, I = {a}, F = {a}, M =
{b,¢}, R={a > ¢c—>a,a >b<c—>a,a—>c<b—a,a—>b<
c < b —al.

—Space On strategy: the pen approaches from above. The target is high-
lighted while the pen is within the 1 ¢cm high cylinder above the target.
Selection is made at the moment the pen makes contact with the bottom
of the target area (i.e., inside the bottom circle). Here, I = {d}, F = {f},
M = {g}, R = {d <> g — [} (see Figures 2 and 3).

—Space Touch strategy is an extension of the Space On strategy. The
target is highlighted while the pen is within the 1 cm high cylinder above
the target. After highlighting, the selection is made when the pen makes
contact with any point on the screen either inside or outside the target area.

Here,I = {d}, F = {e,f}, M= {d, g, R={dog—>fdog—>d—e}

These strategies may be considered to be “strategy types” rather than
fixed strategies. This means that the name of the strategy specifically
indicates the point of actual selection and sometimes includes information
about the route.

The Direct On and Direct Off strategies are already in common use. The
Slide Touch strategy corresponds to the “first-contact” strategy [Potter et
al. 1988]. The Slide Off, Space On, and Space Touch strategies were new
strategies designed by Ren and Moriya [1997a].
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2.3 Classification of the Six Strategies

Although there are a few studies on selection strategies, none have paid
attention to particular strategy characteristics until now. We classified
(grouped) the six strategies so that we could evaluate particular character-
istics which pertain to selection strategies in general. Figure 3, therefore,
shows the classifications of the six strategies according to their character-
istics, as well as the six individual strategies. Notice that strategies may
appear in more than one group depending on the various combinations of
characteristics pertaining to them. The classifications were formulated
after consideration of the six conditions created by the pen manipulations
[Ren and Moriya 1995]. These conditions are: contact with the screen,
removal from the screen, contact inside the target, contact outside the
target, target highlighted, and target not highlighted.

—2D and 3D strategy groups: Targets exist both as planes (2D) and as solid
bodies (3D). Here, the 2D strategies are the Direct On, Slide Touch,
Direct Off, and Slide Off strategies. The 3D strategies are the Space On
and Space Touch strategies.

—On and Off strategy groups: Contact and removal of the pen from the
screen were considered as movements between the 2D plane and 3D
space. Pen contact involves a movement from 3D space to the 2D plane,
while removal involves a movement from the 2D plane to 3D space. These
interactions were considered to be suitable conditions for the subject to
recognize and confirm the moment of target selection. The strategies in
which selection was made by contact with the screen (Direct On, Slide
Touch, Space On, and Space Touch strategies) were named On strategies.
The strategies in which selection was made by removal from the screen
(Direct Off and Slide Off strategies) were named Off strategies. Where
the target existed on the 2D plane, both the On and Off strategies were
deployed. Where the target existed in 3D space, considering that the
pen-tip is approaching the body of the 3D target from above in general
when selecting a 3D target, we here only discuss the On strategies (Space
On and Space Touch strategies).

—In and In-Out strategy groups: We considered the movement of the pen
into and out of the target from the perspective of the user’s eyes. When
the pen moved into or out of the target, users could confirm whether or
not the target was highlighted. Those strategies in which selection was
made by contact within the target area were named In strategies (the
Direct On, Direct Off, and Space On strategies). On the other hand, those
strategies in which selection was made by contact either inside or outside
the target were named In-Out strategies (Slide Touch, Slide Off, and
Space Touch).

3. EXPERIMENT ONE

This section presents a comparison of the six strategies individually and
the strategies grouped. We seek to determine the best individual strategy
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and the best strategy group. We also evaluate the effects variables have on
the differences between the strategies. If the significance (or insignificance)
of the differences between strategies is maintained when variables such as
direction, distance, or target size are changed, we may consider that the
particular variable has no significant influence on the efficiency of the
strategies in general. Conversely if the significance (or insignificance) of
the differences between strategies is not maintained when variables such
as direction, distance, or target size are changed, we may consider that the
particular variable has a significant influence on the efficiency of the
strategies in general. For this to be conclusive it was obviously necessary to
test the variables in a comprehensive and balanced way.

3.1 Method

3.1.1 Participants. Twenty-one volunteer participants (17 male, 4 fe-
male; all right-handed, university students) were tested for the experiment.
Ten had had previous experience with pen-input systems, while the others
had no experience.

3.1.2 Apparatus. The experiment was run on an NEC 9801DA PC and a
Wacom tablet-cum-display with a stylus pen. The liquid crystal display
resolution was 640 X 400 pixels. One pixel was about 0.36 mm. The
pen/screen contact area was 1.40 mm in diameter.

3.1.3 Procedure. First the experiment was explained to each subject.
Each subject had 20 practice trials immediately before the experiment
started. The message “Select a target as quickly and accurately as possible
using the strategy” was displayed on the screen of the experimental tool
when the experiment started.

The steps for selecting a target were as follows (Figure 4):

(a) The initial position was displayed at the center of the screen. The
initial position was the place where the pen was pointed immediately
before beginning the selection procedure. The subject had been told
which strategy to use and how many trials were to be done.

(b) The subject touched the initial position with the pen.

(c) A target was displayed with size and position changed at random by the
computer. Targets of a particular size were never displayed in the same
position twice. The distances between the initial position and the target
were 39, 131, or 160 pixels, randomly selected by the computer.

(d) The subject attempted to select the target and then received a message
on the screen to indicate whether or not he or she had made a
successful selection.

(e) The subject then repeated (a) to (d) above.

(f) A message indicating the end of the test was displayed when the
subject had completed the task.
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Fig. 4. The display of a target. The small, centered dot is the initial position. The large circle
shows one of the 24 possible positions for the display of a target. The circular dotted lines
show the three pen-movement-distances from the initial position to the target. The solid lines
indicate the eight pen-movement-directions to the target from the initial position.

