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Postures and Gestures 
Figure 2 shows the set of static postures and temporal 
gestures that our system can infer.  Note that each of these 
gestures can be overloaded based on whether or not a 
particular fingertip is making contact with the touchpad 
surface, or is tapping/double-tapping the surface. 

 

Figure 2. Postures and gestures recognized by our 
system. (a) Fist posture; (b) Pointing posture; (c) 
double-point posture; (d) triple-point posture; (e) five 
finger posture; (f) pinching posture; (g) five-finger 
slide gesture; (h) grabbing gesture. 

INTERACTION TECHNIQUES 
In the following sections we describe the bimanual 
interaction techniques that we have developed for fluidly 
interacting with large wall displays from afar.  Without loss 
of generality, we assume that a user’s right hand is the 
dominant hand while the left is the non-dominant hand.   

Asymmetric Interactions 
Asymmetric-dependent tasks, as proposed by Guiard [11], 
are those in which the dominant hand moves within a frame 
of reference that has been set by the non-dominant hand.  In 
other words, the non-dominant hand can be engaged in 
coarse and less frequent actions, while the dominant hand 
will be used for faster, more frequent actions that require 
precision.  It has been shown that such asymmetric-
dependent tasks lead to the best performance due to their 
resemblance to the bimanual tasks humans perform in the 
real world [14, 19]. In this section we describe our 
asymmetric two-handed interaction techniques. 

Coarse Positioning 
Since allowing fast access to all parts of the screen is a 
fundamental issue in large display interaction, we have 
developed an asymmetric two-handed technique to address 
this problem.   

Since the VTP can differentiate between the left and right 
hands, we are able to map the touchpad to the display 
differently for each hand.  In asymmetric mode the left half 
of the touchpad is mapped to the four corners of the entire 
display (Figure 3a).  Therefore, when the user makes a 
pointing gesture with the left hand index finger and touches 
the tip onto the touchpad surface, the corresponding 

position in display space is computed and the segmented 
video image of the left hand is instantly moved to that 
location.  A panning icon also appears at the left index 
fingertip to denote that the finger can also be moved along 
the surface of the touchpad for smooth panning (Figure 8a).  
While this allows random access to almost any part of the 
display similar to a touch-screen, fine positioning is 
difficult due to the resolution differences between the 
touchpad and the display.  In other words, mapping half of 
the 60cm width of our touchpad to the entire 5m width of 
the display means that even a 1cm change in the fingertip 
position results in a 16cm jump on the display.  
Additionally, our cameras introduce further inaccuracies 
depending on the capture resolution of the cameras (we 
currently capture at a resolution of 320x240).    

 

Figure 3. Touchpad mapping for asymmetric 
interactions for: (a) the left hand; (b) the right hand. 

Workspaces and Fine Positioning 
Following Guiard’s asymmetric-dependent principles, we 
place a green-colored, semi-transparent, rectangular 
workspace at the left index finger position, with the right 
hand rendered inside of this workspace (Figure 4).  Thus 
the right hand can be used to perform more accurate 
positioning and manipulation tasks inside of this 
workspace, while the left hand coarsely positions the entire 
workspace anywhere on the display.  For such right hand 
interactions, the right half of the touchpad is mapped to the 
four corners of the workspace (Figure 3b).  This 
configuration minimizes any interference that may occur if 
the hands begin to overlap.   

Using this combination of two-handed coarse and fine 
positioning, a user can quickly access any part of the 
display with ease, which supports our second design goal. 

Selecting/Moving/Rotating Single Objects 
Kjeldsen and Hartman [24] suggest that direct pointing, 
control, and selection tasks are well-suited to vision-based 
hand tracking interfaces due to their low learning curve 
compared to systems based on complex gesture sets.  We 
leverage this knowledge for the purpose of manipulating 
objects in our system.  

(a) (b) (c) (d) 

(e) (f) (g) (h) 

(a) (b) 
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indirect condition where the table is used for input only, with output on separate dis-
play. Figure 1 illustrates the two conditions. In the direct condition, input and output 
space coincide. In the indirect condition, output is on a display arranged vertically 
behind the input surface; for reference between input and output space, the user’s 
hand contours are displayed. 

  

  

Fig. 1. Direct versus indirect multi-touch interaction 

We describe an experiment that investigates direct versus indirect multi-touch for a 
symmetric bimanual task, in terms of quantitative performance, qualitative observa-
tions, and user preference. The results overall indicate that users are faster with multi-
touch for direct interaction but are also able to use multi-touch efficiently for indirect 
input. A main observation was that users approach tasks differently in the two condi-
tions, in the direct condition with fluid movement to a target, and in the indirect con-
dition with hovering movement until a target has reached, resulting not only in longer 
selection time but also less comfort. The discomfort with hovering over the surface to 
avoid accidental touch suggests adoption of multi-touch techniques that would allow 
user to rest their hands on the surface for interaction. 

2   Related Work 

The performance of direct and indirect input modalities for bimanual tasks on interac-
tive surfaces has been scarcely explored. Forlines et al. compared direct- touch with 
mouse input for bimanual and single-pointer tasks, highlighting their different advan-
tages [9]. Barnert described a similar experiment on dual-mouse versus multi-touch 
[2]. These studies provide some insight into suitability for the respective interfaces for 
unimanual versus bimanual tasks. Our work, in contrast, is focused on a single input 
modality (multi-touch on interactive surfaces), to analyze its use and performance in 
direct versus indirect interaction. 

(b) Indirect multi-touch: sepa-
rate output with display of hand 
contours 

(a) Direct multi-touch: input and
output space coincide Schmidt et al. Interact’09

 

 

ARC-Pad: Absolute+Relative Cursor Positioning for Large 
Displays with a Mobile Touchscreen 

 

Figure 1: (Left) Cursor is initially at the top right corner. (Center) Tapping anywhere with ARC-Pad causes the cursor to 
instantly jump across the screen. (Right) For accurate positioning the user can clutch and slide the finger. 

ABSTRACT 
We introduce ARC-Pad (Absolute+Relative Cursor pad), a 
novel technique for interacting with large displays using a 
mobile phone’s touchscreen. In ARC-Pad we combine ab-
solute and relative cursor positioning. Tapping with ARC-
Pad causes the cursor to jump to the corresponding location 
on the screen, providing rapid movement across large dis-
tances. For fine position control, users can also clutch us-
ing relative mode. Unlike prior hybrid cursor positioning 
techniques, ARC-Pad does not require an explicit switch 
between relative and absolute modes. We compared ARC-
Pad with the relative positioning commonly found on 
touchpads. Users were given a target acquisition task on a 
large display, and results showed that they were faster with 
ARC-Pad, without sacrificing accuracy. Users welcomed 
the benefits associated with ARC-Pad. 
ACM Classification: H5.2 [Information interfaces and 
presentation]: User Interfaces – Input devices and strategies 
General terms: Design, Human Factors 

