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Foreword by the Editors

RTMI’14 is the sixth incarnation of the annual seminar Research Trends in Media Infor-
matics hosted by the Institute of Media Informatics at Ulm University. The RTMI seminar
series aims to motivate students to delve deeper into the vast and diverse research in the area
of media informatics, human computer interaction, and ubiquitous computing. Participants
chose one of many suggested topics highlighting directions and challenges pursued by active
research in this field. In order to provide participants with insights into the academic publish-
ing cycle, the seminar emulates the process of submitting a technical paper to an academic
conference. Participants first prepared their papers on a selected topic, either in English or
German. The submissions were then peer reviewed in terms of content, academic quality,
and presentation by at least two other seminar participants and one editor. The revised cam-
era ready versions of the contributions constitute these proceedings. The authors presented
their papers at the RTMI conference in February 2014, which was held in the Hall of Knights
at the Villa Eberhardt in Ulm.

This year’s program focuses around three themes, which underline that media informatics
research covers far more than graphical user interfaces. The papers in the Tracking and Sens-
ing session discuss novel technologies for eye tracking, body tracking, wearable computing,
and depth-sensing. The UbiComp and the Home session discusses serious games for ubiqui-
tous computing, future remote controls, and provides an overview of novel technologies for
wireless optical communication. The final session focuses on Novel Challenges and provides
insights of novel user interfaces for privacy awareness and control, error strategies in dialog
systems, and interaction issues during autonomous driving.

The editors would like to thank all authors for their effort and the work put into each individ-
ual contribution.

Ulm, February 2014

Florian Geiselhart, Bastian Könings, Sven Reichel, Enrico Rukzio
Felix Schüssel, Michael Weber, and Christian Winkler
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State of the Art: Eye Tracking Technology and Applications

Patryk Boczon
Institute of Media Informatics

Ulm University
Ulm, Germany

patryk.boczon@uni-ulm.de

ABSTRACT
Eye tracking enables capturing what the viewer is focussing
by gathering data of eye movements and the gaze point. Such
data can be used as a basis for analyses regarding a user
interface, marketing material or the user’s state of health.
Furthermore, the data can be processed in realtime to enable
eye movements and points of gaze to be used as an input
mechanism.
This paper addresses and compares state of the art technolo-
gies for obtaining eye tracking data. In addition, potential
fields of application to eye tracking will be discussed consid-
ering occurring problems and benefits.

Keywords
Eye Tracking, EOG, Electrooculography, gaze based human-
computer interaction, corneal reflection

1. INTRODUCTION
Eye Tracking is a method to capture the visual focus and
eye movements of a user.
Below, the history of eye tracking is outlined briefly, followed
by a motivation of the usage of eye tracking in general.

1.1 History
The first studies of eye tracking date back to the 18th cen-
tury [13]. While reading, the eyes’ movements of the reader
were observed directly, thus reporting the phenomena of fix-
ations and saccades [23]. Fixations define the remaintenance
of the eyes’ gaze to a certain location whereas saccades de-
scribe rapid eye movements between such fixations.
In the 1920s, Guy Thomas Buswell [4] studied eye move-
ments during reading. For this purpose he built the first
non-intrusive reflection based eye tracker which illuminated
the eye with a light beam and recorded the reflection on film.
Yarbus’ research during the 1950s [29] included detecting
a high correlation between the task (e.g. what the viewer
intends to find or remember when observing a picture) and
respective eye movements. Starting in the 1980s, human-
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computer-interaction was analysed with the assistance of
eye trackers [15]. This was also the time when the first
human-computer-interaction based on eye tracking occured.

1.2 Motivation
The purpose of this paper is to grant an overview of eye
tracking methods and the (potential) fields of application.
Further on, potential issues in respect of future prospects of
eye tracking are discussed.
Eye tracking appears to be a convenient method which is
able to serve different purposes. For one thing, eye track-
ing can be utilized as a diagnostic tool to gather valuable
data for reviewing and improving for instance upon market-
ing material and the usability of a user interface. Besides
this passive usage, eye tracking can also serve as an input
modality. Among eye based interaction techniques, the gaze
point often represents a pointer, analogue to a mouse cur-
sor [7]. Being able to control a system with not much more
than one’s eyes can be a significant benefit, especially for
the disabled. Additionally, resulting from an experiment,
Mikaelian and Harutune [28] reported the selection of simple
targets to be twice as fast via eye tracking than with a mouse.