After they finished testing each strategy, the subjects were asked to fill
in a questionnaire. The first question was: “For the strategy tested just
now, when selecting T, how do you rate Q? Please answer on a 1-to-5 scale
(1 2345).” Here, 1 = lowest preference, and 5 = highest preference. “T”
means large or small targets as tested in the particular trial. “Q” consisted
of the six subquestions regarding selection accuracy, selection speed, selec-
tion ease, learning ease, satisfaction, and desire to use. The second ques-
tion was: “Which positions (i.e., direction and distances) were most comfort-
able for selecting the targets in the strategy?” The subject marked his/her
preferences on Figure 4.

The strategies were not mixed. In a given trial each subject used only one
strategy. The data for each strategy were recorded automatically as follows:

(1) Presence or absence of error when a target was selected. One selection
was a continuous operation from the moment the pen touched the
initial position until removal of the pen from the screen surface.
Feedback to the subject indicated whether the selection was successful
or not. In either case, the subject could not cancel the selection.

(2) Position and size of the target displayed.

(8) The time lapsed between display of the target and the moment when
the pen contacted the screen.
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Improving Selection Performance on Pen-Based Systems . 395

1800
T T
Z150 F I L
£ 1200 |
m T T
=
2 900 F
§ ol 15439 | 1s00a | 14657 | | 15419
g oo 982.5
O 1027.5 :
= 300 F
0 1 1 1 1 1 ]
o = i o] o =
@) Q I3}
: 2 ¢ 5 3
] [ E [x+]
s g £ % &
« &

Fig. 5. Mean selection times (with standard error bars) for each individual strategy in
Experiment One.

(4) The time lapsed between contact with the target and removal from the
screen.

(5) The time lapsed between contact with the screen and contact with the
target.

These times were measured to an accuracy of 10 ms. Data as defined in
item (3) were recorded for the Direct On, Space On, and Space Touch
strategies. Data as defined in item (5) were recorded for the Slide Touch
strategy. Data as defined in item (4) were recorded for the Direct Off and
Slide Off strategies.

3.1.4 Design. The experiment used a mixed factorial design.

—Size of the target: To examine the relationship between target size and
strategy, three target sizes of 3, 5, and 9 pixels (1.1 mm, 1.8 mm, and 3.2
mm diameter circles) were used in all trials. All the targets for the
experiment were circular. Circular targets were used so that the distance
between the initial position and the edge of all targets on each radius
remained constant in all directions.

—Pen-movement-distance: The distance to the target was the radius of a
circle in which the center point was the initial position (Figure 4). To
examine the relationship between distance and strategy efficiency, the
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distances of 39, 131, and 160 pixels (14.0, 47.2, and 57.6 mm) were
determined by a preliminary experiment. (Distances of 39 pixels and 131
pixels were the average values used by 10 subjects in a preliminary
experiment. When the wrist was in a fixed condition, 39 pixels was the
radius of the arc which could be drawn by the subjects; 131 pixels was
the radius of the circular arc which was the maximum finger-movement-
distance. The outside circle radius of 160 pixels was determined accord-
ing to the size limitations (height) of the screen. It was also a distance by
which the wrist could be moved.).

—Pen-movement-direction: Eight directions were used. They were at 0, 45,
90, 135, 180, 225, 270, and 315 degrees from the initial position (Figure
4).

Each subject had a total of 92 trials for each strategy. These consisted of
20 practice trials and 72 test trials (= 3 target sizes X 3 distances X 8
directions). A break was taken at the end of each strategy trial. Whenever
the subject felt tired he or she was allowed to take a rest. Each subject
completed 432 test trials (= 6 strategies X 72). In each strategy 1512 test
trials (= 21 subjects X 72) were completed. The order for the six strategies
was different for each of the 21 subjects.

3.2 Results

An ANOVA (analysis of variance) with repeated measures was used to
analyze performances in terms of selection times, error rates, and subjec-
tive preferences. Post hoc analysis was performed with Tukey’s honestly
significant difference (HSD) test.

3.2.1 Comparison of Selection Times for the Individual Strategies.
There was a significant interaction between the six individual strategies in
selection time, F(5,120) = 10.8, p < 0.0001. From this we could con-
clude that the selection time was influenced by the particular strategy, i.e.,
the selection times changed according to the strategy being applied. Figure
5 shows the average selection times for each of the six strategies. The Slide
Touch strategy was the fastest among the six strategies (mean = 0.98s).
The post hoc Tukey HSD test showed that the Slide Touch strategy was
faster than the Direct Off, Slide Off, Space On, Space Touch strategies (p
< 0.05). There was no significant difference in selection time between the
Slide Touch and Direct On strategies. Analyses also showed that the Direct
On strategy was faster than the Direct Off, Slide Off, Space On, and Space
Touch strategies (p < 0.05). There were no other significant differences
across the strategies (Table II).

3.2.2 Comparison of Error Rates for the Individual Strategies. There
was a significant difference between the six strategies in error rate,
F(5,120) = 17.8, p < 0.0001. This means that changes in the strategy
affected the error rates. Figure 6 shows the mean error rates for each of the
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Table II. Comparison of Selection Times for the Individual Strategies Based on the Post
Hoc Tukey HSD test. Each strategy (y-axis) compared with each of the other strategies (x-
axis) according to Tukey’s test results. “=” means there was no significant difference in
(selection time or error rate); “>" means the (y-axis) strategy was significantly greater than
the other strategy (x-axis); “<” means the (y-axis) strategy was significantly less than the
other strategy (x-axis), e.g., there is no significant difference (=) in time between Direct On
and Slide Touch, but Direct On had a higher (>) error rate than Slide Touch. We have
maintained the duplication of the results in the table to make it easier to read.