Keywords: Touchpad, cursor, clutching, absolute position 

INTRODUCTION 
We are witnessing a recent trend involving the use of mo-
bile devices to control and manipulate objects, such as dis-
placing a cursor, on a secondary peripheral display. Some 
methods include tilting the device, such as the Air Mouse 
[10], or controlling objects using a phone-cam [7]. In this 
paper, we propose an alternative, and focus on methods of 
using the device’s touchscreen as a touchpad. 
Touchpads have a very small size compared to the user’s 
primary display and require clutching to move the cursor. 
Clutching degrades performance [3], particularly when the 
display size is very large. A simple solution to minimize 
clutching involves increasing the cursor speed with a mul-
tiplier called the Control-Display gain (CD gain). CD gain 
amplifies the fingers’ movements, so that small motions on 
the touchpad result in large movements of the cursor. How-
ever, increasing the CD gain reduces accuracy, making 
smaller objects more difficult to target [2]. Alternatively, 
researchers have proposed using hybrid techniques to elim-
inate or reduce clutching. 
Building on prior techniques we introduce ARC-Pad, 
which is intended to increase selection speed without re-
ducing accuracy. ARC-Pad does not require explicit 
switching between input modes as with prior techniques 
[4]. When the user taps and releases, the cursor momentar-
ily switches to absolute mode, and jumps to the equivalent 
position on the screen. Any gesture where the user's finger 
slides invokes relative motion. For example, a tap in the 
lower left corner of the touchpad instantly moves the cursor 
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ABSTRACT 
We propose a method for learning how to use an imaginary 
interface (i.e., a spatial non-visual interface) that we call 
“transfer learning”. By using a physical device (e.g. an 
iPhone) a user inadvertently learns the interface and can 
then transfer that knowledge to an imaginary interface. We 
illustrate this concept with our Imaginary Phone prototype. 
With it users interact by mimicking the use of a physical 
iPhone by tapping and sliding on their empty non-dominant 
hand without visual feedback. Pointing on the hand is 
tracked using a depth camera and touch events are sent 
wirelessly to an actual iPhone, where they invoke the corre-
sponding actions. Our prototype allows the user to perform 
everyday task such as picking up a phone call or launching 
the timer app and setting an alarm. Imaginary Phone there-
by serves as a shortcut that frees users from the necessity of 
retrieving the actual physical device. 
We present two user studies that validate the three assump-
tions underlying the transfer learning method. (1) Users 
build up spatial memory automatically while using a physi-
cal device: participants knew the correct location of 68% of 
their own iPhone home screen apps by heart. (2) Spatial 
memory transfers from a physical to an imaginary inter-
face: participants recalled 61% of their home screen apps 
when recalling app location on the palm of their hand. 
(3) Palm interaction is precise enough to operate a typical 
mobile phone: Participants could reliably acquire 0.95cm 
wide iPhone targets on their palm—sufficiently large to 
operate any iPhone standard widget.  
Author Keywords 
Imaginary interface, mobile, wearable, spatial memory, 
screen-less, memory, non-visual, touch. 
ACM Classification 
H5.2 [Information interfaces and presentation]: User Inter-
faces. - Graphical user interfaces. 
General Terms 
Design, Human Factors, Experimentation. 

 

 

 
Figure 1: This user operates his mobile phone in his 
pocket by mimicking the interaction on the palm of 
his non-dominant hand. The palm becomes an Im-
aginary Phone that can be used in place of the ac-
tual phone. The interaction is tracked and sent to 
the actual physical device where it triggers the cor-
responding function. The user thus leverages spa-
tial memory built up while using the screen device. 
We call this transfer learning. 

INTRODUCTION 
Imaginary interfaces were proposed as a means for ena-
bling pointing input on screen-less mobile devices [5]. 
With their hands tracked by a chest-worn camera, users of 
imaginary interfaces point and draw in the empty space in 
front of them. Their non-dominant hand, held up in an “L-
gesture”, forms the origin of a 2D coordinate system. This 
visual reference allows users to acquire targets using coor-
dinates of the style “two thumbs up and three index fingers 
to the right”. This allowed for reliable acquisition of targets 
measuring 4.8 × 4.3cm. 
However, if we try to transfer this approach to multi-widget 
imaginary interfaces, we obtain an interaction style remi-
niscent of a voice menu: the system would have to read out 
choices such as “For mail, select one thumb right, two 
index fingers up. For weather…” Having to listen to such a 
list makes interaction slow and frustrating [26]. Extended 
use would eventually allow users to select widgets without 
listening to the choices anymore (to dial ahead [18]), but 
since real-world interfaces can hold dozens of widgets, 
learning all the widget locations can take a long time, leav-
ing users stuck with the voice-menu style of interaction. 

“clock”
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ABSTRACT 
Adding multi-touch sensing to the surface of a mouse has the po-
tential to substantially increase the number of interactions availa-
ble to the user. However, harnessing this increased bandwidth is 
challenging, since the user must perform multi-touch interactions 
while holding the device and using it as a regular mouse. In this 
paper we describe the design challenges and formalize the design 
space of multi-touch mice interactions. From our design space 
categories we synthesize four interaction models which enable the 
use of both multi-touch and mouse interactions on the same de-
vice. We describe the results of a controlled user experiment eval-
uating the performance of these models in a 2D spatial manipula-
tion task typical of touch-based interfaces and compare them to 
interacting directly on a multi-touch screen and with a regular 
mouse. We observed that our multi-touch mouse interactions were 
overall slower than the chosen baselines; however, techniques 
providing a single focus of interaction and explicit touch activa-
tion yielded better performance and higher preferences from our 
participants. Our results expose the difficulties in designing multi-
touch mice interactions and define the problem space for future 
research in making these devices effective. 

KEYWORDS: Multi-touch, mouse, surface computing, desktop 
computing. 
INDEX TERMS: H.5.2 [Information interfaces and presentation]: 
User Interfaces. – Input devices and strategies; Graphical user 
interfaces.  

1 INTRODUCTION 
In the 40 years since the early prototypes were built by Engelbart 
and colleagues [5], the computer mouse has become a highly op-
timized interaction device, allowing users to perform precise inter-
actions with minimal effort. Recently, two separate efforts demon-
strated a new possibility of adding multi-touch sensing onto the 
surface of the mouse, thus creating a multi-touch mouse (MT 
mouse). Villar et al. [24] first demonstrated the basic interaction 
capabilities on five hardware MT mice prototypes and Apple re-
leased the first commercially available MT mouse, called Magic 
Mouse [20], which allows users to perform touch gestures on top 
of the mouse. These MT mice (in addition to the existing multi-
touch pads), present an opportunity to bring the rich multi-
fingered interactions demonstrated by surface computing to the 
desktop environment without the cost of multi-touch screens and 
with all of the potential ergonomic benefits associated with mice.  

However, it is unclear whether multi-touch input and the stand-
ard mouse functionality can be effectively combined as there are 
difficult challenges that need to be resolved in order for this vision 
to materialize (e.g., facilitating a firm hold of the device without 

inadvertent touch activation, supporting touch interactions through 
an indirect touch device, finding compelling interactions and use 
scenarios, etc.) So far, the existing work provides little support for 
gauging the effectiveness of multi-touch on the mouse. Villar et al. 
[24] outline many potential use scenarios (without supporting 
evaluations) and focus on implementation details of their different 
hardware prototypes. Magic Mouse [20] enables mostly single 
finger gestures with the only available multi-touch interaction 
being the two-finger horizontal swipe gesture. 