1.3 Structure
The paper is structured as follows: At first, eye tracking prin-
ciples and technologies are observed. Both variants of eye
tracking (absolute and relative) are described using diverse
implementations. Those technologies and implementations
are compared in respect of certain key aspects such as accu-
racy.
Afterwards, the two major fields of application of eye track-
ing (diagnostic and interactive) are examinated. Regarding
the diagnostic usage, several areas are introduced (e.g. user
interface design) which can profit from the information of
the viewer’s gaze. Following such diagnostic applications,
different interactive uses of eye tracking are observed.
Finally, the paper is concluded by identifying future chal-
lenges of eye tracking and providing a general conclusion of
the mentioned topics.

2. EYE TRACKING PRINCIPLES AND
TECHNOLOGIES

Tracking the data of gaze point and eye movements can be
achieved by diverse techniques. Those techniques can be
classified into absolute and relative tracking.
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2.1 Absolute Eye Tracking
Absolute eye tracking aims at providing the actual point
of gaze. One possible execution of absolute eye tracking is
implemented via remotely (e.g. table or tablet) mounted
infrared based eye trackers. In order to distinguish the eyes’
rotation from head movement, at least two points of reference
need to be tracked [6]. Such information can be provided by
illuminating the eye (most often with infrared light), thus
registering the corresponding reflection using appropriate
trackers. One feature is represented by the reflection of the
pupil. Further features are described as Purkinje reflections,
meaning corneal reflections. Those reflections can be sub-
divided into reflection of the front and rear surface of the
cornea as well as on the lens. While the reflection of the
cornea remains quite stable during eye rotations, the pupil
is directly bound to such eye movements (Figure 1). From
observing the relation between the reflection of the cornea
and the pupil center, inferences about the point of gaze can
be drawn, which are, up to a certain extent, independent of
head movements. As used by Tobii1, an infrared light pattern
is projected on the user and her/his eyes to be registered by
an infrared sensor [26]. Based on the previously gathered
data from the calibration, the relation between the pupil and
the corneal reflection provides the actual point of gaze. Such
an approach yields the point of gaze with an accuracy of
about 0.5 degrees [2].

Figure 1: The relation between corneal reflection
(yellow) and the reflection of the pupil (red), as per-
ceived by the infrared sensor, differ from each direc-
tion of gaze. While the pupil’s reflection is directly
bound to the rotation of the eye, the corneal reflec-
tion remains stable.

2.2 Relative Eye Tracking
Relative eye tracking is commonly achieved while wearing
head mounted eye trackers. Eye orientation within the head
as well as eye movements can be measured. In the follow-
ing, three essential methods to gain relative eye tracking
information will be introduced.

2.2.1 Electrooculography
Regarding Electrooculography (EOG), eye tracking is achie-
ved by observing the resting potential of the eye which pro-
vides a signal that implies its orientation [6]. At the retina,
the eye is positively loaded while at the cornea it is oppositely

1http://www.tobii.com/

loaded [3]. Such an implementation, using electrodes which
are placed around the eye, represents a low-power technol-
ogy of low-cost but requires therefore a prominent wearable
apparatus.
To enhance social compatibility, Manabe and Fukumoto in-
troduced headphones with included EOG electrodes [18]
(Figure 2). Their evaluation of EOG based on headphones
mounted electrodes describes an estimated error of 4.4 de-
grees horizontally and 8.3 degrees vertically.
In order to render the application of EOG more mundane,
Manabe and Fukumoto also introduced in-ear headphones
with implemented electrodes capable of tracking eye move-
ments.

Figure 2: Electrodes for electrooculography, inte-
grated into headphones, enable measuring relative
eye movements [18]. Wearable EOG implementa-
tions can reach a sampling rate of approximately
100Hz [3].

2.2.2 Contact Lens
By attaching an optical or mechanical object directly on
the cornea and sclera, precise movements of the eye can
be tracked [6]. This contact lens-like approach can harness
diverse optical and mechanical methods to track the gaze
direction of the eye, including furnishing the lens with re-
flecting phosphors, line diagrams and wire coils (Figure 3).
The latter utilizes electromagnetism which enables the lens
to be tracked in an electromagnetic field frame. This variant
appears to be the most precise eye tracking method with
an accuracy of approximately 5-10 arc-seconds amongst a
limited range of about 5 degrees. However, causing discom-
fort wearing the lenses and requiring an electromagnetic field
frame for tracking purposes, this method seems to be the
most intrusive among eye tracking implementations.