Direct Slide Direct Slide Space Space

On Touch Off Off On Touch

Direct On Time = < < < <

Error > > > = >
Slide Touch Time = < < < <

Error < < = < =
Direct Off Time > > = = =

Error < > > = >
Slide Off Time > > = = =

Error < = < < =
Space On Time > > = = =

Error = > = > >
Space Touch Time > > = = =

Error < = < = <

six strategies. The Slide Touch, Slide Off, and Space Touch strategies had
lower error rates (16.6%, 17.4%, and 15.5%) than the other three (Direct
On, Direct Off,, and Space On). The post hoc Tukey HSD test showed that
the Slide Touch had a lower error rate than the Direct On, Direct Off, and
Space On strategies (p < 0.05). There was no significant difference in
error rate between the Slide Touch and the Slide Off, or between the Slide
Touch and the Space Touch strategies. Analyses also showed that the
Direct On had a higher error rate than the Direct Off, Slide Off, and Space
Touch strategies; the Direct Off had a higher error rate than the Slide Off
and Space Touch strategies; the Slide Off had a lower error rate than the
Space On strategy; the Space On had a higher error rate than the Space
Touch strategy (all p < 0.05). There were no other significant differences
across the strategies (Table II).

3.2.3 Comparison of Selection Times for the Strategy Groups. Figure 7
shows the selection times for the six strategy groups. There was a signifi-
cant difference between the strategy groups in selection time, F(5,120) =
2.63, p < 0.05. The In-Out strategy group was faster (mean = 1.39s)
than each of the other groups. The post hoc Tukey HSD test showed that
there were no significant differences across the strategy groups (Table III).

3.2.4 Comparison of Error Rates for the Strategy Groups. Figure 8
shows the error rates for the six strategy groups. There was a significant
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Fig. 6. Mean error rates for each individual strategy in Experiment One.

Table III. Comparison of Selection Times for the Strategy Groups Based on Tukey’s Post
Hoc HSD Test

In In-Out On Off 2D 3D

In Time = = = = =

Error > = > = >
In-Out Time = = = = =

Error < = = = =
On Time = = = = =

Error = = = = =
Off Time = = = = =

Error < = = = =
2D Time = = = = =

Error = = = = =
3D Time = = = = =

Error < = = = =

difference among the strategy groups in error rate, F(5,120) = 6.91, p <
0.001. The In-Out strategy group had the lowest error rate (16.5%), and
the In strategy group had the highest error rate (40.7%). The post hoc
Tukey HSD test showed that the In-Out, Off, and 3D strategy groups had

lower error rates than the In strategy group (p < 0.05). There were no
other significant differences across the strategy groups (Table III).
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Fig. 7. Mean selection times for each strategy group in Experiment One. The In strategy
group = Direct On, Direct Off & Space On; In-Out = Slide Touch, Slide Off & Space Touch; On
= Direct On, Slide Touch, Space On & Space Touch; Off = Direct Off & Slide Off; 2D = Direct
On, Slide Touch, Direct Off & Slide Off; 3D = Space On & Space Touch.

3.2.5 The Influences of Three Variables on the Difference Between the
Strategies. Analyses were conducted to observe the significant difference
in selection time and error rate between the six strategies and changes in
the difference with reference to target size, pen-movement-distance, and
pen-movement-direction. This analysis was aimed at identifying and quan-
tifying the effect of target size, pen-movement-distance, and pen-move-
ment-direction on the differences in selection time and error rate between
the six individual strategies.

—Target size: A significant difference in selection time was observed
between the six strategies for each target size, 3, 5, and 9 pixels,
F(5,120) = 9.75, 6.85, and 5.22, p < 0.001. This means that signifi-
cant differences in selection time remained when the target size was
varied. There was a significant difference between the strategies in error
rate for each of the target sizes of 3 and 5 pixels, F(5,120) = 24.7,
9.99,p < 0.0001. On the other hand, there was no significant difference
in error rate for the target size 9 pixels, F(5,120) = 0.65. This means
that the difference in error rate was significantly affected when the
target size was varied.

—Pen-movement-distance: A significant difference in selection time was
observed between the six strategies for each distance, 39, 131, and 160
pixels, F(5,120) = 7.33, 10.3, and 10.1, p < 0.0001. This means
that significant differences in selection time remained even though
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Fig. 8. Means error rates for each strategy group in Experiment One. The In strategy group
= Direct On, Direct Off & Space On; In-Out = Slide Touch, Slide Off & Space Touch; On =
Direct On, Slide Touch, Space On & Space Touch; Off = Direct Off & Slide Off; 2D = Direct
On, Slide Touch, Direct Off & Slide Off; 3D = Space On & Space Touch.

pen-movement-distance was varied. There was a significant difference in
error rate between the six strategies for each distance, 39, 131, and 160
pixels, F(5,120) = 15.2, 16.3, and 16.5, p < 0.0001. This means
that significant differences in error rate remained even though pen-
movement-distance was varied.

—Pen-movement-direction: A significant difference in selection time was
observed between the six strategies in each direction, 0, 45, 90, 135, 180,
225, 270, and 315 degrees (p < 0.0001, in case of 180 degrees, p <
0.001). This means that significant differences in selection time re-
mained even though pen-movement-direction was varied. There was a
significant difference in error rate between the six strategies for each of
the eight directions, all at the p < 0.0001 level. This means that
significant differences in error rate remained even though pen-move-
ment-direction was varied.

