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Abstract. Various methods and measures have been developed to assess the
quality of input devices and interaction techniques. One approach to investigat-
ing the performance of input devices and interaction techniques is to focus on
the quality of the produced movements. The current paper proposes a new
method of analyzing goal-directed movements by dividing them into meaning-
ful phases. In addition to the proposed analysis method a selection of measures
is suggested to assess different aspects of rapidly aimed movements. In order to
evaluate the added value of the proposed analysis method an experiment has
been conducted to compare two input devices (mouse versus stylus with tablet)
with respect to their performance on a multi-directional pointing task. The re-
sults show that the analysis into several phases reveals clear differences in the
movement strategy.

Keywords: Input devices, interaction techniques, movement analysis, perform-
ance measures.

1 Introduction

A key aspect of human-computer interaction is the use of input devices, such as key-
board, mouse, or tablet with stylus. Since millions of people use computers on a daily
basis it is important that input devices are well tailored to users’ needs. This is espe-
cially true when devices are designed for people with disabilities [9, 11], or when
devices are used within challenging environments, such as virtual reality. To improve
existing input devices or in the process of developing new ones it is necessary to iden-
tify the reasons for variations in performance.

Several studies have compared input devices or interaction techniques by observ-
ing characteristics of movement paths during the execution of basic tasks such as
pointing, selecting or steering [4, 10, 15, 14, 9, 8]. From these comparative studies
two different approaches towards movement analysis can be discerned. The first ap-
proach considers characteristics of the overall movement, such as total time or
throughput (Fitts’ Law). The second approach, mostly found in human movement
research, assumes that a movement consists of several submovements and that this
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division may reveal distinct information about the quality of the overall movement
[10, 16]. Although both approaches have proven to be helpful in comparing input
devices or interaction techniques [15, 1, 9, 18] it is difficult to use them to distinguish
different movement strategies and to apply these approaches to the design of input
devices and interaction techniques.

In the current paper, we first explain why we believe it is necessary to develop a
new method to analyze interaction movements. Subsequently, we propose new pars-
ing rules for decomposing an overall movement into several meaningful movement
phases. To illustrate the added value of this new analysis method it is used to compare
indirect mouse interactions with direct stylus interactions. It will be demonstrated that
a more detailed description of how interaction movements are influenced by the input
device can be obtained by dividing the movements into meaningful phases. Finally, a
large number of existing and newly proposed measures were applied to assess the
characteristics of the identified movement phases. The method that we propose for
identifying complementary measures is another contribution of the current paper.

2 Movement Analysis

2.1 Overall Movement Characteristics

Early studies on input devices based the analysis of movements on characteristics of
the overall movement. The best-known example is Fitts” law [5], which states that the
time to move to a target (MT) is logarithmically related to the ratio of the distance to
the target (A) over the width of the target (W), i.e.,

MT =a +b * log, (A/W + 1). (1)

The logarithmic term is called the index of difficulty (ID) in "bits". It increases
with a larger distance to the target or a smaller target width. The reciprocal of b is the
index of performance (IP) or bandwidth in "bits/s", which is one of the summary
statistics that is frequently used to compare movements made under different condi-
tions. The most popular (and standardized) summary statistic used in most recent
studies is throughput (IDe/MT), where the effective width (We) of the target is
used instead of the actual target width (W) in the definition of the index of difficulty
[14, 17].

Although Fitts’ law can establish that there are differences between input devices
or interaction techniques, it cannot provide much insight into the factors that are re-
sponsible for these differences. MacKenzie et al. [14] acknowledged that Fitts' law
measures are "gross measures”" and that they lack "any information on movement
during a trial". Therefore, they proposed several alternative measures, based on the
path being traced during the movement, to get a more accurate measure of efficiency
and to get a better idea of why some devices are more efficient than others. Although
their measures reveal some of the problems experienced with input devices when
pointing to a target, they still do not take into account the detailed course of the
movement as a function of time, i.e., they are still characteristics of the overall
movement.
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2.2 Movement Phases

According to Woodworth [19] rapidly aimed movements consist of an initial impulse,
or ballistic phase, and a perceptually guided final control, or correction phase. The
initial part of the movement is relatively fast, but as people get close to the target the
movement becomes slower and is characterized by irregularities in the time-
displacement profile. In other words, the ballistic phase is programmed to reach the
target and the unintended errors are corrected during the correction phase, based on
sensory feedback [16, 18]. These two phases can indeed be observed in actual dis-
placement velocity profiles of goal-directed movements, as shown in Figure 1.