2.2.3 Infrared Based Head-Mounted Systems
Another method, capable of providing relative eye movement
data is represented by a head-mounted infrared based eye
tracker [6]. The functionality of such an implementation is
analogous to the previously (in section 2.1) described absolute
eye tracking method, utilizing corneal and pupil reflection.
The main difference in the head-mounted implementation
towards the stationary variant is the resulting data: being
positioned relative to the eye, in this case head-mounted,
only relative eye movements can be tracked whereas absolute
eye tracking data can be gained from a stationary eye tracker
which is positioned absolute to the viewer’s eyes.
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Figure 3: When being attached to the eye, such
a lens equipped with a wire coil can be tracked
within an electromagnetic field frame in order to
track eye movements. Photo is courtesy of Skalar
(http://www.skalar.com/)

One major benefit concerning the head-mounted alternative
is robustness. With the eye tracker being positioned in a fixed
distance and location close to the eye, a stable and for such
a setting optimized configuration of the eye tracker provides
eye movement data with a steady accuracy. Consequently
it is customary to track only one eye with this technology
since one eye yields suffice information. In terms of accuracy,
such an eye tracking implementation features a precision of
up to 0.5 degrees [14].

Figure 4: The iView X HED by SensoMotoric Instru-
ments is a head-mounted infrared based eye tracker
which has a sampling rate of up to 200Hz [14].

2.3 Comparison of Eye Tracking principles
and technologies

In the following, several key aspects of the previously in-
troduced eye tracking implementations are compared and
evaluated.

Information/Data. In comparison, absolute eye tracking
inherits relative eye movements as well as the absolute direc-
tion of gaze. However, absolute eye tracking is, to a certain
extent, sensitive to head movement, which represents an
additional burden in corneal reflection based absolute eye
tracking.
In order to gain the direction of gaze via relative eye tracking,
the relative eye-in-head orientation needs to be combined
with the head position and orientation (e.g. via head track-
ing), possibly adding further errors in terms of accuracy. A
different approach for gaining the absolute direction of gaze
from relative eye tracking data is combining such data with a
video that captures what the user is facing. While the video

is being recorded, eye movement is tracked with reference
to the video, placing the points of gaze on the respective
locations of the recording. This kind of absolute eye tracking
is applicable to diagnostic purposes with moving personnel.

Accuracy. In consideration of accuracy, lens mounted wire
coils which take advantage of electromagnetism have proven
to be the most accurate eye tracking technique so far (5-10
arc-seconds), much more precise than eye tracking based on
corneal reflection which reaches an accuracy of 0.5 degrees [2].
Electrooculography as a relative eye tracking method only
achieved an accuracy of 4.4 degrees.

Implementation. Regarding implementation, remote infra-
red based absolute eye trackers, e.g. by Tobii or TheEye-
Tribe2 (Figure 5) are the most comfortable among the in-
troduced eye tracking implementations. The sole needed
device is an eye tracking sensor combined with an infrared
light source, mounted next to the display. For absolute eye
tracking to be possible, a calibration prior to the actual
interaction is mandatory. However, there is research which
aims at reducing or even being able to omit this procedure
entirely (see section 4.2).
Head-mounted infrared based eye trackers are implemented

Figure 5: TheEyeTribe tracker weights about 70g
and reaches a sampling rate of 60Hz [8].

similar to the stationary alternative. In this case however,
the eye tracker is integrated into a head-mounted device.
Electrooculography requires a head-mounted apparatus with
integrated electrodes. Such can be implemented via (in-ear)
headphones to enhance social acceptability.
Equipping a lens with an optical or mechanical feature, such
as a wire coil, requires a corresponding optical or mechanical
sensor for tracking purposes, rendering this implementation
variant the most intrusive.

Mobility. In terms of energy consumption, all implemen-
tations are qualified for mobile usage. Electrooculography
(implemented in headphones) may offer convenient interac-
tions in mobile use cases, as e.g. controlling a music player
or declining a phone call when attached to a smartphone.
With constantly being active and not limited to any spatial
boundaries, unintentional interactions using (mobile) elec-
trooculography seem likely. Head-mounted infrared based

2https://theeyetribe.com/
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relative eye tracking seems more intrusive than electrooculog-
raphy due to the necessity to emit infrared light and perceive
the reflection of that light right in front of the eye. It is also
common to redirect that light with the help of a (transparent)
reflective object from/to the light source and the infrared
sensor in order to preserve the field of view (Figure 4). A
convenient basis for integration of such an eye tracker appear
to be glasses (Figure 6). In doing so (if made possible by the
form factor of the eye tracker), the drawback of obtrusiveness
could be rendered moot.

Figure 6: The Tobii Glasses run on 30Hz and repre-
sent the first eye tracker to be integrated into glasses.
This eye tracker contains a microphone, an infrared
emitting light source, an infrared sensor to register
the eye’s reflection as well as a camera which cap-
tures what the user is facing.
Photo is courtesy of Tobii Technology.