In this paper we focus on the design problem of how to effective-
ly use the touch data on a mouse to manipulate on-screen objects. 
To constrain the large interaction space we chose to restrict the 
interactions to the basic 2D manipulations: the cursor-based point-
ing from the desktop world and the translation, rotation, and scale 
manipulations of 2D objects with multiple contacts from the sur-
face computing domain. From a user’s perspective, we want to 
understand and identify mental models for the use of MT mouse, 
which can allow users to leverage the power of both touch and 
mouse input. While this problem may appear simple, there are 
many design decisions that need to be addressed. For example, are 
sensed touches mapped to the region around the cursor, the screen, 
or independently to some other object or region of interest? Is the 
multi-touch sensor always active, or does it need to be explicitly 
triggered? Do we leverage existing WIMP-based models for input 
focus and selection, and retrofit touch around these or do we re-
quire something completely different?  

 
Figure 1. The multi-touch mouse device in use and the corre-
sponding cursor and the touch points in the interface. 
Our work explores the rich interaction space for MT mice and 

makes the following three contributions. We first describe a set of 
design challenges with integrating touches from the MT mouse to 
a desktop user interface and categorize them in a taxonomy. We 
then use this taxonomy to identify four techniques for integrating 
multi-touch with the existing cursor-based model for interaction 
(Figure 1). Lastly, we report on a controlled user study which 
compares our four techniques against two real-world baseline 
interactions using different devices – a multi-touch screen and a 
regular mouse. Our results show that MT mouse interactions were 
overall significantly slower than the existing baselines (by 27%); 
however, techniques providing a single focus of interaction and 
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ABSTRACT

The mouse cursor acts as a digital proxy for a finger on graphical
displays. Our hands, however, have ten fingers and many degrees
of freedom that we use to interact with the world. We posit that by
creating graphical cursors that reflect more of the hand’s physical
properties, we can allow for richer and more fluid interaction. We
demonstrate this idea with three new cursors that are controlled
by the user’s fingers using a multi-point touchpad. The first two
techniques allow for simultaneous control of several properties
of graphical objects, while the third technique makes several
enhancements to object selection.

RÉSUMÉ

Le curseur de la souris est un avatar digital pour notre doigt. Cepen-
dant, nos mains ont beaucoup plus qu’un seul doigt, ainsi que
de nombreux axes de mouvement que l’on utilise pour manipuler
notre environment. Nous postulons que la création d’un curseur
graphique qui réflèterait encore plus d’aspects de la main permet-
terait des interactions plus riches et plus fluides. Nous démontrons
cette idée avec trois nouveaux curseurs qui sont contrôlés en glis-
sant plusieurs doigts à la fois sur une palette de digitalisation. Les
deux premier curseurs manipulent les objects graphiques directe-
ment, alors que le troisième manipule la sélection des objects.

CR Categories: H.5.2 [Information Interfaces]: User
Interfaces—Interaction styles; H.5.2 [Information Interfaces]: User
Interfaces—Input devices and strategies

Keywords: Cursors, Multi-touch Interfaces, High Degree-of-
freedom Input.

1 INTRODUCTION

People often wish that interacting with a computer were as conve-
nient as interacting with the real world—until we remind them of
the “undo” operation, which the real world lacks. Even with the
benefit of “undo,” much of our interaction with computers can be
frustrating, partly because it’s mediated by the mouse or other sim-
ilar cursor-control devices; enriching this aspect of interaction is
our goal. The cursor itself is an indirection in our interaction: we
control some device like a mouse, which in turn controls a cursor,
which has power over either some model (a text document, a draw-
ing) or our view of it. This indirection is analogous to the crafts-
man’s use of tools: the same hand may first use a screwdriver and
later a wrench. This is not to say that direct manipulation is a bad
thing—merely that the indirection introduced through cursors also
enables a powerful variety of tasks to be carried out with a single

Figure 1: The Hand Cursor lets the user move the puzzle pieces as
though sliding objects on a physical table.

device. For some of these tasks direct manipulation would be inap-
propriate. Just as we like to use tweezers to remove splinters and a
net to catch butterflies, we can use digital tools to select a control-
point on a curve with precision, or reach across a wall-sized display
with a flick of the wrist. The cursor acts as the visible end-effector
of such tools.

Cursors in desktop interfaces are typically controlled by only two
parameters (the motion of a mouse in x and y). This feels rather lim-
ited; it’s a great deal easier to move a book to a particular place and
orientation on a physical desk than to move a rectangle to a par-
ticular place and orientation on the virtual desktop. Therefore, we
present here three new cursors that control several parameters at a
time; the cursors themselves are controlled by multi-touch track-
ing of the user’s hand, i.e., by the positions of one or more of the
user’s fingers on a touchpad that can detect multiple finger locations
at once. These techniques demonstrate the power of simultaneous
multi-parameter cursor control, and show how the indirection pro-
vided by a cursor can overcome the physical constraints found in
similar direct-touch techniques. It is important to note that we have
chosen these techniques as representative points in the design space
of multi-finger cursors; they may be combined, modified, or ex-
tended to suit various applications. We also discuss the limitations
of these techniques, some hurdles that must be overcome to make
such cursors effective, and challenges for future work.

2 DESIGN PRINCIPLES

We have attempted to design our cursor techniques so they would be
easy for an experienced mouse user to use and understand. We do
this by maintaining, whenever possible, certain key attributes of the
graphical cursor. The first property is a continuous zero-order map-

1
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Hypothesis:
 
1. Despite the lack of feedback, looking at the input surface 
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Design

12 participants
x 3 input conditions (1 hand, 1hand-blinders, 2handsBlinders)
x 2 device size (iPod, iPad)
x 3 blocks
x 3 target size (10, 20, 40 mm)
x 9 target position
x 3 repetitions 
= 17,496 total trials
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Figure 3: Locations used for the TARGET POSITION variable (the grid
and numbers were not shown to participants).

Figure 4: 1HAND, 1HANDBLINDERS and 2HANDSBLINDERS.

were not allowed to look at it and had to wear the blinder
glasses shown on Figure 1. In 1HAND and 1HANDBLINDERS,
participants were not allowed to use their non-dominant hand
which had to stay away from the desk and the input device.
In 2HANDSBLINDERS, they were asked to hold the input device
with it in place, without moving. As Gustafson et al. had
shown that the ability to see the hands outperforms the tac-
tile cues they provide [7], we did not consider having a fourth
condition with both hands allowed and visible.

To summarize, participants could always see the laptop’s dis-
play and use their dominant hand’s index finger to point at
locations on the input surface. Their non-dominant hand was
used only in 2HANDSBLINDERS where it held in place the in-
put device, and they could look at the input surface only in
1HAND.

The presentation order of INPUT CONDITION and DEVICE SIZE was
counterbalanced across participants using a balanced Latin
Square design. TARGET SIZE was presented in descending or-
der. Each BLOCK consisted of 3 repetitions of the 9 TARGET PO-
SITION presented in a pseudo-random order. The experimental
design was thus: 12 participants ⇥ 3 INPUT CONDITION ⇥ 2 DE-
VICE SIZE ⇥ 3 BLOCK ⇥ 3 TARGET SIZE ⇥ 9 TARGET POSITION ⇥ 3
Repetitions = 17,496 total trials.

For each trial, we recorded the first touch position of each
attempt and the number of attempts to select the targets. The
experiment lasted around 50 minutes for each participant.

RESULTS
The dependent variables were the success rate, the number of
failed attempts and the targeting error.