Analyses were also conducted between the strategy groups in pairs
according to their particular characteristics (i.e., On & Off, 2D & 3D; In &
In-Out). We looked at the significant difference in selection time and error
rate and changes in these differences with reference to target size, pen-
movement-distance, and pen-movement-direction. Significant differences in
selection time were not found between the On and Off strategy groups,
F(1, 40) = 6.01, p < 0.01, between the 2D and 3D strategy groups,
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F(1, 40) = 3.66, p < 0.05, or between the In and In-Out strategy groups,
F(1, 40) = 3.37, p < 0.01. Significant differences in error rate were not
observed between the On and Off strategy groups, F(1, 40) = 0.7, or
between the 2D and 3D strategy groups, F(1, 40) = 0.4. However, a
significant difference in error rate was found between the In and In-Out
strategy groups, F(1, 40) = 34.2, p < 0.0001. To investigate which vari-
ables affected the difference in error rate between In and In-Out strategy
groups, analyses were conducted to determine the significant difference in
error rate between the In and In-Out strategy groups in terms of target
size, pen-movement-distance, and pen-movement-direction.

—Target size: A significant difference was found between the In and In-Out
strategy groups for each of the target sizes of 3 and 5 pixels in error rate,
F(1, 40) = 52.3, 18.0, all p < 0.01. On the other hand, there was no
significant difference in error rate for the target size 9 pixels, F(1, 40)
= 1.2, p < 0.01. This means that the significant difference in error rate
between the In and In-Out strategy groups was changed when the target
size was varied.

—Pen-movement-distance: There was a significant difference in error rate
between the In and In-Out strategy groups for each distance, 39, 131, and
160 pixels, F(1, 40) = 30.2, 34.7, and 33.3, all p < 0.01. This means
that significant differences in error rate between the In and In-Out
strategy groups remained even though pen-movement-distance was varied.

—Pen-movement-direction: There was a significant difference in error rate
between the In and In-Out strategy groups for each of the eight direc-
tions, all p < 0.01. This means that significant differences in error rate
between the In and In-Out strategy groups remained even though pen-
movement-direction was varied.

3.2.6 Subject Preferences.

Target Size. Figure 9 shows the subjective ratings for the six strategies
according to target size in Experiment One. These ratings were based on
the average value of the answers given by the subjects to 12 questions.
Significant main effects were seen between the six individual strategies
with regard to target size (large targets, F(5, 30) = 14.8, p < 0.0001,
and small targets, F(5, 30) = 58.1, p < 0.0001). The Slide Touch and
Slide Off strategies were rated highly for both large targets and small
targets. When selecting a small target, the Slide Touch strategy was the
most preferred (mean = 3.08). Significant differences between the stra-
tegy groups were also found (large targets, F(5, 30) = 7.01, p < 0.001,
and small targets, F(5, 30) = 45.3, p < 0.0001). The In-Out strategy
group was rated highly for both large targets (mean = 4.68) and small
targets (mean = 2.81).
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Fig. 9. Subjective evaluation for the six strategies according to target size in Experiment One
(1 = lowest preference, 5 = highest preference).

Distance and Direction. From the marks left in Figure 4 by all subjects,
we determined that the smallest radius (39 pixels) and the medium radius
(131 pixels) were the most favored pen-movement-distances. These radii
options were determined by a preliminary experiment. Though they were
radii in which the movements of the hand were not large, nevertheless
significant differences in the six strategies were observed. There was also a
significant difference between the six strategies at the maximum outside
radius of 160 pixels. Furthermore, the subjects indicated that 135, 180, and
225 degrees of pen-movement-direction could be comfortably accommo-
dated.

3.3 Discussion

3.3.1 Best Selection Strategies. The results showed that the Slide Touch
strategy was the best of the six, in terms of selection time (Figure 5), error
rate (Figure 6), and subject preference (Figure 9). The analyses showed
that the Slide Touch strategy had a lower error rate, and was faster than
the Direct Off and Space On strategies. There was no significant difference
in selection time between the Slide Touch strategy and the Direct On
strategy, but the Slide Touch strategy had a lower error rate than the
Direct On strategy. No significant differences were found in error rate
between the Slide Touch and either the Slide Off or Space Touch strate-
gies, but the Slide Touch strategy was faster than both of them (see Table
ID). Thus, the Slide Touch strategy was significantly better overall than the
other individual strategies. An analysis of subject preferences also showed
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that the Slide Touch strategy was the most preferred (large targets, mean
= 4.75, small targets, mean = 3.08).

Regarding strategy groups, the In-Out, Off, and 3D strategy groups were
better than the other three strategy groups, based on analyses of the post
hoc Tukey HSD test. The analyses showed that there were no significant
differences in either selection time or error rate between the In-Out, On,
Off, 2D, and 3D strategy groups when compared with each other; however,
In-Out, Off, and 3D had lower error rates than the In group, and there were
no significant differences between the In and either On or 2D strategy
groups (Table III). We concluded therefore that overall, the In-Out, Off, and
3D strategy groups are better than the other three. The subjects highly
preferred the In-Out strategy group for both large targets (mean = 4.68)
and small targets (mean = 2.81) rather than the Off (large targets,
mean = 4.42, small targets, mean = 2.11), or the 3D (large targets,
mean = 4.2, small targets, mean = 1.99) strategy groups.

The In-Out strategy group (Slide Touch, Slide Off, and Space Touch) was
more efficient than the other groups particularly in situations where other
targets do not exist near the target, or in situations where targets are not
too close together, or where other targets do not exist near one side of the
target (e.g., the upper part). Sears and Shneiderman [1991] also cite this
point with reference to touch-screen situations. For example, in the Slide
Touch strategy, contact with the target may be affected after landing on the
screen outside the target area. Selection is affected on contact with the
target area. Since the first target contacted will be selected, prior visual
confirmation is important but may be difficult to achieve. In this situation,
the Slide Off strategy can be used because selection does not depend on the
point of removal from the screen, and the last target highlighted will be
selected. Therefore, the pen may pass through the target which will not be
selected until the pen is removed from any point on the screen.