With a form factor suited for tablet integration, infrared
based absolute eye tracking appears to be well suited for
mobile usage. However, resting upon infrared light, such
an implementation may fail when applied in direct sunlight.
Relative eye tracking via enhanced lenses requires an addi-
tional sensing device such as an electromagnetic field frame
which currently does not come in a form factor suitable for
mobile utilization.

3. APPLICATION
Eye tracking can be dichotomized into two fields of appli-
cation: one being the passive usage of eye tracking, most
often applied as a diagnostic tool, e.g. for usability research
and planning or reviewing advertisement material [6]. The
interactive variant of eye tracking is applicable to Human-
Computer Interaction. While the former version of eye track-
ing is commonly devoted to gather Data [7], the latter usage
of eye tracking represents an input modality.

3.1 Diagnostic usage of Eye Tracking
The diagnostic usage of eye tracking is most often utilized
in the field of psychology, marketing and human factors and
ergonomics by providing quantitative data [6]. According to
Yarbus, ”eye movement reflects the human thought processes;
so the observer’s thought may be followed to some extent
from records of eye movement” [29].
In addition, there is potential for eye tracking as a medical di-
agnostic tool, being able to show evidence of Alzheimer’s [24]
and other diseases such as schizophrenia [25]. During an
experiment, the viewer’s gaze is recorded and analyzed ret-
rospectively.

3.1.1 Advertising/Layouting
In the marketing domain, eye tracking is utilized for review-
ing and optimization purposes. In order to understand the
consumer’s perception, eye tracker are applied for evaluation
of e.g. print media, web pages or video. Interferences from
color, size or location [17] about the priority and duration
regarding visual attention can be drawn by analyzing the
viewer’s recorded eye movements during the perception of
advertising material.

3.1.2 User Interface Design
Besides advertising, eye tracking contributes data to evaluate
and enhance the usability of user interfaces. Conclusions on
e.g. distracting features, relationships between elements and
placement of the such can be drawn when the evaluation
considers the user’s gaze. Brumby et al. [1] describe some
challenges that are concomitant with user interface evaluation
based upon eye tracking. For instance the examination of a
dynamic user interface in terms of layout, displayed features
and size requires some sort of logging of the displayed content
and has to be synchronized with the viewer’s tracked points
of gaze.

3.1.3 Human factors
In terms of environments where human interaction is critical
to safety (e.g. driving or aviation), eye tracking can provide
valuable data referring to visual, cognitive and attentional
aspects [6]. On the basis of such data e.g. resulting from flight
simulations, the pilot’s performance can be validated. Ottati
et al. [21] reported a difference of experienced and novice
pilots consisting of the number of significant information-
gathering fixations. Whereas experienced pilots show more
fixations, additionally providing more valuable information,
novice pilots endure scanning outside the window for sufficient
information ineffectively.

3.1.4 Conclusion
Concerning each of the mentioned diagnostic purposes, eye
tracking yields (quantitative) data which is not accessible
by other evaluation techniques and provides insight into
the viewer’s perception of the displayed content. Since eye
tracking solely yields data of the point(s) of gaze, it is not
guaranteed that the viewer has fully perceived the beheld
information. In order to enhance the validity of the obtained
data, eye tracking can be combined with neuroscientific meth-
ods which are able to determine the brain’s activity. However,
this issue does not affect the validity of the previously men-
tioned health diagnostics resting upon eye tracking data since
these methods are based on unconscious eye movements.
With the decrease of the effort concerning cost factor and ob-
trusiveness of current and upcoming eye trackers, the usage
of eye tracking as a supplier for quantitative data for diverse
evaluation purposes will probably increase in the next years.

3.2 Interactive usage of Eye Tracking
Eye tracking in the interactive manner represents an input
modality which, according to Duchowski [7], can be divided
into two subtypes: selective and gaze-contingent.

3.2.1 Selective
The usage of eye tracking as an input modality typically
comes in the manner of a pointing metaphor analogue to
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mouse-based interaction, enabling pointing and selecting.
Concerning (severely) handicapped people, exclusive ocu-
lar interaction (e.g. eye typing) represents a valuable input
modality.
Instead of replacing the mouse pointer, eye tracking may
also serve as an extension of the such. However, serving as a
replacement of or an addition to mouse-based interaction, oc-
ular interaction entails several benefits as well as drawbacks.
First of all, accuracy is limited by the technology as well as
the fovea. Whereas eye tracking is based upon eye move-
ments, the fovea allows clear sight for a range of about 2
degrees without any movement of the eye [9]. That is why
no actual point of gaze can be registered in principle but an
area of gaze which size is specified by the fovea. However, ini-
tially touch-controlled applications may already be tailored
for eye-based interaction when the graphical user interface
(GUI) is adapted to an imprecise finger-based interaction,
thus featuring elements which are sufficient in size.
Mikaelian and Harutune [28] reported the selection of simple
targets to be twice as fast via Eye Tracking than with a
mouse. However, locations that were interacted with when
using hand selection (e.g. via mouse) are easier to recall
compared to eye-based interaction [7].