Based on this model, Meyer et al. [16] proposed parsing criteria to indicate the end
of the first submovement, or ballistic phase: a) a zero-crossing of the displacement
velocity from positive to negative (type 1); b) a zero-crossing of the acceleration,
which is the derivative of velocity, from negative to positive (type 2); c) a zero-
crossing of jerk, which is the derivative of acceleration, from positive to negative
(type 3). Recent comparative studies used these criteria to divide movements into
submovements in order to look at movements in more detail [9, 8, 18]. We will show
that the above parsing rules often produce a subdivision into submovements that is not
very meaningful. This means that the observed differences in submovement patterns
obtained with this method should also be questioned.
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Fig. 1. Examples of velocity profiles of goal directed movements: A) executed with a mouse;

B) executed with a stylus, indicating the ballistic phase and the correction phase

Although Woodworth’s model formed the basis for Meyer’s optimized dual-
submovement model, the criteria that Meyer et al. [16] proposed do not necessarily
divide the movement into a ballistic phase and a correction phase. They assumed that
goal directed movements consisted of maximally two submovements and that the
ballistic phase ends after the first submovement. If one examines the velocity profiles
of rapidly aimed movements, one can observe that this is frequently not the case.
For example, Figure 1A shows an example of a velocity profile of a goal directed
movement carried out with a mouse. This graph shows that not one but two large
submovements were necessary to get into the neighborhood of the target. Another
example is shown in Figure 1B, which demonstrates that when using a stylus subtle
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changes in the deceleration rate, also called type-3 submovements, can occur. Accord-
ing to Wisleder and Dounskaia [18] type-3 submovements occur during relatively
smooth motions and are only an indication of subtle accuracy regulation. In other
words, they are not believed to signal actual interruptions in the ballistic movement
and, therefore, they are not likely to indicate the end of the ballistic phase.

Both graphs illustrate that the assumption that a movement maximally consists of
two submovements often does not hold for two-dimensional goal directed move-
ments. The method Meyer et al. [16] proposed was based on 1D rotation movements,
for which it is more plausible that they consist of maximally two submovements.
Other studies investigating 2D interactions have also demonstrated that more than two
submovements occur frequently when using Meyer’s criteria [9, 8, 18]. Therefore, we
may conclude that the division of two-dimensional movements into submovements
should be reconsidered.

2.3 Parsing Rules

Although Meyer’s criteria allow for a more detailed analysis of movements into sub-
movements, these criteria require adjustments to address the problems described
above. We therefore propose a modified method that is more stable and reliable with
respect to the differentiation between the ballistic phase and the correction phase of a
movement. The method has been tested on a large number of aimed movements, exe-
cuted in both 2D and 3D, with a diversity of input devices (mouse, trackball, stylus in
2D and magnetically and optically tracked stylus in 3D). The method has been proven
to be more robust than the parsing rules proposed by Meyer et al. [16].

Input data filtering. We start by filtering the position data as a function of time since
taking derivatives of noisy signals easily gives rise to spurious details. The data is
filtered using a Gaussian time filter with a standard deviation of 25 ms, which is com-
parable to the 7 Hz low-pass filter proposed in earlier studies. The advantage of a
Gaussian filter is that it is known not to introduce spurious details, as explained in the
theory of scale space filtering [12]. For this reason, Gaussian filters are used very
frequently in computer vision.

Movement interval parsing. First, we identify the intervals in which actual move-
ments occur. We define the latency phase and the verification phase as the intervals at
the beginning and end of the trial where no significant movement occurs (interval in
which the first and last 0.1 mm of the path is traveled, respectively). The latency
phase can provide information about the time it takes to plan the movement towards
the target. The verification phase can reveal problems with making the actual selec-
tion once the pointer has arrived at the target position (see Figure 2).

Second, the interval between the latency phase and the verification phase is divided
into distinct movement intervals. These distinct movement intervals are separated by
pauses in which no or only minimal movement of the pointer occurs. A pause is de-
fined as an interval in which the speed of the pointer remains below 0.02 times the
movement’s peak speed. In contrast to earlier studies we propose to determine
the speed of the pointer along the movement path instead of considering the parallel
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Third, we determine for each identified movement interval whether or not it makes
a considerable contribution to approaching the target. If the path length of a move-
ment interval is contributing more than 25% to the total path length it is considered to
be part of the ballistic phase. This criterion is introduced to be able to deal with cases
where several movements are required to reach the target, such as the one depicted in
Figure 1A. If a movement interval does not make a considerable contribution it is
considered to be part of either the correction phase or the initiation phase. The move-
ment interval will be considered part of the correction phase when it occurs after the
last ballistic movement and it will be considered part of the initiation phase when it
occurs before the first ballistic movement.