Success rate and number of failed attempts
Targets that were not selected on first attempt were marked as
errors. In what follows, the success rate is the percentage of
targets successfully selected on first attempt. The mean num-
ber of failed attempts is the average number of times the par-
ticipant attempted to select the target and failed (5 at most). In
the LARGE condition for example, as illustrated in Figure 5, the
success rate is 54% and the mean number of failed attempts
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Figure 5: Number of failed attempts across INPUT CONDITION, DEVICE
SIZE, TARGET SIZE and TARGET POSITION (from left to right). Con-
nections between bars represent statistically significant differences.

is 0.66 (0.54⇥0 + 0.33⇥1 + 0.08⇥2 + 0.03⇥3 + 0.01⇥4 +
0.01⇥5).

A Friedman analysis showed a significant main effect of
BLOCK (c2=13.2, df=2, p=0.001) on the success rate and the
mean number of failed attempts (c2=10.2, df=2, p<0.01). Pair-
wise comparisons1 showed significant differences between
the first block and the two subsequent ones for the success
rate (p<0.05), and between the first block and the second one
for the mean number of failed attempts (p<0.05), showing a
learning effect. The first block was thus removed from sub-
sequent analysis. We also considered trial positions at least
three standard deviations away from the mean position for
each condition as outliers and removed them from the data
analysis (0.9% of the trials).

The Friedman analysis showed significant main effects of IN-
PUT CONDITION (c2=18.7, df=2, p<0.001), DEVICE SIZE (c2=12, df=1,
p<0.001), TARGET SIZE (c2=24, df=2, p<0.001) and TARGET POSI-
TION (c2=30.4, df=8, p<0.001) on the number of failed attempts.
Pairwise comparison showed significant differences between
1HAND and the other input conditions (p<0.01, 1HAND: 0.26,
1HANDBLINDERS: 0.56, 2HANDSBLINDERS: 0.51). The mean num-
ber of failed attempts fell from 0.66 with LARGE to 0.23 with
SMALL. Significant differences (p<0.001) were found between
WS (0.93) and WL (0.07). Post-hoc analysis for TARGET POSITION

did not reveal any significant difference in spite of the main
effect.

The number of failed attempts for each condition is repre-
sented on Figure 5. Overall participants were more successful
when they could see the input device, used the smaller input
surface or selected larger targets.

Targeting error
Targeting error is computed for all trials, whether succeeded
or not, as the distance (in mm) between the location of the
first attempt and the target center. A low targeting error cor-
responds to a high accuracy. Friedman analysis showed a sig-
nificant effect of BLOCK (c2=15.2, df=2, p<0.001) on targeting er-
ror and pairwise comparisons showed a significant difference
between the first block and the following ones (p<0.01). As a
result the first block was removed from subsequent analysis.
1 Post-hoc analysis were adjusted using Bonferroni correction.
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were not allowed to look at it and had to wear the blinder
glasses shown on Figure 1. In 1HAND and 1HANDBLINDERS,
participants were not allowed to use their non-dominant hand
which had to stay away from the desk and the input device.
In 2HANDSBLINDERS, they were asked to hold the input device
with it in place, without moving. As Gustafson et al. had
shown that the ability to see the hands outperforms the tac-
tile cues they provide [7], we did not consider having a fourth
condition with both hands allowed and visible.

To summarize, participants could always see the laptop’s dis-
play and use their dominant hand’s index finger to point at
locations on the input surface. Their non-dominant hand was
used only in 2HANDSBLINDERS where it held in place the in-
put device, and they could look at the input surface only in
1HAND.

The presentation order of INPUT CONDITION and DEVICE SIZE was
counterbalanced across participants using a balanced Latin
Square design. TARGET SIZE was presented in descending or-
der. Each BLOCK consisted of 3 repetitions of the 9 TARGET PO-
SITION presented in a pseudo-random order. The experimental
design was thus: 12 participants ⇥ 3 INPUT CONDITION ⇥ 2 DE-
VICE SIZE ⇥ 3 BLOCK ⇥ 3 TARGET SIZE ⇥ 9 TARGET POSITION ⇥ 3
Repetitions = 17,496 total trials.

For each trial, we recorded the first touch position of each
attempt and the number of attempts to select the targets. The
experiment lasted around 50 minutes for each participant.

RESULTS
The dependent variables were the success rate, the number of
failed attempts and the targeting error.

Success rate and number of failed attempts
Targets that were not selected on first attempt were marked as
errors. In what follows, the success rate is the percentage of
targets successfully selected on first attempt. The mean num-
ber of failed attempts is the average number of times the par-
ticipant attempted to select the target and failed (5 at most). In
the LARGE condition for example, as illustrated in Figure 5, the
success rate is 54% and the mean number of failed attempts
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SIZE, TARGET SIZE and TARGET POSITION (from left to right). Con-
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is 0.66 (0.54⇥0 + 0.33⇥1 + 0.08⇥2 + 0.03⇥3 + 0.01⇥4 +
0.01⇥5).

A Friedman analysis showed a significant main effect of
BLOCK (c2=13.2, df=2, p=0.001) on the success rate and the
mean number of failed attempts (c2=10.2, df=2, p<0.01). Pair-
wise comparisons1 showed significant differences between
the first block and the two subsequent ones for the success
rate (p<0.05), and between the first block and the second one
for the mean number of failed attempts (p<0.05), showing a
learning effect. The first block was thus removed from sub-
sequent analysis. We also considered trial positions at least
three standard deviations away from the mean position for
each condition as outliers and removed them from the data
analysis (0.9% of the trials).

The Friedman analysis showed significant main effects of IN-
PUT CONDITION (c2=18.7, df=2, p<0.001), DEVICE SIZE (c2=12, df=1,
p<0.001), TARGET SIZE (c2=24, df=2, p<0.001) and TARGET POSI-
TION (c2=30.4, df=8, p<0.001) on the number of failed attempts.
Pairwise comparison showed significant differences between
1HAND and the other input conditions (p<0.01, 1HAND: 0.26,
1HANDBLINDERS: 0.56, 2HANDSBLINDERS: 0.51). The mean num-
ber of failed attempts fell from 0.66 with LARGE to 0.23 with
SMALL. Significant differences (p<0.001) were found between
WS (0.93) and WL (0.07). Post-hoc analysis for TARGET POSITION

did not reveal any significant difference in spite of the main
effect.

The number of failed attempts for each condition is repre-
sented on Figure 5. Overall participants were more successful
when they could see the input device, used the smaller input
surface or selected larger targets.

Targeting error
Targeting error is computed for all trials, whether succeeded
or not, as the distance (in mm) between the location of the
first attempt and the target center. A low targeting error cor-
responds to a high accuracy. Friedman analysis showed a sig-
nificant effect of BLOCK (c2=15.2, df=2, p<0.001) on targeting er-
ror and pairwise comparisons showed a significant difference
between the first block and the following ones (p<0.01). As a
result the first block was removed from subsequent analysis.
1 Post-hoc analysis were adjusted using Bonferroni correction.
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were not allowed to look at it and had to wear the blinder
glasses shown on Figure 1. In 1HAND and 1HANDBLINDERS,
participants were not allowed to use their non-dominant hand
which had to stay away from the desk and the input device.
In 2HANDSBLINDERS, they were asked to hold the input device
with it in place, without moving. As Gustafson et al. had
shown that the ability to see the hands outperforms the tac-
tile cues they provide [7], we did not consider having a fourth
condition with both hands allowed and visible.

To summarize, participants could always see the laptop’s dis-
play and use their dominant hand’s index finger to point at
locations on the input surface. Their non-dominant hand was
used only in 2HANDSBLINDERS where it held in place the in-
put device, and they could look at the input surface only in
1HAND.

