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ABSTRACT

Gesture recognition is emerging as an engaging interaction technique in mobile scenarios, and high recognition
rates promote user acceptance. Several factors influence
recognition rates including the nature of the gesture set
and the suitability of the gesture recognition algorithm.
This work explores how seamfulness in gesture stroke
visualization affects recognition rates. We present the
results of a user evaluation of a gesture recognition system that shows that raw (seamful) visualization of lowfidelity gesture stroke data has recognition rates comparable to no feedback. Providing filtered (seamless)
stroke visualization to the user, while retaining the unfiltered input data for recognition, resulted in a 34.9%
improvement in gesture recognition rate over raw stroke
data. The results provide insights into the broader design space of seamful design, and identifies areas where
seamlessness is advantageous.

Figure 1. Gestures are performed with the REXplorer
‘detector’, consisting of a Nokia N70 mobile phone packaged in protective shell. To perform a gesture, users
wave the device through the air while holding the gesture button. Gesture progress is displayed to the user
on the device screen.
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Figure 2. The REXplorer gesture vocabulary.
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In this paper, we give a short overview of a novel interface for pervasive games used in the mobile pervasive
game “REXplorer”[1]. This interface enables spell casting “in the wild” through on-line gesture recognition,
using motion data obtained by camera-based motion estimation. The gesture recognition algorithm employed
uses standard techniques, similar to those found in [18,
9]. The main contribution of this work lies in the analysis of the effects of visual feedback on our interface’s
gesture recognition rate.
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INTRODUCTION

The Nintendo Wii has captured the imagination of the
console gaming community using a novel input controller [15]. The Wii controller enables domain appropriate input techniques that resemble gestures from
physical activities. These domain appropriate gestures
contribute to an engaging experience [11]. Meanwhile,
the pervasive games movement is bringing computer entertainment away from the console and into the real
world [10]. There is a need to enable domain appropriate game interfaces for this emerging class of games.

REXplorer Game Concept and Overview

REXplorer is a pervasive game designed to increase the
enjoyment of learning. Through game play, tourists
of Regensburg, Germany, are exposed to information
about the history and culture of the city by interacting with site-specific characters. Players rent a magical
“Paranormal Activity Detector” at the tourist information center in Regensburg. The detector is in fact a
mobile phone in special packaging (see Figure 1). Players interact with the game by casting the appropriate
“spells” at key locations within Regensburg. Figure 2
shows the gesture vocabulary used in the game.
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A more detailed description of the design process of
REXplorer can be found in [2]. Findings from a qualitative evaluation of the game play experience can be
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found in [1]. This work adds to these previous contributions by quantitatively comparing gesture stroke
visualization strategies and examining their effect on
gesture recognition rates.
RELATED WORK
Motion-based Gestures for Handheld Devices

Many different sensor technologies have been proposed
for motion-based gestures on handheld devices. For example, Patel et al. [12] propose a gesture system based
on accelerometers to manage authentication between a
public display and a mobile phone. Hinckley et al. [7]
propose an accelerometer-based gesture to automatically trigger the recording of a voice memo based on
holding the phone to the head. Gyroscopes, which
measure angular acceleration, have also been used in
combination with accelerometers for gesture input using
handheld devices [17]. Researchers have also proposed
ambient cameras embedded in the environment to recognize mobile gestures. For example, VisionWand [4]
demonstrates a broad array of 3D gesture capabilities
using a passive handheld wand.

Figure 3. The evolution of the screen trace of a gesture,
during gesture execution; with no filtering (left) and with
filtering applied (right).

imagined. Our original implementation of the gesture
visualization displayed the motion tracking feedback in
a raw and unfiltered fashion. Our hypothesis was that
users empowered with knowledge of the sensor would be
able to better adapt their gesture motion to match the
capabilities of the camera-based motion tracker. This
hypothesis seemed to be supported by the successful use
of unfiltered sensor data from a camera-based motion
tracker to visualize strokes for handwriting recognition
in the TinyMotion project [16].