On the other hand, In-Out selection strategies would not be efficient in
dense displays. In dense displays the Direct On and Direct Off strategies
(In strategy group) can be used. For instance, the Direct Off strategy (which
is in the Off strategy group) is the same as the familiar mouse technique.
Here selection is affected after the pen has contacted the screen, moved
into the target area, and been taken off the target area following visual
confirmation. However, hand/eye coordination is essential when using the
Direct On and Direct Off strategies. For the Direct Off strategy the pen
must be within the target (i.e., “catching” the target) at the moment the
pen is removed from the screen. In the Direct On strategy the pen
approaches the screen and target area, and it is in the target area only
momentarily.

When using an electromagnetic tablet, a target on the screen can be
designed as a 3D target. Thus the Space On and Space Touch strategies
(3D strategy group) may be used in the same situation. In the Space On
and Space Touch strategies the pen can affect the target before it makes
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contact with the screen. This may be useful for highlighting without
selection or prior to selection (or rejection) of the target.

3.3.2 Relationships Between Interaction States, Routes, and Strategy
Efficiency. We compared the pairs of individual strategies which have a
similar operation according to the state transition models and which belong
to the same group (2D On, 2D Off, and 3D On respectively). We wanted to
identify principles which make one strategy more efficient than another
similar strategy. Therefore, we compared the two On strategies in the 2D
plane (Direct On and Slide Touch), the two Off strategies in the 2D plane
(Direct Off and Slide Off), and the two On strategies in the space (Space On
and Space Touch).

We noted that with regard to these pairs (i) the Slide Touch strategy has
the same initial and final states as the Direct On strategy; the Slide Touch
also has more routes than the Direct On; (ii) the Slide Off strategy has the
same initial, middle, and final states as the Direct Off strategy, but the
Slide Off strategy has more routes than the Direct Off; (iii) the Space On
and Space Touch strategies have the same initial state and the same final
state although the Space Touch has one more possible final state and more
routes than the Space On strategy (see Table I).

We had found that the In-Out strategy group (Slide Touch, Slide Off,
Space Touch) was more efficient than the In strategy group (Direct On,
Direct Off, Space On). Now we have noted that each individual strategy
which belongs to the In-Out strategy group has more routes than its pair in
the In strategy group.

If we were to find that the Slide Touch strategy is more efficient than the
Direct On strategy (or Slide Off vs. Direct Off), we might suggest (H1) that
when the initial and the final states are the same, then the selection
strategy which has more possible routes is the more efficient of the two. If
we were to find that the Space Touch strategy is more efficient than the
Space On strategy, we might suggest (H2) that when the initial and final
states of any two strategies are the same but one of the strategies has more
possible final states, then the selection strategy which has more final states
is more efficient.

To confirm these hypotheses we compared the experimental data pertain-
ing to these strategy pairs (Slide Touch & Direct On; Slide Off & Direct Off;
and Space Touch & Space On).

Slide Touch and Direct On. There was no significant difference in
selection time between the Slide Touch and Direct On strategies, F(1, 40)
= 0.53. However, the Slide Touch strategy had a lower error rate than the
Direct On strategy, F(1, 40) = 58.1, p < 0.0001, and it had higher subjec-
tive ratings than the Direct On strategy for both large targets (F(1, 10)
= 22.9, p < 0.001) and small targets (F(1, 10) = 112.4, p < 0.0001)
(see Figure 9). Overall, the Slide Touch strategy was more efficient than
the Direct On strategy. This was consistent with the first hypothesis (H1).
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Slide Off and Direct Off. No significant difference was found in selec-
tion time between the Slide Off and Direct Off strategies, F(1, 40) =
1.52, p < 0.05. However, the Slide Off strategy had a lower error rate
than the Direct Off strategy, F(1, 40) = 15.1, p < 0.001. The Slide Off
strategy had higher subjective ratings than the Direct Off strategy for both
large targets (F(1, 10) = 26.0, p < 0.001) and small targets (F(1, 10)
= 67.2, p < 0.0001) (see Figure 9). Overall the Slide Off strategy was
more efficient than the Direct Off strategy. This was also consistent with
the first hypothesis (H1).

Space On and Space Touch. There was no significant difference be-
tween the Space On and the Space Touch strategies in selection time,
F(1, 40) = 0.31, but a significant difference was found in error rate,
F(1, 40) = 18.7, p < 0.0001. Space Touch had a lower error rate than
Space On, and it had higher subjective ratings than Space On for both large
targets (F(1, 10) = 19.1, p < 0.01) and small targets (F(1, 10) =
110.7, p < 0.0001). Based on these analyses, the Space Touch strategy
was more efficient than the Space On strategy. This was consistent with
the second hypothesis (H2).

These observations may be expanded in future to further define the
relationships between interaction states, routes, and the efficiency of
strategies. Such information would help to identify guidelines useful in the
design of selection strategies in general.

3.3.3 Factors Influencing the Differences Between the Selection Strate-
gies. Regarding target size, there were significant differences between the
6 strategies in terms of both selection time and error rate for target sizes of
3 pixels and 5 pixels. On the other hand, in the case of the target size of 9
pixels, no significant difference in error rate between the 6 strategies was
observed. The analyses between the In and In-Out strategy groups show
the same results. The significant differences between selection strategies
were changed by changing the target size. In other words, the error rates
were influenced by the selection strategies when the targets were small.
Conversely, error rates were not influenced by selection strategies when
target sizes were increased beyond a certain size. These results are
important factors in the design of strategies for selecting small targets in
pen-based systems. In the case of the target size of 9 pixels no significant
difference in error rate between the 6 strategies was observed. However, as
the amount of information displayed on the screen is increasing, users have
to select smaller targets because the width and height of screens are
limited. This tendency to display more information simultaneously is
especially obvious in portable pen-based systems, particularly, personal
digital assistants (PDAs), personal information managers (PIMs), and
other pocket-sized pen-based applications. For example, target sizes under
5 pixels have a significant effect on the differences between strategies.
Therefore a target size under 5 pixels is a significant factor in the design or
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choice of selection strategies. If the target size is limited to less than 5
pixels the choice of strategy must be particularly cognizant of the effects of
target size. Above 5 pixels the target size has no significant bearing on the
choice of selection strategy.