The presentation order of INPUT CONDITION and DEVICE SIZE was
counterbalanced across participants using a balanced Latin
Square design. TARGET SIZE was presented in descending or-
der. Each BLOCK consisted of 3 repetitions of the 9 TARGET PO-
SITION presented in a pseudo-random order. The experimental
design was thus: 12 participants ⇥ 3 INPUT CONDITION ⇥ 2 DE-
VICE SIZE ⇥ 3 BLOCK ⇥ 3 TARGET SIZE ⇥ 9 TARGET POSITION ⇥ 3
Repetitions = 17,496 total trials.

For each trial, we recorded the first touch position of each
attempt and the number of attempts to select the targets. The
experiment lasted around 50 minutes for each participant.

RESULTS
The dependent variables were the success rate, the number of
failed attempts and the targeting error.

Success rate and number of failed attempts
Targets that were not selected on first attempt were marked as
errors. In what follows, the success rate is the percentage of
targets successfully selected on first attempt. The mean num-
ber of failed attempts is the average number of times the par-
ticipant attempted to select the target and failed (5 at most). In
the LARGE condition for example, as illustrated in Figure 5, the
success rate is 54% and the mean number of failed attempts
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Figure 5: Number of failed attempts across INPUT CONDITION, DEVICE
SIZE, TARGET SIZE and TARGET POSITION (from left to right). Con-
nections between bars represent statistically significant differences.

is 0.66 (0.54⇥0 + 0.33⇥1 + 0.08⇥2 + 0.03⇥3 + 0.01⇥4 +
0.01⇥5).

A Friedman analysis showed a significant main effect of
BLOCK (c2=13.2, df=2, p=0.001) on the success rate and the
mean number of failed attempts (c2=10.2, df=2, p<0.01). Pair-
wise comparisons1 showed significant differences between
the first block and the two subsequent ones for the success
rate (p<0.05), and between the first block and the second one
for the mean number of failed attempts (p<0.05), showing a
learning effect. The first block was thus removed from sub-
sequent analysis. We also considered trial positions at least
three standard deviations away from the mean position for
each condition as outliers and removed them from the data
analysis (0.9% of the trials).

The Friedman analysis showed significant main effects of IN-
PUT CONDITION (c2=18.7, df=2, p<0.001), DEVICE SIZE (c2=12, df=1,
p<0.001), TARGET SIZE (c2=24, df=2, p<0.001) and TARGET POSI-
TION (c2=30.4, df=8, p<0.001) on the number of failed attempts.
Pairwise comparison showed significant differences between
1HAND and the other input conditions (p<0.01, 1HAND: 0.26,
1HANDBLINDERS: 0.56, 2HANDSBLINDERS: 0.51). The mean num-
ber of failed attempts fell from 0.66 with LARGE to 0.23 with
SMALL. Significant differences (p<0.001) were found between
WS (0.93) and WL (0.07). Post-hoc analysis for TARGET POSITION

did not reveal any significant difference in spite of the main
effect.

The number of failed attempts for each condition is repre-
sented on Figure 5. Overall participants were more successful
when they could see the input device, used the smaller input
surface or selected larger targets.

Targeting error
Targeting error is computed for all trials, whether succeeded
or not, as the distance (in mm) between the location of the
first attempt and the target center. A low targeting error cor-
responds to a high accuracy. Friedman analysis showed a sig-
nificant effect of BLOCK (c2=15.2, df=2, p<0.001) on targeting er-
ror and pairwise comparisons showed a significant difference
between the first block and the following ones (p<0.01). As a
result the first block was removed from subsequent analysis.
1 Post-hoc analysis were adjusted using Bonferroni correction.
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were not allowed to look at it and had to wear the blinder
glasses shown on Figure 1. In 1HAND and 1HANDBLINDERS,
participants were not allowed to use their non-dominant hand
which had to stay away from the desk and the input device.
In 2HANDSBLINDERS, they were asked to hold the input device
with it in place, without moving. As Gustafson et al. had
shown that the ability to see the hands outperforms the tac-
tile cues they provide [7], we did not consider having a fourth
condition with both hands allowed and visible.

To summarize, participants could always see the laptop’s dis-
play and use their dominant hand’s index finger to point at
locations on the input surface. Their non-dominant hand was
used only in 2HANDSBLINDERS where it held in place the in-
put device, and they could look at the input surface only in
1HAND.

The presentation order of INPUT CONDITION and DEVICE SIZE was
counterbalanced across participants using a balanced Latin
Square design. TARGET SIZE was presented in descending or-
der. Each BLOCK consisted of 3 repetitions of the 9 TARGET PO-
SITION presented in a pseudo-random order. The experimental
design was thus: 12 participants ⇥ 3 INPUT CONDITION ⇥ 2 DE-
VICE SIZE ⇥ 3 BLOCK ⇥ 3 TARGET SIZE ⇥ 9 TARGET POSITION ⇥ 3
Repetitions = 17,496 total trials.

For each trial, we recorded the first touch position of each
attempt and the number of attempts to select the targets. The
experiment lasted around 50 minutes for each participant.

RESULTS
The dependent variables were the success rate, the number of
failed attempts and the targeting error.

Success rate and number of failed attempts
Targets that were not selected on first attempt were marked as
errors. In what follows, the success rate is the percentage of
targets successfully selected on first attempt. The mean num-
ber of failed attempts is the average number of times the par-
ticipant attempted to select the target and failed (5 at most). In
the LARGE condition for example, as illustrated in Figure 5, the
success rate is 54% and the mean number of failed attempts
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Figure 5: Number of failed attempts across INPUT CONDITION, DEVICE
SIZE, TARGET SIZE and TARGET POSITION (from left to right). Con-
nections between bars represent statistically significant differences.

is 0.66 (0.54⇥0 + 0.33⇥1 + 0.08⇥2 + 0.03⇥3 + 0.01⇥4 +
0.01⇥5).

A Friedman analysis showed a significant main effect of
BLOCK (c2=13.2, df=2, p=0.001) on the success rate and the
mean number of failed attempts (c2=10.2, df=2, p<0.01). Pair-
wise comparisons1 showed significant differences between
the first block and the two subsequent ones for the success
rate (p<0.05), and between the first block and the second one
for the mean number of failed attempts (p<0.05), showing a
learning effect. The first block was thus removed from sub-
sequent analysis. We also considered trial positions at least
three standard deviations away from the mean position for
each condition as outliers and removed them from the data
analysis (0.9% of the trials).

The Friedman analysis showed significant main effects of IN-
PUT CONDITION (c2=18.7, df=2, p<0.001), DEVICE SIZE (c2=12, df=1,
p<0.001), TARGET SIZE (c2=24, df=2, p<0.001) and TARGET POSI-
TION (c2=30.4, df=8, p<0.001) on the number of failed attempts.
Pairwise comparison showed significant differences between
1HAND and the other input conditions (p<0.01, 1HAND: 0.26,
1HANDBLINDERS: 0.56, 2HANDSBLINDERS: 0.51). The mean num-
ber of failed attempts fell from 0.66 with LARGE to 0.23 with
SMALL. Significant differences (p<0.001) were found between
WS (0.93) and WL (0.07). Post-hoc analysis for TARGET POSITION

did not reveal any significant difference in spite of the main
effect.