Finally, we divide the separate movement intervals into submovements. We do this
for two reasons. First, we use this division to get more detailed information on how the
movement was performed (i.e., fluently or with corrections). Second, we use this divi-
sion to determine whether or not the last movement interval of the ballistic phase con-
tains some correction submovements at the end. The criteria proposed by Meyer et al.
[16] were adjusted so they could be applied to speed profiles based on path length:

Fig. 2. Example of a velocity profile containing all
5 movement phases

a) a type-1 submovement occurs when the speed becomes (almost) zero (less
than 0.02 times the movement’s peak speed, which only occurs at the begin-
ning of a movement interval);

b) a type-2 submovement occurs at a zero-crossing of acceleration from nega-
tive to positive (in combination with a positive jerk that exceeds 0.01 times
the maximally observed jerk);

c) a type-3 submovement occurs at a zero-crossing of jerk from positive to
negative (in combination with a negative value of its derivative that exceeds
0.01 times the maximally observed value).

The thresholds on the slopes of the zero crossings are incorporated to avoid sub-
movement detection during small involuntary tremor or slow drift. The minimal re-
quirements for submovements that were proposed by Meyer et al. [16] were specific
for their 1D rotation task, and needed to be adapted for the case of 2D movement
path. The following minimal requirements for a submovement (to avoid the division
of movements into meaningless small submovements) are: a submovement should
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traverse a distance of at least 2 mm and last for at least 75 ms, while the maximum
velocity should exceed 0.02 times the maximally observed velocity. Submovements
that do not meet this requirement are combined with bordering submovements.

If the last movement in the ballistic phase consists of multiple submovements the
ballistic phase ends at the first type-2 submovement that occurs in the last 75%-95%
of the traveled path length. The corrective submovements that occur during the final
part of the interaction movement are considered to assist in positioning the pointer
within the target boundaries. They should hence be considered as being part of the
correction phase. As mentioned before, type-3 submovements are only considered to
be indications of subtle accuracy regulation and are therefore not used to signal the
end of the ballistic phase. If the last ballistic movement consists of only one sub-
movement the end of this movement coincides with the end of the ballistic phase.

2.4 Performance Measures

In order to draw meaningful conclusions from interaction movements a division of
movements into meaningful components is not sufficient. We also need summary
measures to assess the key characteristics of the phases that have been distinguished.
A review of 43 studies in the field of 2D interaction and human movement science
resulted in a set of 63 measures that can be applied to evaluate 2D interaction tech-
niques. These findings indicate that there is no consensus about which measures are
best to use when evaluating input devices and interaction techniques. It is highly
likely, however, that several proposed measures assess similar qualities of the move-
ment. It is argued that from this large list of measures only a few measures should be
retained, i.e. those that are complementary to each other.

In the current study only measures that can extract information from a single
movement path were applied to the movement data. We made an exception for
throughput, which extracts the effective width from a series of trials in the same con-
dition, for it is included in the ISO standard (ISO 9241-9). Time is one of the most
frequently used measures to assess movement quality and therefore it was applied to
the total trial and to each of the movement phases (latency, initiation, ballistic, correc-
tion and verification phase). Besides time and phase occurrence, 47 measures were
applied to the overall movement, the ballistic phase and/or the correction phase. A
short description of these measures can be found in Appendix 1. As indicated in the
appendix some of the measures were applied to the overall movement as well as to the
ballistic phase and the correction phase and some of the measures were applied to
only the overall movement, the ballistic phase or the correction phase. As a result, a
total of 99 movement characteristics were obtained from the data.

As mentioned before, the study described in the current paper compares indirect
mouse interactions with direct stylus interactions. The reason for this choice is that
previous studies comparing mouse interactions with stylus and tablet interactions
were only able to find minor differences between the mouse and the stylus [15, 1],
especially with respect to movement time. We will show how the application of the
new division method in combination with the use of alternative measures can indeed
provide a more detailed description of indirect mouse interaction movements and
direct stylus interaction movements.
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3 Experiment

3.1 Participants

Eight university employees voluntarily participated in the study that we undertook to
test the proposed measures. The group consisted of 5 males and 3 females. Their age
ranged from 30 to 35 years (M = 32.4 years). All participants indicated that their right
hand was their preferred hand when using the mouse. Two participants indicated that
their left hand was the preferred hand when using the stylus.