Regarding pen-movement-distance and pen-movement-direction, signifi-
cant differences between the six strategies were found in both selection
time and error rate for each of the pen-movement-distances and each of the
pen-movement-directions. Significant differences in error rate between the
In and In-Out strategy groups were also observed for each of the pen-
movement-distances and each of the pen-movement-directions. This means
that pen-movement distance and direction did not affect the significant
differences between the six strategies or the significant differences between
the strategy groups. In other words the significant differences between
strategies and strategy groups remained when the distance and direction of
pen movement were varied.

These observations will allow us to prioritize our focus in the design of
hardware/software and particularly in design of better strategies. Further-
more, an evaluation of the significance of strategy variables allows us to
build on current strategy conventions and to apply the information to
various hardware/software environments.

4. EXPERIMENT TWO

Experiment One showed that when targets were 3 or 5 pixels in size,
differences between the strategies were observed. On the other hand, when
the target size was 9 pixels, the significant difference between selection
strategies was not apparent. We, therefore, knew that the boundary value
was between 5 and 9 pixels. We were interested to more accurately
determine “the smallest maximum size,” i.e., the boundary value for the
target size below which there are significant differences, and above which
there are no significant differences between the strategies. In this experi-
ment we used five target sizes (1, 3, 5, 7, and 9 pixels).

4.1 Method

4.1.1 Participants. Nineteen volunteer subjects (14 male, 5 female, 18
right-handed, 1 left-handed), all university students, were tested for the
experiment. Seven people had previous experience with pen-input systems,
while the others had no such experience. These subjects and trials were
completely independent of Experiment One.

4.1.2 Apparatus. The equipment was the same as for Experiment One
(see Section 3.1.2).

4.1.3 Procedure. The procedure for Experiment Two was the same as
for Experiment One with the following exceptions. In Experiment One
there were 21 subjects, and the tablet was laid on a desktop for all subjects
(i.e., on-desk conditions). In Experiment Two there were 19 subjects. Ten of
the 19 subjects were asked to hold the tablet on their laps or in any position
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they found comfortable (i.e., off-desk conditions). These 10 were not allowed
to put the tablet on the desk. In Experiment One three target sizes were
used but in Experiment Two five target sizes were used.

The subjects were questioned about their preferences after they ended
each trial: “For the strategy tested just now, how do you rate Q? Please
answer on a scale of 1-to-9 (123456789).” Q consisted of six subquestions
regarding selection accuracy, selection speed, selection ease, learning ease,
satisfaction, and desire to use.

4.1.4 Design. The experiment used a mixed factorial design. The with-
in-subject variables were target size (1-, 3-, 5-, 7-, and 9-pixel diameter
circles), pen-movement-distance (131 pixels was the maximum radius of a
circle from the initial position), and pen-movement-direction (0, 45, 90, 135,
180, 225, 270, and 315 degrees). The strategies were also within-subject
variables.

Each subject performed a total of 60 trials for each strategy. These
consisted of 20 practice trials and 40 test trials (= 5 target sizes X 8
directions).

A break was taken at the end of each strategy trial. Whenever the subject
felt tired he or she was allowed to take a rest. Each subject completed 240
test trials (= 6 strategies X 40). In each strategy 760 test trials (= 19
subjects X 40) were completed. The order for the six strategies was
different for each of the 19 subjects.

4.2 Results

4.2.1 The Effect of Target Size on Selection Times. Since we had shown
in Experiment One that target size influences the differences between
selection strategies, but that the pen-movement distance and direction do
not influence the differences, we then considered how target size (not
distance and direction) affected the differences between strategies. The
results show that there was a significant difference between the six
strategies in selection time for each target size (1 pixel, p < 0.05; 3, 5, 7,
and 9 pixels, p < 0.01). This means that variations in target size do not
influence the significant differences between the strategies with regard to
selection time. In other words the difference between the strategies in
selection time remains when the target size is varied.

4.2.2 The Effect of Target Size on Error Rates. Figure 10 shows error
rates for each of the six strategies according to each of the target sizes, 1, 3,
5, 7, and 9 pixels. We looked at whether each target size affected the
difference in error rate between the six strategies. The results show that
there was a significant difference between the six strategies in error rate
for each of the target sizes of 1, 3, and 5 pixels, F(5,108) = 11.6, 15.6,
and 6.35, all p < 0.0001; however, there was no significant difference
between the 6 strategies in error rate for each target size of 7 or 9 pixels,
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Fig. 10. Mean error rates per target size for the six strategies in Experiment Two.

F(5,108) = 0.52, 0.75. This means that target sizes of 5 pixels or less
significantly affected the difference in error rate between the six strategies.

4.2.3 On-Desk and Off-Desk Conditions. No significant differences in
error rate (F(1, 17) = 0.25) or selection time (F(1, 17) = 1.38, p <
0.05) due to the different conditions associated with on-desk and off-desk
use were observed. Subjects using the tablet in off-desk conditions com-
pleted the 240 test trials with the tablet on their laps. All these subjects
preferred the off-desk position. Other conditions (e.g., subjects standing)
could be further researched and analyzed.

4.3 Best Individual Strategy and Best Strategy Group According to Experi-
ment Two Data

4.3.1 Comparisons of Selection Times and Error Rates for the Six Indi-
vidual Strategies.

Selection Times. There was a significant difference in selection time
between the six strategies, F(5,108) = 3.17, p < 0.05, the Direct On
strategy being the fastest. Figure 11 shows the selection times for the six
strategies. The post hoc Tukey HSD test showed that the Direct On
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Fig. 11. Mean selection times for each strategy in Experiment Two.

strategy was faster than the Direct Off strategy (p < 0.05). There were no
other significant differences across the strategies.