The number of failed attempts for each condition is repre-
sented on Figure 5. Overall participants were more successful
when they could see the input device, used the smaller input
surface or selected larger targets.

Targeting error
Targeting error is computed for all trials, whether succeeded
or not, as the distance (in mm) between the location of the
first attempt and the target center. A low targeting error cor-
responds to a high accuracy. Friedman analysis showed a sig-
nificant effect of BLOCK (c2=15.2, df=2, p<0.001) on targeting er-
ror and pairwise comparisons showed a significant difference
between the first block and the following ones (p<0.01). As a
result the first block was removed from subsequent analysis.
1 Post-hoc analysis were adjusted using Bonferroni correction.
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were not allowed to look at it and had to wear the blinder
glasses shown on Figure 1. In 1HAND and 1HANDBLINDERS,
participants were not allowed to use their non-dominant hand
which had to stay away from the desk and the input device.
In 2HANDSBLINDERS, they were asked to hold the input device
with it in place, without moving. As Gustafson et al. had
shown that the ability to see the hands outperforms the tac-
tile cues they provide [7], we did not consider having a fourth
condition with both hands allowed and visible.

To summarize, participants could always see the laptop’s dis-
play and use their dominant hand’s index finger to point at
locations on the input surface. Their non-dominant hand was
used only in 2HANDSBLINDERS where it held in place the in-
put device, and they could look at the input surface only in
1HAND.

The presentation order of INPUT CONDITION and DEVICE SIZE was
counterbalanced across participants using a balanced Latin
Square design. TARGET SIZE was presented in descending or-
der. Each BLOCK consisted of 3 repetitions of the 9 TARGET PO-
SITION presented in a pseudo-random order. The experimental
design was thus: 12 participants ⇥ 3 INPUT CONDITION ⇥ 2 DE-
VICE SIZE ⇥ 3 BLOCK ⇥ 3 TARGET SIZE ⇥ 9 TARGET POSITION ⇥ 3
Repetitions = 17,496 total trials.

For each trial, we recorded the first touch position of each
attempt and the number of attempts to select the targets. The
experiment lasted around 50 minutes for each participant.

RESULTS
The dependent variables were the success rate, the number of
failed attempts and the targeting error.

Success rate and number of failed attempts
Targets that were not selected on first attempt were marked as
errors. In what follows, the success rate is the percentage of
targets successfully selected on first attempt. The mean num-
ber of failed attempts is the average number of times the par-
ticipant attempted to select the target and failed (5 at most). In
the LARGE condition for example, as illustrated in Figure 5, the
success rate is 54% and the mean number of failed attempts
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nections between bars represent statistically significant differences.

is 0.66 (0.54⇥0 + 0.33⇥1 + 0.08⇥2 + 0.03⇥3 + 0.01⇥4 +
0.01⇥5).

A Friedman analysis showed a significant main effect of
BLOCK (c2=13.2, df=2, p=0.001) on the success rate and the
mean number of failed attempts (c2=10.2, df=2, p<0.01). Pair-
wise comparisons1 showed significant differences between
the first block and the two subsequent ones for the success
rate (p<0.05), and between the first block and the second one
for the mean number of failed attempts (p<0.05), showing a
learning effect. The first block was thus removed from sub-
sequent analysis. We also considered trial positions at least
three standard deviations away from the mean position for
each condition as outliers and removed them from the data
analysis (0.9% of the trials).

The Friedman analysis showed significant main effects of IN-
PUT CONDITION (c2=18.7, df=2, p<0.001), DEVICE SIZE (c2=12, df=1,
p<0.001), TARGET SIZE (c2=24, df=2, p<0.001) and TARGET POSI-
TION (c2=30.4, df=8, p<0.001) on the number of failed attempts.
Pairwise comparison showed significant differences between
1HAND and the other input conditions (p<0.01, 1HAND: 0.26,
1HANDBLINDERS: 0.56, 2HANDSBLINDERS: 0.51). The mean num-
ber of failed attempts fell from 0.66 with LARGE to 0.23 with
SMALL. Significant differences (p<0.001) were found between
WS (0.93) and WL (0.07). Post-hoc analysis for TARGET POSITION

did not reveal any significant difference in spite of the main
effect.

The number of failed attempts for each condition is repre-
sented on Figure 5. Overall participants were more successful
when they could see the input device, used the smaller input
surface or selected larger targets.

Targeting error
Targeting error is computed for all trials, whether succeeded
or not, as the distance (in mm) between the location of the
first attempt and the target center. A low targeting error cor-
responds to a high accuracy. Friedman analysis showed a sig-
nificant effect of BLOCK (c2=15.2, df=2, p<0.001) on targeting er-
ror and pairwise comparisons showed a significant difference
between the first block and the following ones (p<0.01). As a
result the first block was removed from subsequent analysis.
1 Post-hoc analysis were adjusted using Bonferroni correction.
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As the targeting error did not follow a normal distribution, we
used the “Aligned Rank Transform” [22] and ran a repeated
measures ANOVA on the aligned ranks to investigate possible
interactions between the factors.

The analysis showed a significant main effect of DEVICE SIZE

(F1,11=489, p<0.001) and INPUT CONDITION (F2,22=72.1, p<0.001), and
a significant interaction of DEVICE SIZE ⇥ INPUT CONDITION

(F2,22=28.4, p<0.001) on targeting error. Mean targeting error
for SMALL and LARGE were respectively 5.9 and 11.1 mm. We
hypothesize the lower targeting error obtained in the SMALL

condition could be explained by the smaller displacements to
perform on the small device: participants could perform small
movements more precisely than large ones.

Pairwise comparisons showed significant differences between
all levels of INPUT CONDITION (1HANDBLINDERS: 9.8 mm, 2HANDS-
BLINDERS: 9.4 mm, 1HAND: 6.2 mm; p<0.001). Looking at the input
surface clearly reduced targeting error, even though nothing
was displayed there. Overall, 2HANDSBLINDERS reduced tar-
geting error by 4% compared to 1HANDBLINDERS, and 1HAND

reduced it by 37%. But the significant interaction of DE-
VICE SIZE ⇥ INPUT CONDITION revealed there was no significant
difference between 2HANDSBLINDERS and 1HANDBLINDERS for
SMALL, while there was a significant difference between these
two conditions in the LARGE condition (Figure 6).

We found a significant main effect of TARGET SIZE (F2,22=12.7,
p<0.001) and a significant interaction of TARGET SIZE ⇥ DEVICE

SIZE (F2,22=7.0, p=0.005). Post-hoc analysis showed that targeting
error is significantly (p<0.001) higher for WL (9.1 mm) compared
to WM (8.2 mm) and WS (8.0 mm). Participants may have been
less careful with large targets, which may have seem easier
to select. Pairwise comparisons also revealed that targeting
error stopped decreasing for the LARGE condition below tar-
get size WM: no significant difference was found between WS

and WM for LARGE while significant differences were found
between these two sizes for the SMALL condition. No signifi-
cant interaction was found for TARGET SIZE ⇥ INPUT CONDITION.