Additionally, selecting objects in eye-based interaction is a
critical issue. Triggering events when solely gazed at corre-
sponding objects (e.g. links or buttons) matches the Midas
Touch problem [16]: every feature the viewer looks at is
potentially activated, even if the gaze results from examining
purposes, happens accidentally or for no particular reason.
To circumvent this problem, selection of features (similar to
a mouse click) can for instance be triggered by blinking or
enduring a certain dwell time [16].

A different manifestation in terms of selective eye tracking is
its assistive role, for instance to support gesture based input
modalities. Cha and Maier [5] explored hand gesture based
interaction aided by gaze data in a multi-display setting.
They utilized an infrared based head-mounted eye tracking
device (section 2.2.3) equipped with one camera which records
the user’s field of view while a second camera tracks the user’s
eye. The multi-display scene is endowed with 16 markers
which can be tracked by the front facing camera of the head-
mounted device. With both cameras being synchronized,
this setting enables the detection of the point of gaze in
respect of the trackable markers. Having access to absolute
eye tracking data in realtime, hand gestures can be applied
to certain (sections of the) screens.
Besides gesture based input, it is conceivable for other input
modalities such as voice input to be guided by eye tracking
data. Hatfield et al. [10] investigate eye tracking combined
with voice input in the (military) aviation context. They
propose the selection of user interface elements via gaze
data, rendering those elements available for voice input based
queries or commands, thus reducing the cognitive and manual
workload.

3.2.2 Gaze-Contingent
Gaze-contingent enabled systems exploit the information of
the user’s gaze primarily for performance purposes [6]. The
displayed content can be rendered in regard of the region
of interest (ROI), an extension of the point of gaze. Most
detailed information is displayed in the ROI while the periph-

Figure 7: A frame of a screen-based gaze-contingent
enabled video. The viewer was focussing the man’s
face, rendering this region with a higher pixel den-
sity while the periphery is degraded [6].

ery, by comparison, is merely roughly depicted. Considering
Parkhurst et. al [22], the ROI can be adapted in size and
shape, affecting fixation duration. According to their studies,
a ROI size of approximately five degrees matches the obser-
vation of the displayed content under normal conditions (no
degradation of the periphery) in terms of fixation duration.
Duchowski [6] dichotomizes gaze-contingent systems into the
screen-based and model-based approach.
Screen-based gaze-contingent systems operate on the pixel
level, adapting e.g. videos by reducing details in the pe-
riphery and/or improving those in the ROI. This can be
achieved by manipulating the resolution section-wise with
applying high resolution to the ROI and low resolution to
the periphery (Figure 7).
The model-based variant of gaze-contingent systems aims at

directly adapting displayed geometric objects. Such objects
can be manipulated in respect of count of polygons and/or
texture quality (Figure 8). Analogue to screen-based gaze-
contingent systems, the display’s section which matches the
ROI is rendered with more details applied to it.

In conclusion, gaze-contingent systems do not serve as a typi-
cal input modality, but enable manipulation of the displayed
content in order to reduce the processed amount of data,
hence shortening computation time and enabling resource-
consuming applications to run on less powerful machines.
When comparing the screen-based and model-based approach,
the latter seems especially qualified for content that consists
of visual objects which can be adapted in display quality,
such as three dimensional geometric objects. In addition,
a combination of both gaze-contingent variants seems pos-
sible. One major drawback of gaze-contingent systems is
latency [6]. With no capabilities of prediction implemented,
gaze-contingent enabled displays will exhibit a noticeable
delay due to the refresh rate of the eye tracker as well as the
display and additional computation time for applying either
screen- or model-based functions.

4. FUTURE CHALLENGES
Eye Tracking is clearly a technology that is still in the making
and its future presence in ubiquitous computing depends on
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Figure 8: The model-based gaze-contingent variant
is applied to this three-dimensional model. The left
picture shows the original model. The picture in the
center depicts the modifications of the model when
looked at the top of the image while the right picture
illustrates the model when gazed at the lower section
of the image [6].

the usefulness of potential eye tracking enabled applications
and user interaction. The gaming industry for instance may
be an accelerator for spreading eye tracking systems since
this domain constantly evolves novel input techniques and
makes them available to a large audience.