3.2 Task

The task used in the experiment was a multi-directional pointing task. In this task 8
“target” circles are arranged in larger circles with a diameter of 48, 96 and 144 mm
around a central “home” circle (see Figure 3A). The targets have three different sizes,
3mm, 6mm and 9mm. The 9 combinations of target size and target distance resulted
in 7 different levels of difficulty (ID = 2.7, 3.2, 3.5, 4.1, 4.6, 5 and 5.6 bits). At the
beginning of a new trial, the target was presented together with the home circle (3
mm). The targets were presented in random order, with the restriction that subsequent
targets were never positioned in the same direction in order to prevent learning ef-
fects. The data collection started when the home-circle was selected and continued
until the target was correctly selected.

A

Fig. 3. Multi-directional pointing task: A) target layout, indicating home-circle (middle), target-
circle and the other possible target positions; B) screen set-up when using mouse; C) screen set-
up when using stylus

3.3 Procedure

The selection task was presented on a 21-inch WACOM Cintiq 21UX tablet, with
integrated display. The resolution of the screen was set at 1600x1200 pixels. The
position of the screen was changed in between sessions: when participants were using
the mouse the screen was positioned vertically (see Figure 3B) and when they were
using the stylus the screen was tilted horizontally so that the screen would face up
(see Figure 3C). The position of the screen was adjusted to simulate the normal way
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of use as much as possible. The mouse had a constant CD-ratio of 1:4, while the CD-
ratio was 1:1 in case of the stylus with integrated display.

Before participants started the experiment they were provided with a short instruc-
tion about the task. The experiment consisted of two sessions, each containing 72
trials, i.e., 8 target directions combined with 3 different target sizes and 3 different
target distances. A practice session with 27 trials, i.e., 3 target directions combined
with 3 different target sizes and 3 different target distances, preceded each actual
experimental session. The order of the two experimental sessions was balanced so that
the number of participants using the mouse during the first session was equal to the
number of participants using the stylus during the first session.

4 Results

Although target size and target distance were included in the statistical model, the
analysis reported here will focus on the influence of input device on phase duration
and phase occurrence. Before analyses were carried out log transformations were
applied to time measures and square root transformations were applied to counts.
These transformations accomplished that the distributions of the data were closer to
the normal distribution assumed by the applied statistical methods (such as ANOVA).

4.1 Overall Movement vs. Movement Phases

Figure 4A shows the duration of the total trial, ballistic phase and correction phase as
a function of the input device. We averaged the times for the 8 different directions
and applied a within-subject correction for subject, target size and target distance as
proposed by Loftus and Masson [13]. As can be seen from this figure there is no dif-
ference in total trial duration between the mouse and the stylus. However, it also
shows that there are considerable differences in the duration of the ballistic phase,
correction phase and verification phases between the mouse and the stylus.

The repeated measures analysis with target size (3mm/6mm/9mm) and target dis-
tance (48mm/96mm/144mm) as within-subjects variables confirmed that there was no
significant difference in total trial time as a function of input device (mouse/stylus),
F(1,7)=.08, p=.79. It also confirmed that there were significant differences in duration
of the ballistic phase and the correction phase between the mouse and the stylus. The
ballistic phase was shorter when participants were using the mouse (M=.41; SE=.02)
than when they were using the stylus (M=.64; SE=.02), F(1,7)=137.73, p<.01. On the
other hand, the correction phase was longer when participants were using the mouse
(M=.34; SE=.01) than when they were using the stylus (M=.23; SE=.01),
F(1,7)=72.38, p<.01.

Repeated measures were also carried out to test the effect of input device on the
duration of the latency phase, start phase and verification phase. Only the duration of
the verification phase showed a significant effect of input device. The verification
phase was longer when using the mouse (M=.18; SE=.01) than when using the stylus
(M=.07; SE=.01), F(1,7)=97.16, p<.01. Due to the infrequent occurrence of the initia-
tion phase when participants were using the mouse (see Figure 4B) the repeated
measures analysis could not be carried out on the duration of the initiation phase.
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Fig. 4. The duration and phase occurrence (with 95% confidence intervals) are shown as a
function of input device (mouse/stylus) for each movement phase

Figure 4B shows the frequency of occurrence for each of the movement phases as a
function of the input device. This figure clearly illustrates that the latency phase and
the initiation phase occur more often when participants were using the stylus than
when they were using the mouse. However, the correction phase occurs more fre-
quently when participants were using the mouse.