We found a significant main effect of TARGET POSITION

(F8,88=12.25, p<0.001) and a significant interaction for TARGET

POSITION ⇥ INPUT CONDITION (F16,176=5.39, p<0.001) on targeting
error. Targeting error was minimum for the target located at
the center, followed by targets in the upper left quarter and
then targets on the diagonal (targets 9, 10 and 22). Most par-
ticipants let their fingers centered above the device which re-
quired them to fold the fingers to reach targets at the bottom
right corner. For these targets (19 and 25), the targeting error
was the highest. Post-hoc analysis revealed that targeting er-
ror for target 25 is significantly lower in the 1HAND condition.
However for targets 9 and 19 targeting error is significantly
higher in the 1HAND condition, probably because these targets
are neither positioned on borders nor at the center so they do
not benefit from visual guidances to estimate their position.

Minimum target size in motor space
Based on our experimental data, we can derive the minimal
target size in motor space participants can select on first at-
tempt with a 95% probability. We examined the dispersion of
all touches around each target. We found the average touch
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Figure 6: Targeting error for DEVICE SIZE and INPUT CONDITION
(left), and TARGET POSITION (right). Connections between bars rep-
resent statistically significant differences.

position is offset 0.4 mm right and 0.8 mm top from the target
center.

A repeated-measures MANOVA on the first touch position
showed a significant main effect of INPUT CONDITION (F4,8=5.8,
p=0.019) and DEVICE SIZE (F2,10=9.1, p<0.01) on the smallest target
size. The corresponding minimal target sizes are reported in
Table 1. These results show that the ability to look at the
device results in higher precision than holding it with the non-
dominant hand. It also confirms that participants were almost
two times more precise on the small device (82%).

INPUT CONDITION 1HAND 2HAND 1HANDBLINDERS BLINDERS

DEVICE SIZE
SMALL 22.3 23.2 16.8

LARGE 45.2 41.3 27.8

Table 1: Minimum target size (in mm) to acquire a target on first attempt
with 95% of chance, across INPUT CONDITION and DEVICE SIZE.

Spatial distribution of the first touch position
Figure 7 shows all trials split by DEVICE SIZE and INPUT CON-
DITION. Ovals represent the bivariate normal distribution of
first touch positions for each TARGET POSITION, represented by
cross-hairs.

Across all conditions, touches tend to be shifted towards the
center of the device even though the presentation order of
target positions was randomized. This can be explained by
the dominant strategy which consisted in keeping the fingers
around the center of the device. In addition to this deviation,
the distribution of the 1HAND condition is moved towards the
bottom right in comparison with the two other input condi-
tions. The center of the ellipse for 1HAND is generally on the
bottom right side of the other centers.

Vogel, Baudisch and Holz [19, 9] have shown that most users
assume the contact point considered by the machine to be lo-
cated above the nail center, or at its extremity. Yet touch in-
terfaces use the centroid of contact shapes which is shifted
towards the south-west for right fingers. This offset between
what people consider doing and what the computer interprets
introduces a misunderstanding of the perceived input point
model. In our experiment, when participants were allowed
to look at the device, we assume they mentally projected tar-
gets and put their finger at the corresponding locations. The
specific offset observed in this condition can be explained by
the above perceived input model. As all participants were
right-handed, their finger was oriented towards the top left
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are neither positioned on borders nor at the center so they do
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target size in motor space participants can select on first at-
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Figure 6: Targeting error for DEVICE SIZE and INPUT CONDITION
(left), and TARGET POSITION (right). Connections between bars rep-
resent statistically significant differences.

position is offset 0.4 mm right and 0.8 mm top from the target
center.

A repeated-measures MANOVA on the first touch position
showed a significant main effect of INPUT CONDITION (F4,8=5.8,
p=0.019) and DEVICE SIZE (F2,10=9.1, p<0.01) on the smallest target
size. The corresponding minimal target sizes are reported in
Table 1. These results show that the ability to look at the
device results in higher precision than holding it with the non-
dominant hand. It also confirms that participants were almost
two times more precise on the small device (82%).

INPUT CONDITION 1HAND 2HAND 1HANDBLINDERS BLINDERS

DEVICE SIZE
SMALL 22.3 23.2 16.8

LARGE 45.2 41.3 27.8

Table 1: Minimum target size (in mm) to acquire a target on first attempt
with 95% of chance, across INPUT CONDITION and DEVICE SIZE.

Spatial distribution of the first touch position
Figure 7 shows all trials split by DEVICE SIZE and INPUT CON-
DITION. Ovals represent the bivariate normal distribution of
first touch positions for each TARGET POSITION, represented by
cross-hairs.

Across all conditions, touches tend to be shifted towards the
center of the device even though the presentation order of
target positions was randomized. This can be explained by
the dominant strategy which consisted in keeping the fingers
around the center of the device. In addition to this deviation,
the distribution of the 1HAND condition is moved towards the
bottom right in comparison with the two other input condi-
tions. The center of the ellipse for 1HAND is generally on the
bottom right side of the other centers.

Vogel, Baudisch and Holz [19, 9] have shown that most users
assume the contact point considered by the machine to be lo-
cated above the nail center, or at its extremity. Yet touch in-
terfaces use the centroid of contact shapes which is shifted
towards the south-west for right fingers. This offset between
what people consider doing and what the computer interprets
introduces a misunderstanding of the perceived input point
model. In our experiment, when participants were allowed
to look at the device, we assume they mentally projected tar-
gets and put their finger at the corresponding locations. The
specific offset observed in this condition can be explained by
the above perceived input model. As all participants were
right-handed, their finger was oriented towards the top left
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EXPERIMENT	  2:	  scale	  effect	  and	  aspect	  ra=o

Hypothesis:

1.The size of targets relative to that of the display would 
have no impact on performance

2.Similar input and output aspect ratios would lead to 
better performance
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Design

12 participants
x 3 workspace height (74, 147, 294 mm)
x 3 aspect ratio (4:3, 16:9, 32:10)
x 3 blocks
x 2 target size (20 and 40 mm)
x 4 target position
x 3 repetitions
= 7,776 total trials
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Targe=ng	  error	  and	  scale

WM WORKSPACE HEIGHT HS HM HL

ASPECT RATIO
RM 20⇥20 10⇥10 5⇥5

RL 15⇥20 17.5⇥10 3.7⇥5

RXL 8.3⇥20 4.2⇥10 2.1⇥5

WL WORKSPACE HEIGHT HS HM HL

ASPECT RATIO
RM 40⇥40 20⇥20 10⇥10

RL 30⇥40 15⇥20 7.5⇥10

RXL 16.7⇥40 8.3⇥20 4.2⇥10

Table 3: Target size in motor space (in mm) corresponding to the dis-
played TARGET SIZE depending on the WORKSPACE HEIGHT and AS-
PECT RATIO. Highlighted cells are the ones for which different visual
conditions lead to the same target size in motor space.

difference between WS and WM on the LARGE device, we re-
moved WS to shorten the duration of the experiment. In the
(WS, RXL, HL) condition, on-screen targets would have been
mapped to 1.05 mm targets in motor space, a size most prob-
ably too small to be selected anyway. Table 3 shows the target
sizes in motor space corresponding to WM and WL for the dif-
ferent combinations of ASPECT RATIO and WORKSPACE HEIGHT.

As the effect of TARGET POSITION had already been evaluated
with 9 levels in Experiment 1, we decided to evaluate it with
fewer levels this time. We chose 4 positions with contrasted
effects: the easiest target at the center (13), the top left corner
position also easy to acquire (1), a more difficult one on the
diagonal (22), and a difficult one most probably covered by
the hand (19).