4.1 Mobility
Controlling a mobile device such as a smartphone or tablet
with the eyes seems to be desirable due to spacial reasons.
Occlusion by hand/finger using touch input diminishes the
visible section of the yet so small screen of such devices.
Further on, interaction would be rendered more comfort-
able when accomplished via eye tracking than with touch
input. Additionally, interaction appears to be more precise
with pointer based absolute eye tracking applied to it since
the potential interaction point would be visible and not hid
somewhere under the finger. Recently a trend of attention
sensing, such as the detection of the user focussing the screen,
evolved in the mobile context. Computer vision techniques
are applied to images captured by the front camera of e.g.
smartphones or tablets in order to track the user’s face.
Umoove3 implemented tracking of vertical as well as horizon-
tal eye movements based upon the image of the front camera
of smartphones and tablets. Holland et al. [12] described
the challenges of eye tracking on unmodified tablets. Their
implementation revealed a sampling rate of 0.7 Hz with an
average accuracy of 4.42 degrees. One drawback in their
implementation was the low rate of usable images for eye
tracking which resulted from the loss and necessity to regain
previously obtained information e.g. the identification of the
face or the eye.
Enabling eye tracking on devices without utilizing an eye
tracker as such eliminates the necessity of installing additional
hardware into a device and reduces the cost and potential

3http://www.umoove.me/

form factor. However, such implementations feature less accu-
racy and may not be as robust as actual eye tracking systems,
especially when used in the mobile context. Additionally,
the cost and form factor of eye trackers decrease continually,
facilitating the installation of the such into mobile devices.

4.2 Calibration
The necessity of calibration of absolute eye tracking hampers
the spontaneous usage of eye tracking, for example in the
mobile context. Not only is calibration time consuming when
required prior to each interaction sequence, but requires,
once calibrated, approximate preservation of the eye’s (and
therefore head’s) position towards the eye tracker for proper
functionality.

Hennessey and Fiset [11] examined long range eye tracking
with dynamic orientation controlled by face tracking. A
depth sensor (Microsoft Kinect4) provides information about
the location of the user’s face which controls the orientation
(via pan and tilt) of the long distance eye tracker. In order to
gain long distance eye tracking, Hennessey and Fiset used an
eye tracker equipped with a zoom lens and enhanced power
of the infrared light. After an initial calibration, the user
may change position without the need for recalibration for as
long as the depth sensor is able to track the user’s face, thus
adjusting the focus of the eye tracker. Having conducted a
study, Hennessey and Fiset reported an accuracy of about
1 degree at the initial position (the user’s position at the
calibration) and losing roughly 1 degree in accuracy when
changing position.
Model and Eizenman [19] investigate eye tracking based on
a stereo pair of cameras, enabling calibration-free eye track-
ing. The tracking range is limited to the intersection of
the cameras’ fields of view. The user’s eye-parameters (e.g.
information about the curvature of the cornea) are gained
by analysing the cameras’ overlapping fields of view. With-
out any calibration, the user’s point of gaze is computed by
utilizing the image of one camera and the user’s previously
obtained eye-parameters.
Villanueva et al. [27] propose the implementation of a math-
ematical model to achieve an easy calibration for absolute
eye tracking. Such model should utilize realistic values as pa-
rameters describing eye tracking relevant elements, enabling
suffice calibration with only two calibration points.

4.3 Performance
The effects of latency using eye tracking depend on the ap-
plication. A text editor based on eye tracking may not suffer
as much from higher latencies as a fast paced game which
utilizes eye tracking as an input modality. In general lower
latencies in input techniques are always desirable, especially
when they seek to augment the human body such as eye
tracking does. Especially in the mobile context where de-
vices are not as powerful as stationary machines, performance
represents an aspect which must not be overlooked.
Mulligan [20] describes the acceleration of an eye tracking
system that enhances computation time of image processing
algorithms by delegating such data processings to a graph-
ics processing unit (GPU). Being capable of faster image
processing than a central processing unit (CPU), the GPU

4http://www.microsoft.com/en-us/kinectforwindows/
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enables eye tracking data to be computed faster, hence re-
ducing latency.
The diagnostic usage of eye tracking (section 3.1) as well
as the interactive variant (section 3.2) is sensitive towards
high latencies. The potentially high pace of eye movements
requires a high sampling rate of frames to be processed for
an accurate mapping of the user’s eye movements. This is
vital for eye tracking based applications in order to capture
the majority of eye movements without omitting potentially
significant ones. Concerning the interactive variant of eye
tracking in particular, high latency renders the interaction
laggy which would probably be more noticeable to the user
when compared to other input methods since eye tracking
based input is performed with the same organ which perceives
the visual output. Therefore, a low latency implementation
is essential and should be assured for systems using eye track-
ing based input modalities in order to create a more natural
feeling of ”what you see is what you get” [16].