4.2 Measure Selection

To select only a few measures to assess the quality of the interaction movements a
principal components factor analysis with varimax rotation was carried out. Fourteen
of the 99 movement characteristics (such as initiation time, number of pauses during
the ballistic phase, number of target misses and number of slip-offs) were excluded
from the factor analysis because the data distributions were strongly skewed. By
default, factor analysis retains factors with an eigenvalue larger than 1. However,
this method resulted in the extraction of 15 factors, which would imply a relatively
large selection of measures. Therefore, we chose to increase the eigenvalue boundary
to 4, which resulted in the extraction of 4 factors, with eigenvalues equal to 22.4,
19.0, 8.0 and 4.9. Together, these factors explain almost 65% of the variance, with
the last factor still making a considerable contribution to the explained variance
(5.8%).
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Table 1. Factor loadings after varimax rotation on the 4 extracted factors

Factor 1 Factor 2 Factor 3 Factor 4
Duration ballistic Peak speed ballistic Pauses >100ms Qrthogonal

94 92 . direction change .76
phase phase correction phase

overall movement

Mouse M=.41; SE=.02
Stylus M=.64; SE=.02
F(1,7)=137.73; p<.0l

Mouse M=547.3; SE=17.2
Stylus M=334.4 SE=26.9
F(1,7)=57.95 ; p<.01

Mouse M=.29; SE=.02
Stylus M=.32 SE=.03
F(1,7)=.26 ; p=.63

Mouse M=.66; SE=.05
Stylus M=.97; SE=.10
F(1,7)=2.34 ; p=.17

Relative accuracy

ballistic phase -87

Path length overall

91
movement

Duration
correction phase

Movement offset
overall movement

.66

Mouse M=.12; SE=.005
Stylus M=.05; SE=.003
F(1,7)=251.60; p <

Mouse M=107.4; SE=2.8
Stylus M=101.6; SE=1.9
F(1,7)=5.83, p<.05

Mouse M=.34; SE=.01
Stylus M=.23; SE=.01
F(1,7)=72.38; p<.01

Mouse M=3.0; SE=.18
Stylus M=2.8; SE=.64
F(1,7)=.14; p=.72

Number of type 3
submovements
ballistic phase

.84

Mean speed ballistic

phase 1

Mean duration
of pauses
correction phase

.67

Path length
efficiency ballistic
phase

-.60

Mouse M=.08; SE=.01
Stylus M=.54; SE=.04
F(1,7)=30.47; p<.01

Mouse M=234.8; SE=11.0
Stylus M=146.0; SE=7.7
F(1,7)=75.31; p<.01

Mouse M=.15; SE=.01
Stylus M=.13; SE=.01
F(1,7)=10.25; p<.05

Mouse M=.99; SE=.05
Stylus M=.98; SE=.09
F(1,7)=16.81; p<.01

As can be observed in Table 1, the groups of measures loading high on the 4 result-
ing factors focus on different aspects of the goal directed movement. The first factor
mostly contains measures that assess features of the ballistic phase and how it is re-
lated to the overall movement. The second factor focuses on how the movement is
executed in terms of the length of the traveled path and speed. The third factor typi-
cally contains measures that assess the quality of the correction phase, e.g. the number
and duration of pauses. The final factor includes measures that mainly focus on the
efficiency of the movement path, like the number of orthogonal direction changes and
the movement offset. This fourth factor hence resembles the measures proposed by
MacKenzie et al. [14].

Table 1 also shows the results of repeated measures analyses which were carried
out to test the main effect of input device. The results show that the duration of the
ballistic phase was longer when participants were using the stylus, mainly because
they were moving slower. Although more online adjustments were made during the
ballistic movement and the ballistic phase ended closer to the target, the path length
efficiency of the ballistic phase was somewhat lower when participants were using the
stylus. When looking at the correction phase, there is no difference between input
devices with respect to the number of pauses. However the duration of pauses is
somewhat longer when participants use the mouse. Finally, there are also no differ-
ences between the input devices with respect to the number of orthogonal direction
changes and the movement offset.