Error Rates. The error rates for each of the six strategies is shown in
Figure 12. There was a significant difference for the six strategies in error
rate, F(5,108) = 9.76, p < 0.01. The error rate for the Slide Touch
strategy was the lowest of the six strategies (mean = 12.4%). The post hoc
Tukey HSD test showed that the Slide Touch had a lower error rate than
the Direct On and Space On strategies; the Direct On had a higher error
rate than the Slide Off and Space Touch strategies; the Slide Off had a
lower error rate than the Space On strategy; the Space On had a higher
error rate than the Space Touch strategy (all p < 0.05). There were no
other significant differences across the strategy groups.

Subject Preferences. The analysis of the questionnaire showed a signifi-
cant difference in subject preferences for each of the six strategies, F(5,
30) = 258.5, p < 0.0001. Rated on a scale of 1 to 9 the Slide Touch
strategy was the most preferred (mean = 8.03).

Since each of the Slide Touch, Slide Off, and Space Touch strategies had
lower error rates than each of the Direct On and Space On strategies, and
since the Direct On was faster than the Direct Off strategy, we concluded
that the Slide Touch, Slide Off, and Space Touch are better than the other
three strategies. However, according to Experiment One the Slide Touch is
better than the other five strategies.
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Fig. 12. Mean error rates for each strategy in Experiment Two.

4.3.2 Comparisons of Selection Times and Error Rates for the Strategy
Groups.

Selection Times. Though the average selection time for the On strategy
group was the fastest (mean = 1.26), there was no significant difference in
selection time between the six strategy groups (In, In-Out, On, Off, 2D, and
3D), F(5,108) = 1.09, p < 0.05. The post hoc Tukey HSD test showed
that the Off strategy group was slower than the other five strategy groups
(p < 0.05). There were no other significant differences across strategy
groups.

Error Rates. However, there was a significant difference between the
six strategy groups in error rate, F(5,108) = 3.79, p < 0.01. The In-Out
strategy groups produced the lowest error rate (mean = 13.7%). The post
hoc Tukey HSD test showed that the In-Out strategy group had a lower

error rate than the In strategy group (p < 0.05). There were no other
significant differences across strategy groups.

Subject Preference. The analysis of the questionnaire showed a significant
main effect on subject preferences between the strategy groups, F(5, 30)
= 232.2, p < 0.0001. The In-Out strategy group was the most preferred
(mean = 7.84).
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The In-Out strategy group was better than the In and Off strategy
groups, since the In-Out strategy group had a lower error rate than the In
strategy group and was faster than the Off strategy group. Considering
that there were no differences in either selection time or error rate between
the In and each of the On, 2D, and 3D strategy groups, we conclude that
the In-Out strategy group is better than the other five strategy groups.
However, according to Experiment One the Off and 3D strategy groups are
not significantly different to the In-Out strategy group.

4.4 Discussion

4.4.1 The Smallest Maximum Size. The difference in selection time
between the strategies remained significant for each target size of 1, 3, 5, 7,
and 9 pixels. However, while the difference in error rate between the
strategies remained significant for each target size of 1, 3, and 5 pixels,
they became insignificant for each target size of 7 and 9 pixels.

In general we can say that differences between strategies in error rate
are affected by target size. Thus, it was important for us to identify the
threshold target size above or below which target size has a significant
bearing on error rates. We identified the threshold to be 5 pixels. In other
words we determined 5 pixels (1.80 mm diameter circle) to be “the smallest
maximum size,” because for target sizes above this the differences in error
rate between strategies are not significant. Thus, the comparative effi-
ciency of strategies with regard to error rate is affected by target sizes of 5
pixels or less, and the choice of strategy with regard to target size becomes
significant at 5 pixels or less. When a target is less than 5 pixels it is
necessary to pay more particular attention to the choice of strategies in
software design because the error rates of the strategies are affected
differently. Conversely when selecting a target of more than 5 pixels, the
error rate for all strategies is not significantly different, i.e., there are no
significant differences between strategies in error rate for target sizes over
5 pixels.

Fitts’ law [Fitts 1954], MovementTime = m + nID, ID = log,(2A/W),
states that the time taken to select a target is a function of the width of the
target (W), the distance (or amplitude) to the target (A), m and n (empiri-
cally determined constants), and ID (Index of Difficulty). This law has been
demonstrated in numerous studies, and there are many variations of this
formula [MacKenzie 1992]. If A is a constant, when W,, W, ... > 5 pixels
(here, we assume W,, W,,... are widths of different target sizes, and that W
can also express the diameter of a circular target as used in these
experiments), then, as far as our results are concerned, there are no
significant differences for ID; = log,(2A/W;), ID, = log,(2A/W,). In
other words, when selecting a target size of more than 5 pixels, the
difference in the ID (here, we consider error rates) will disappear. We note
that some studies have suggested that Fitts’ law is not an adequate model
for all interactions (e.g., MacKenzie and Buxton [1992]). Our study may
bear this out.
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4.4.2 The Best Individual Strategy and Best Strategy Group. The Slide
Touch strategy is the best of the individual strategies. When the results for
Experiment One and Experiment Two were compared in simple pairs we
found that the Slide Touch Strategy was the best strategy [Ren and Moriya
1997b; 1999]. The post hoc Tukey HSD test showed that, in Experiment
One, the Slide Touch was indeed the best strategy. In Experiment Two,
Tukey’s test showed that the Slide Touch, Slide Off, and Space Touch
strategies were all better with no significant difference, but considering the
(Tukey) results of Experiment One and that in both Experiments the Slide
Touch strategy had the highest subject preferences, we concluded that the
Slide Touch strategy is the single best strategy.