5. CONCLUSION
This paper examined state of the art eye tracking technolo-
gies and its different fields of application. Most often eye
tracking implies obtaining the actual point of gaze. While
absolute eye tracking is capable of providing such data imma-
nently, relative eye tracking methods need to be augmented
in order to deliver said data. The obtained points of gaze can
be either applied to diagnostic purposes or may serve as an
input mechanism. Whereas the former currently represents
the larger field of application, the latter is still struggling
with technical and interaction bound difficulties. Concerning
technology, accuracy and robustness is enhancing while size
and price is decreasing. TheEyeTribe for instance shipped
their first batch of development kits of The Eye Tribe Tracker
in the holiday season 2013 for 99$ [8], probably initiating
a new wave of research and applications. Regarding inter-
action, eye tracking as an input modality has yet to prove
its acceptance by the masses by identifying appropriate use
cases and elaborating respective applications and interaction
paradigms.
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ABSTRACT
Dieses Paper beschäftigt sich mit den unterschiedlichen Ver-
fahren, die im Bereich Body Tracking zum Einsatz kommen
und ihre möglichen Anwendungsbereiche. Zudem soll es eine
mögliche Hilfestellung liefern, welches Verfahren zu welcher
Anwendung passt. Weiter wird die Problemstellung Tracking
in der Computer Vision näher betrachtet. Ein Blick in die
Zukunft wird gewagt, um die tendenzielle Endwicklung von
Body Tracking einzuschätzen.
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1. EINLEITUNG
Unter Body Tracking versteht man den Prozess Bewegungen
des menschlichen Körpers zu erfassen und zu verfolgen und
diese Daten mit Hilfe des Computers für unterschiedliche
Anwendungsbereiche nutzbar zu machen. Dabei wird der zu
beobachtende Körper entweder als eine einzige gesamtheit-
liche Einheit betrachtet oder in unterschiedliche Einheiten
unterteilt (zum Beispiel in Hände, Kopf, Oberkörper und Bei-
ne), die entweder einzeln oder im Zusammenhang betrachtet
werden. Es gibt Body Tracking Systeme, die nicht nur einen
sondern mehrere Menschen gleichzeitig verfolgen können [8].
Gerade im Bereich der Computer Animation wird häufig
die Bezeichnung Motion Capture verwendet, wenn man von
Body Tracking spricht.
Body Tracking kommt in sehr vielen unterschiedlichen Berei-
chen zur Anwendung. Die Zahl der Anwendungsmöglichkei-
ten hat sich dank der immer billiger und kleiner werdenden
Trackingsysteme sogar noch erhöht. Den meisten wird wohl
der Einsatz von Body Trackin in der Computer Animation
für Filme und Computerspiele bekannt sein. Body Tracking
kann jedoch auch für Simulation und Training, in der Mensch
Computer Interaktion, für medizinische als auch für militä-
rische Zwecke, in Sport, in Schutz- und Sicherheitssysteme
und in der Robotik verwendet werden.

6th Seminar on Research Trends in Media Informatics (RTMI ’14).
February 2014, Ulm University, Ulm, Germany.

2. GRUNDLAGEN
Im Folgenden werden die unterschiedlichen Trackingsysteme
vorgestellt. Im Hinblick auf mögliche Anwendungen, werden
die jeweiligen Besonderheiten der verschiedenen Systeme und
deren Vor- und Nachteile aufgezeigt. Gerade Fragen wie,
können möglichst alle unterschiedliche Arten von Körper-
bewegungen gemessen werden, ist eine Echtzeitanwendung
möglich und ist die Reichweite und Einsatzumgebung auf
irgendeine Weise eingeschränkt, sind dabei zu betrachten.
Um eine grobe Orientierung zu geben, für welche Anwen-
dungsgebiete die einzelnen Systeme geeignet sind, werden
diese zunächst in Externe und Interne Systeme unterteilt.

2.1 Externe Systeme
Unter Externe Systeme fallen all die Systeme, wo die Zielper-
sonen weder Sender noch Empfangsgeräte mit sich führen.
Zu ihnen zählen Marker- und Markerlose Optische Systeme,
Funkbasierte Systeme und Tiefenbildgebende Systeme.