Camera-based motion estimation [13, 16] is a technique
that uses motion information in the camera view of
camera-equipped mobile devices. The advantage of this
technique is that the camera is a widely deployed sensor technology on current mobile phones. However,
the fidelity of camera-based motion tracking is relatively low. Many systems have demonstrated the ability to overcome this low-fidelity motion data to produce
fairly robust gesture recognition systems. For example,
TinyMotion [16] demonstrates a handwriting recognition system (for both Chinese and English characters)
based on raw low-fidelity camera-based motion estimation input. In this work, we examine how the fidelity of
the gesture feedback may influence gesture performance.

During initial field studies, it was apparent that users
were having difficulties performing gestures. Most users
reported that the visualization was disruptive because it
didn’t match their expectations. This led us to hypothesize that a visualization that more closely matched the
desired gesture symbols would improve the experience
and result in a higher gesture recognition rate.

Visualization of Gesture Stroke Data

Kela et. al. [8] describe basic techniques of hand gesture visualization. Their work discusses a method to
visualize gesture data provided by 3D accelerometers.
By projecting their motion trace onto a 2D plane and
using tilt-compensation techniques, the actual shape of
the gesture is idealized. Wobbrock et al. [19] present
a mobile text entry method that uses an isometric joystick and the EdgeWrite alphabet. The system idealizes
the stroke data from an isometric joystick to match the
reference EdgeWrite characters. In contrast, our system compares the effects on gesture recognition rate of
their idealized stroke visualization to raw stroke data.

Filtered Visualization

GESTURE FEEDBACK

We thus devised an algorithm to filter out noise from
the incoming data to output a “smooth” representation
of the motion data as feedback to the user. The main
idea behind this filter is to track the momentum of the
motion data by computing an average of the movement
direction(s) over time. Additionally, we constrain the
movement direction of our drawing cursor to the four
directions of a Manhattan grid. Filtering the motion
data does not delay the visualization; the filtered trace
is drawn to the device’s screen in sync with the user’s
entry of the gesture.

An early influence in our design was the notion of Seamful Design [6], which recognizes that low-fidelity sensor
data is not always a design problem. Instead, if the
sensor inaccuracies or uncertainties (i.e. ‘seams’) are
exposed to the user, they can adapt their activity to
take advantage of seams, potentially appropriating the
seams in ways the designers may not have intended or

Filtering the raw motion data has the effect of removing
a substantial amount of noise, thus providing the user
with an idealized representation of the shape she has
traced using the device. Figure 3 shows an example
of how a gesture is visualized during entry with and
without filtering applied.
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Age Group Percentage
18-22
8.3
23-27
33.3
28-31
41.7
> 32
16.7

April 7th, 2009 ~ Boston, MA, USA

Mobile Device Experience
Experience Percentage
none
0
little
8.33
average
33.3
high
41.7
very high
16.7

Table 1. The age group distribution and the relative
experience with mobile devices of the test subjects.

EXPERIMENT

We evaluated the effects of filtering on visual gesture
feedback in a controlled laboratory study. We conducted a between-participants study. Three different
visualization modes were the independent variable: a
mode where no visualization and no feedback was given
at all (V1 ), non-filtered (raw) visualization (V2 ), and
filtered visualization using the algorithm described in
the previous section (V3 ). In all cases, regardless of the
visualization mode, gesture recognition was performed
on the raw, unfiltered data. Filtering was applied only
for the visual feedback, not for the input to the gesture
recognition engine.

Figure 4. Boxplot of the average CRR for V1 , V2 and
V3 , respectively. The shaded box area represents 95%
confidence intervals for each condition.

Discussion

The significantly improved CRR using idealized feedback refuted our initial expectations about the ability of
users to adapt to sensor inaccuracies. Because the study
was structured such that the recognition engine always
received unfiltered motion data, the only change across
conditions was the way the feedback was visualized to
the users. These results clearly support our hypothesis that idealized visual feedback during gesture entry
leads to a better performance of the gesture recognition
system.

We chose a between-participants design to counter an
observed learning effect that we noticed in initial pilot
tests. 12 participants (see Table 1) were recruited from
a local university. We assigned four participants to each
condition, V1 , V2 , V3 , where each tester had to enter a
set of four gestures, with 15 repetitions (in a row) per
gesture. A remote computer was used to communicate
the current settings to the mobile device and to collect
the measurements, including the captured motion data,
the duration of the gesture and the recognized gesture.