The In-Out strategy group is the best of the strategy groups. When the
results for Experiment One and Experiment Two were compared in simple
pairs we found that the In-Out strategy group was the best group [Ren and
Moriya 1997b; 1999]. Analysis based on the post hoc Tukey HSD test in
both selection time and error rate showed, however, that in Experiment
One, the Off and 3D strategy groups were not significantly different in
performance to the In-Out strategy group. However, analysis based on the
post hoc Tukey HSD test when applied to Experiment Two showed that the
In-Out strategy group was the best. When these results are combined and
considering that the In-Out strategy group had the highest subject prefer-
ences in both Experiments, we concluded that the best group is the In-Out
strategy group.

5. CONCLUSION AND FUTURE WORK

The article proposed two state transition models for selecting 2D and 3D
targets with a pen. It also described the characteristics of selection strate-
gies. We showed not only that the six strategies fit into the state transition
models, but we also classified the strategies into strategy groups according
to their characteristics and assessed the effects of various parameters on
the strategies. Then, we described the methods and results of Experiment
One and Experiment Two respectively.

Experiment One identified the best of the six individual strategies by
comparing the strategies individually and by groups. These results, when
combined with Experiment Two data, showed that the best strategy was
the Slide Touch strategy when the strategies were evaluated individually,
and the best strategy group was the In-Out strategy group when evaluated
in groups. Furthermore, differences between strategies are influenced by
variations in target size; however, they are not affected by pen-movement-
distance and pen-movement-direction.

Experiment Two sought to find “the smallest maximum size,” a boundary
value for the size of targets, by observing the effects of five different target
sizes (1, 3, 5, 7, and 9 pixels). We found that 5 pixels was the smallest
maximum size, which was the size at and below which significant differ-
ences in error rate appear. Differences between on-desk and off-desk
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conditions were not found; however all subjects preferred off-desk condi-
tions.

While we have isolated the best of the six strategies tested, we believe we
have gone beyond that and provided information which suggests that there
are many more options (albeit as yet undeveloped) than the six strategies.
The state transition models and the development of hypotheses for design
guidelines may provide tools for more efficient strategy design. Although
the six strategies may be considered to be only examples of strategies in
general we considered these six strategies to be inclusive of the essential
elements of selection strategies. They allowed us to comprehensively test
and to quantify the effects of variables on the differences between strate-
gies in general. These results contribute to the body of information about
how changes in variables can affect the quality of a selection strategy. An
understanding of human limitations, the variables of selection strategies,
and the integration of human motor skills with computer devices is vital to
the progress of human-computer interaction research. We believe that
these results will help designers to identify and quantify important factors,
for user efficiency on pen-based systems. We also believe that this work
defines values by which not only pen-based devices but also other devices
may be researched.

This article provides the basis for the development of new and better
selection strategies, for more far-reaching research on strategy and soft-
ware characteristics, and for the design of pen-based computers. Many
challenges remain in the field.

Expanding the State Transition Models. The state transition models
(see Figures 1 and 2) provide new vocabulary in evaluating selection
strategies with pen-based devices. However, they require further develop-
ment, e.g., they do not deal with parameters such as time (that the pen
stays in a certain statem, etc.), the state of the switch on the side of the pen
(side switch), pen-tip sensitivity (pressure of pen-tip), pen rotation, high-
lighting, and audio output. Further research is required to expand these
models.

Fitts’ Law and Selection Strategies. Numerous studies have shown
Fitts’ law to hold for a variety of movements produced under different
conditions; however the law only applies for one kind of selection strategy.
It is not clear that Fitts’ law, in its original form, applies to all selection
strategies with all kinds of targets. No studies have considered whether the
law holds for different strategies. The relationships between selection
strategies and Fitts’ law should be studied, e.g., plotting the selection time
against the Index of Difficulty with different strategies, or new tasks
paradigms presented by Accot and Zhai [1997; 1999] could be used to model
the Slide Touch, Direct Off, and Slide Off strategies.

Target Shapes and the Smallest Maximum Size. We used circular
targets to keep the distance which the pen reaches to the edge of a target
constant in all directions. It has been reported elsewhere that differences in
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target shapes influence the selection time [Sheikh and Hoffmann 1994].
Thus various target shapes could be compared. It is also necessary to
investigate the relationships between strategies and target shapes, and to
find strategies which are suitable for specific shapes. It would be interest-
ing to pay attention to whether or not small targets of different shapes
would change the smallest maximum size.

Isolated Targets, Dense Targets, and Virtual Targets. In the experi-
ments we used a single target. Consideration must be given to small
isolated targets and to small targets in dense displays. Furthermore, the
strategies in the In-Out strategy group all allow users to stray a little from
the target, and thus the user need not be so accurate. Thus, for small
targets, the strategies in the In-Out strategy group reduce selection times
and error rates, as confirmed by our results. Future experiments will
investigate how far from the target users touch down (in the Slide Touch
strategy) and how far from the target they slide off (in the Slide Off
strategy). This may reveal an effectively larger virtual target.

The Slide Touch Strategy and Other Selection Techniques. Comparisons
between the Slide Touch strategy and other interaction (selecting/pointing)
techniques proposed by other studies may be conducted to improve the
performance of small target acquisition tasks (e.g., see Kabbash and
Buxton [1995] and Worden et al. [1997]). Combinations of selection strate-
gies and sound feedbacks, etc., after selection (e.g., see Brewster et al.
[1995], Brewster and Crease [1997], and Brewster [1998]) should also be
investigated to see how the combination enhances the performance of
selection tasks. Further consideration could also be given to various selec-
tion techniques on the 2D plane and in 3D space, e.g., circle a 2D target,
check-mark a target, double tap a target, slide through a 3D target, poke at
a 3D target without contacting the screen surface, and so on.
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