The measures extracted by the factor analysis were able to provide a well-founded
explanation for the differences found in the duration of the distinct movement phases.
The measures that proved useful in the analysis besides movement time and phase
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occurrence (frequency) are therefore proposed to assess the characteristics of aimed
movements, especially with respect to differentiating between input devices:

Mean speed Orthogonal direction change

Peak speed Movement offset

Path length Number of submovements (type 3)
Path efficiency Number and duration of pauses

Relative accuracy ballistic phase

Most of the proposed measures can be applied to the total trial as well as the ballis-
tic phase and the correction phase, like mean speed, path length and movement offset.
This means that these measures are also able to specify differences between these
phases.

5 Conclusion and Discussion

This paper has introduced parsing criteria that divide a goal-directed movement not
only into a ballistic and a correction phase, but also into an initiation phase, latency
phase and verification phase. Although the criteria we proposed deviate from Meyer’s
criteria and might seem arbitrary it is not our primary aim to provide criteria that can
be theoretically founded. It is our aim to provide a method that is able to divide goal-
directed movements into meaningful parts. We believe that the division into the five
phases described above is a meaningful and intuitive division. In addition, since the
analysis method is applied to the cursor position this analysis method of goal directed
movements can also be applied to assess the performance of other input device or
interaction techniques in 2D as well as 3D environments.

We have demonstrated that the analysis of rapidly aimed movements into five
movement phases (latency phase, initiation phase, ballistic phase, correction phase
and verification phase) provides insights that cannot be obtained from the analysis of
the overall movement. Due to the reverse effects of the input devices on the duration
of the different phases, no main effects for input device can be found when looking at
the overall movement duration. It is expected that such effects do not only occur with
respect to movement time but also with respect to other measures. Even with an ob-
served difference in the overall movement it is very well possible that the effect can
be solely attributed to a particular phase. For example, the measure number of pauses
reveals significant differences between the mouse and the stylus when looking at the
overall movement. However, pauses are mainly found in the correction phase and not
in the ballistic phase. Therefore, the application of a range of measures to the separate
movement phases enables us to better understand the root causes of the differences
between input devices. In this way the proposed analysis method is especially helpful
in the design and improvement of input devices and interaction techniques.

The other contribution of the current paper is that we reduced the list of measures
that can be applied to goal-directed movements to just a few measures. This selection
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was carried out because some measures assess similar aspects of the movements and
are therefore redundant and some measures are better in discriminating between vari-
ables than others. It is thought that the selected measures have some face validity and
they assisted very much in explaining the differences between mouse and stylus inter-
actions. For example, from the selected measures it can be concluded that, when using
the stylus, the ballistic movement is considerably slower and more online adjustments
are made. As a result, the execution is more precise and, therefore, less time is re-
quired to enter the target region, which is shown by the shorter correction phase. A
different strategy is applied when participants are using the mouse. Not only the short
duration of the ballistic phase but also the absence of the latency phase and initiation
phase indicate that participants using the mouse want to get into the neighborhood of
the target as fast as possible. However, since the movement is fast and less controlled
more time is required to make the final corrections in order to enter the target area.

Although the precise outcome may somewhat depend on the difference in CD-ratio
for the mouse and stylus, it still shows areas where the mouse and stylus interactions
can be improved. For the improvement of the mouse interactions, the focus should lie
on increasing the end-point accuracy of the ballistic movement and on facilitating the
execution of the correction movements, for example by automation techniques. On
the other hand, for the improvement of the stylus interactions more focus should lie
on increasing the movement speed, while maintaining the movement accuracy. An-
other issue with respect to direct stylus interactions is that participants sometimes
covered the targets with their arm and as a result started moving in the wrong direc-
tion. This is also shown by a lower path length efficiency when participants were
using the stylus. Solving the problem of covering important content would also in-
crease performance of direct stylus interactions.