An important implication of this study is a distinction
between exposing random vs. regular seams. Random
seams encompass sensor inaccuracies or uncertainties
that are difficult to predict, whereas regular seams exhibit a pattern of inaccuracy or uncertainty that can
be anticipated. With regular seams, it is easier for the
user to reason about causality and adapt their behavior
accordingly. Examples of regular seams include gaps
in WiFi coverage (as in Treasure [5]), or online players were lured into areas of good GPS coverage in ‘Can
you see me now?’[3] to make them easier to catch. The
seams in our experiment, on the other hand, were random seams making it difficult for the users to understand how to adapt their behavior. The distinction
between random and regular seams is somewhat subjective, but it is a useful dimension to analyze the effectiveness of a seam.

To measure the performance of our gestural interface,
we define correct recognition rate (CRR) as the ratio
of correctly recognized gestures vs. the total number of
gestures. CRR yields a precise indication of the effects
of the visual feedback mechanism, provided that the
results are compared to test cases where no feedback
are given. We used ANOVA to test if the visualizer
settings Vk affected CRR.
Results

The results of the experiment show an average CRR
of 54.0% , 61.6% and 96.5% for V1 , V2 and V3 , respectively. Idealizing the motion trace in the feedback significantly (F (2, 6) = 7.750, p < 0.05) improves gesture
recognition rates. This can be clearly observed in Figure 4 showing average CRR ordered by stroke visualization method. Note how the standard deviation of
CRR diminishes while the average of CRR increases
with improved visualization. We performed Bonferroni
post-hoc pairwise analysis to confirm the significant effect of V3 with respect to both V1 (p < 0.05) and V2
(p < 0.05). Raw gesture stroke visualization (V2 ) has
no statistical difference (p = 1.0) in recognition rates to
the condition without stroke visualization (V1 ).

Another distinction between these successful uses of
seamful design can be made using ‘in the moment’ vs.
‘reflective’ perspectives [14] on human-computer interaction, which roughly characterizes the immediacy with
which people have to respond to feedback. In both game
examples above, the seams were used in more of a ‘reflective’ nature; people had time to contemplate how to
adapt their game strategies to adjust to these proper-
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ties. In our gesture recognition system, the stroke visualization is geared more toward ‘in the moment’ guidance. In this situation, people get confused by the more
detailed feedback and are less likely to benefit from it.

8. Kallio, S., Kela, J., Mäntyjärvi, J., and Plomp, J.
Visualization of hand gestures for pervasive
computing environments. Proc. AVI ’06. ACM
(2006), 480–483.

As Chalmers et al. point out, seamfulness is neither
good nor bad, instead they suggest that the degree of
seamfulness “form a continuum or design space.” Our
results identify an area of the design space where seamlessness (i.e. disguising the inaccuracies of the sensor
data) helps to improve the user experience. We believe
that these results generalize to all ‘in the moment’ guidance, but this hypothesis needs to be explored further
in future work.
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Aachen University, Aachen, Germany, 2007.
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entertainment back to the real world. Computers
in Entertainment (CIE) 3, 3 (2005), 4–4.
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engaging. Funology From Usability to Enjoyment.
Kluwer Academic Publishers (2004), M. Blythe,
K. Overbeeke, A. Monk, and P. Wright, Eds.,
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SUMMARY

We introduced a novel interface for pervasive games
that allows for gestural interactions. We analyzed the
affect of visual feedback on the gesture recognition rates
in a controlled study. Our results indicate that using
seamless feedback to the user significantly improves the
mean gesture recognition rate and at the same time
lowers the standard deviation of the gesture recognition rate, leading to a more consistent user experience.
Our findings allow us to unravel broader implications
on the use of seamful design.

12. Patel, S. N., Pierce, J. S., and Abowd, G. D. A
gesture-based authentication scheme for untrusted
public terminals. Proc. UIST ’04:. ACM Press
(2004), 157–160.
13. Rohs, M. Real-world interaction with camera
phones. Proc. UCS ’04. Springer (2005), 74–89.
14. Takayama, L. Throwing Voices: Investigating the
Psychological Effects of the Spatial Location of
Projected Voices. PhD thesis, Dept. of
Communication, Stanford University, 2008.
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