The presentation order of WORKSPACE HEIGHT and ASPECT RATIO

was counterbalanced across participants following a balanced
Latin Square. TARGET SIZE was presented in descending order.
Each BLOCK consisted of 3 repetitions of the 4 TARGET POSITION

presented in a pseudo-random order. The experimental design
was thus: 12 participants ⇥ 3 WORKSPACE HEIGHT ⇥ 3 ASPECT

RATIO ⇥ 3 BLOCK ⇥ 2 TARGET SIZE ⇥ 4 TARGET POSITION ⇥ 3
Repetitions = 7,776 total trials. For each trial we recorded
the first touch position of each attempt and the number of
attempts to select the target. The experiment lasted around 20
minutes for each participant.

RESULTS
The dependent variables were again the success rate, the num-
ber of failed attempts and the targeting error, as previously
defined. We considered trial positions at least three standard
deviations away from the mean position as outliers and re-
moved them from the data analysis (0.8% of the trials).

Success rate and number of failed attempts
The number of failed attempts for each condition is repre-
sented on Figure 8. A Friedman analysis did not show a sig-
nificant main effect of BLOCK neither on success rate (c2=4.04,
df = 2, ns) nor on the mean number of failed attempts (c2=3.43,
df=2, ns). But the analysis showed significant main effects of
WORKSPACE HEIGHT (c2=24, df=2, p<0.001), ASPECT RATIO (c2=22.2,
df=2, p<0.001), TARGET SIZE (c2=12, df=1, p<0.001) and TARGET

POSITION (c2=24.2, df=3, p<0.001) on the number of failed at-
tempts. Pairwise comparisons revealed significant differences

for it between HS and HL for WORKSPACE HEIGHT (0.10 and 1.04,
p<0.001) and between RM and RXL for ASPECT RATIO (0.30 and
0.80, p<0.001). For TARGET POSITION, we found significant dif-
ferences between targets 13 and 19 (0.32 and 0.66, p<0.05), and
between 13 and 22 (0.32 and 0.53, p<0.05).
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90%#
100%#

HS# HM# HL# RM# RL# RXL# WM# WL# 1# 13# 19# 22#
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Number*of*
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5# 4# 3#

2# 1# 0#

Figure 8: Number of failed attempts across WORKSPACE HEIGHT, AS-
PECT RATIO, TARGET SIZE and TARGET POSITION (from left to right).
Connections between bars represent statistically significant differences.

Targeting error
A Friedman analysis showed a significant main effect of
BLOCK (c2=8.17, df=2, p=0.017) on targeting error, but post-hoc
analysis did not reveal any significant difference between the
blocks. As a result the three blocks were conserved for sub-
sequent analysis.

A repeated measures ANOVA showed a significant main ef-
fect of WORKSPACE HEIGHT (F2,22=7.06, p<0.01) and ASPECT RA-
TIO (F2,22=11.72, p=<0.001) on targeting error, but no significant
WORKSPACE HEIGHT ⇥ ASPECT RATIO interaction. Post-hoc anal-
ysis showed significant differences between HS and the other
heights HM and HL (10.2 mm, 8.9 mm and 8.7 mm, p<0.001, Figure
9). The larger workspaces resulted in smaller targets in mo-
tor space. The lower targeting error observed for HM and HL

might result from increased participant attention in response
to their lower success rate (Figure 8). Post-hoc comparisons
showed significant differences between RXL and the two other
aspect ratios RM and RL (9.8 mm, 8.9 mm and 9.0 mm, p<0.01). Tar-
geting error increased as the aspect ratio increased: the hori-
zontal stretching impaired the correct estimation of target po-
sition.

The analysis showed a significant main effect of TARGET SIZE

(F1,11=25.83, p<0.001, Figure 9). As in Experiment 1, smaller tar-
gets led to reduced targeting error (WL: 9.6 mm, WM: 9.0 mm).
We again hypothesize that participants may have been less
careful with large targets which appear easier to select.

A significant interaction was found between ASPECT RATIO

and TARGET SIZE (F2,22=6.30, p<0.01) but post-hoc comparisons
did not reveal any significant difference. Targeting error de-
creased when the target size decreased in motor space, and as
the workspace and input aspect ratios got closer. It appears to
reach a floor for the smallest target size (WM) with the aspect
ratios RL and RM (8.5 mm and 8.7 mm). Participants could not
further reduce the error when the aspect ratio became smaller
(from RL to RM).
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difference between WS and WM on the LARGE device, we re-
moved WS to shorten the duration of the experiment. In the
(WS, RXL, HL) condition, on-screen targets would have been
mapped to 1.05 mm targets in motor space, a size most prob-
ably too small to be selected anyway. Table 3 shows the target
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RESULTS
The dependent variables were again the success rate, the num-
ber of failed attempts and the targeting error, as previously
defined. We considered trial positions at least three standard
deviations away from the mean position as outliers and re-
moved them from the data analysis (0.8% of the trials).
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The number of failed attempts for each condition is repre-
sented on Figure 8. A Friedman analysis did not show a sig-
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Targeting error
A Friedman analysis showed a significant main effect of
BLOCK (c2=8.17, df=2, p=0.017) on targeting error, but post-hoc
analysis did not reveal any significant difference between the
blocks. As a result the three blocks were conserved for sub-
sequent analysis.

A repeated measures ANOVA showed a significant main ef-
fect of WORKSPACE HEIGHT (F2,22=7.06, p<0.01) and ASPECT RA-
TIO (F2,22=11.72, p=<0.001) on targeting error, but no significant
WORKSPACE HEIGHT ⇥ ASPECT RATIO interaction. Post-hoc anal-
ysis showed significant differences between HS and the other
heights HM and HL (10.2 mm, 8.9 mm and 8.7 mm, p<0.001, Figure
9). The larger workspaces resulted in smaller targets in mo-
tor space. The lower targeting error observed for HM and HL

might result from increased participant attention in response
to their lower success rate (Figure 8). Post-hoc comparisons
showed significant differences between RXL and the two other
aspect ratios RM and RL (9.8 mm, 8.9 mm and 9.0 mm, p<0.01). Tar-
geting error increased as the aspect ratio increased: the hori-
zontal stretching impaired the correct estimation of target po-
sition.

The analysis showed a significant main effect of TARGET SIZE

(F1,11=25.83, p<0.001, Figure 9). As in Experiment 1, smaller tar-
gets led to reduced targeting error (WL: 9.6 mm, WM: 9.0 mm).
We again hypothesize that participants may have been less
careful with large targets which appear easier to select.

A significant interaction was found between ASPECT RATIO

and TARGET SIZE (F2,22=6.30, p<0.01) but post-hoc comparisons
did not reveal any significant difference. Targeting error de-
creased when the target size decreased in motor space, and as
the workspace and input aspect ratios got closer. It appears to
reach a floor for the smallest target size (WM) with the aspect
ratios RL and RM (8.5 mm and 8.7 mm). Participants could not
further reduce the error when the aspect ratio became smaller
(from RL to RM).

29.9 mm

31.2 mm
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Conclusion

1. Looking at the input surface,  
even if nothing is displayed on it helps  
=> the boundaries of the surface should be clearly 
distinguishable

2. Designers should take the handedness of the users into 
account for all absolute indirect-touch pointing tasks. 

3. The display scale does not matter, but input and output 
aspect ratios do. 

4. Pay attention to the minimum target size in motor space 
and use it to check whether the on-screen interactors can 
be reliably acquired. 22