The proposed analysis method is tailored to assess the quality of rapidly aimed se-
lection movements. Steering is another interaction technique that is frequently used
in computer interactions (e.g. navigation through menu-structures). A major differ-
ence between selection and steering tasks is that steering tasks require a more con-
tinuous control of pointer precision. As a result, steering movements will most likely
be subject to ongoing corrections and might have different characteristics than goal
directed movements. Future work will focus on the question how the analysis method
can be adjusted so that it can also be applied to these more controlled movements.
Besides selection and navigating though menu-structures, there are other tasks that are
important with respect to computer interactions such as changing an object’s position
and/or its orientation (e.g. in graphical applications). These tasks have not been stan-
dardized yet and future work should also focus on designing simple tasks that have
similar characteristics as the ISO 9241-9 pointing task. In order to investigate the
performance on these different tasks in a systematic way, it should also be investi-
gated whether similar factors and measures will be extracted when different interac-
tion techniques or tasks are applied.
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Appendix 1. Measures with Descriptions

Acceleration time: Time interval during which the pointer was accelerating' [18]

Angle offset: Angle between the vector from the beginning of the ballistic phase to the end of the ballistic
phase and the task axis [8]

Average speed: Average speed in mm/sec, i.e. total path length divided by total time'

Counter-productive submovements: Number of times the coincident error is negative with a magnitude
larger than the submovement’s starting distance' [9]

Deceleration time: Time interval during which the pointer was decelerating' [18]

Distance to peak speed: Distance traveled from movement onset to the moment peak speed is reached”
Error magnitude: Distance from the position of the target miss (button click) to the target edge:

Final positioning time: Interval from target entry until the end of the trial’ [2]

Goal distance correction phase: Distance to the target at the start of the correction phase’

High curvature occurrence: Number of times the angle between 3 sample points is less than 80 deg' [6]
Length offset: Difference between the length of the ballistic phase and ‘distance to target’ at the beginning
of the ballistic phase2 [8]

Max percent overshoot: largest percent deviation from the target once the pointer passes the target” [3]
Movement direction change: Number of times the tangent to the path gets parallel to the task axis' [14]
Movement error: Mean of absolute distances of the path from the task axis' [14]

Movement offset: Overall mean distances of the path from the task axis' [14]

Movement time: time interval from movement onset to movement offset* [16]

Movement variability: Extent to which the path lies in a straight line parallel to the task axis' [14]
Ortlllogonal direction change: Number of times the tangent to the path becomes perpendicular to the task
axis’ [14]

Overshoot: the frequency and duration (time interval from the moment the pointer passes the target edge to
movement offset) of overshoots” [9,3]

Path length: Length of the path in mm'

Path length efficiency: Ratio between the shortest path and the traveled path' [11]

Pauses: Number of pauses (>0ms; >100ms; >250ms) [11] and mean duration of the pauses' [9]

Peak acceleration: Maximum acceleration reached during the overall movement® [7]

Peak deceleration: Maximum deceleration reached during the overall movement® [7]

Peak speed: Maximum speed reached during the movement® [11]

Peak time: time at which maximum overshoot is reached? [3]

Perpendicular error: Distance between the endpoint of the ballistic phase and the task axis, measured in
the direction normal to the task axis® [9]

Relative accuracy: Ratio between ‘distance to target’ at the end of the ballistic phase and at movement
onset? [10]

Relative parallel displacement: Ratio between parallel displacement of the ballistic phase and the overall
movement®

Relative path length: Ratio between path length of the ballistic phase and the overall movement?[11]
Relative time: Ratio between duration of the ballistic phase and the overall movement” [18]

Relative time to peak speed: Ratio between time from movement onset to peak speed and the overall
movement® [11]

Slip-off: Number of submovements that begin inside the target but end outside the target® [9]
Submovements: Number of submovements [9] and number of type 1, 2 and 3 submovements' [18]
Submovements after target entry: Number of additional submovements after the pointer has landed
inside the target until movement offset’ [9]

Target miss: Frequency of trials in which the mouse button is clicked outside the target area® [9]

Target re-entry: Number of times the pointer enters the target after the first target entry® [14]

Task axis crossing: Number of times the path crosses task axis' [14]

Throughput: IDe/MT (IDe = log,[D/We + 1], where We = 4.1 33%c6)* [17]

Time to peak speed: Time interval from movement onset to the moment the peak speed is reached” [11]

! Applied to the overall movement, the ballistic phase and the correction phase.
2 Applied to only the ballistic phase.

3 Applied to only the correction phase.

* Applied to only the overall movement.



	Insight into Goal-Directed Movements: Beyond Fitts’ Law
	Introduction
	Movement Analysis
	Overall Movement Characteristics
	Movement Phases
	Parsing Rules
	Performance Measures

	Experiment
	Participants
	Task
	Procedure

	Results
	Overall Movement vs. Movement Phases
	Measure Selection

	Conclusion and Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