2.1.1 Markerbasierte optische Verfahren
Marker, die zum Verfolgen von Bewegungen verwendet wer-
den kommen in unterschiedlichen Größen vor. So werden
zum Verfolgen von Gestik und Mimik viel kleinere Marker
verwendet. Die Marker werden entweder an einem speziellen
elastischen Anzug oder direkt auf die Haut angebracht. Dabei
ist zu beachten, dass die Marker so angebracht werden, dass
sie nicht verrutschen können, da dies sonst zu Fehlern führen
kann. Es gibt zwei Arten von Markern, passive Marker, die
Licht reflektieren und aktive Marker, die selber Licht aus-
strahlen.
Betrachten wir zunächst das Verfahren mit passiven Mar-
kern. Die Marker werden an den Stellen der Gelenke befestigt.
Lichtempfindliche Kameras, zum Beispiel CCD Kameras, fan-
gen das Licht ein und erzeugen digitale Bilder daraus. Ein
Schwellenwert kann bei den verwendeten Kameras eingestellt
werden, so dass nur die hell reflektierenden Marker gesampelt
werden, während Haut und Kleidung ignoriert werden.
Die Kameras sind häufig mit einer eigenen Lichtquelle aus-
gestattet, hierfür wird in der Regel für den Menschen nicht
wahrnehmbares Infrarotlicht anstelle von sichtbaren Licht
verwendet. Beim Einsatz von sichtbaren Licht könnte der
Nutzer leicht geblendet oder auf andere Weise durch das
Licht gestört werden. Dieses System erfordert es, dass 4 bis
32 Kameras oder sogar noch mehr verwendet werden, da eine
Kamera allein sehr schnell den Sichtkontakt zu den Markern
verlieren kann. Dies kann passieren, wenn der Körper sich
selbst verdeckt oder wenn andere Objekte den Körper ver-
decken. Zwei Kameras sind notwendig, um die 3D-Position
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eines Punktes zu verfolgen und zusätzliche Kameras, um
die Sichtlinie zu den Markern aufrecht zu erhalten. Jedoch
steigt die Nachbearbeitungszeit mit der Anzahl der Kameras.
Das Problem mit der Verdeckung der Marker kann auch auf
Softwarewege vermieden werden.
Nachdem die Kamera das Bild digitalisiert hat, setzt die
Nachtbearbeitungszeit ein. Der erste Schritt ist eine saubere
Wiedergabe der Marker. Es werden unterschiedliche Bildbe-
arbeitungsmethoden genutzt, um Rauschen zu minimieren
und die Marker vom Hintergrund zu isolieren. Die bekanntes-
te Vorgehensweise besteht darin alle Pixelgruppen, die eine
vorausberechnete Helligkeitsgrenze überschreiten vom Rest
zu trennen.
Im zweiten Schritt werden die 2D-Koordinaten jedes ein-
zelnen Markers für jede Kamera bestimmt. Diese Daten
werden später dazu verwendet, in Kombination mit den
Kamerakoordinaten und den restlichen Kamerasichten, die
3D-Koordinaten jedes Markers zu bestimmen.
Der dritte Schritt soll die Identifizierung von jeden Marker
während einer Sequenz ermöglichen. Dies ist wichtig, da die
Marker ansich ununterscheidbar sind. Häufig ist eine manuel-
le Abgrenzung jedes einzelnen Markers notwendig. Geht der
Sichtkontakt zu den Markern verloren, können die identifi-
zierten Marker an dieser Stelle zugeteilt werden. Daten, die
auf diesem Wege erzeugt werden, beinhalten nur die x-, y-
und z-Koordinaten jedoch nicht die Rotationsangaben der
Glieder.
Die Auflösung der Kameras können entweder niedrig 128x128
oder hoch 4096x4096 oder sogar noch höher sein. Die Frame-
rate kann zwischen 30 und 1000fps oder höher liegen, wenn
dafür die Auflösung verringert und die zu beobachtende Re-
gion verkleinert wird.
Betrachten wir nun das Verfahren mit aktiven Markern. Da-
durch, dass aktive Marker selber die Lichtquelle darstellen
und nicht von Licht von außen angewiesen sind, erlaubt diese
Verfahren eine höhere Reichweite und Arbeistvolumen gegen-
über passiven Markern. Auch das Mitführung von Requisiten
wird ermöglicht. Außerdem können diese Marker einfacher
identifiziert werden als passive Marker, dies ermöglicht ei-
ne Echtzeitanwendung. Auch hier wäre eine Identifizierung
der Marker durch Verwendung von bestimmten Algorithmen
möglich, würde jedoch zu einer höhere Datenverarbeitung
führen.
Markerbasierte Systeme werden häufig für Animationen ver-
wedet. Da diese Systeme stabile Kamerapositionen benötigen,
können sie nicht überall zum Einsatz kommen. Außerdem
Kosten die Geräte häufig eine Menge Geld und für den Auf-
bau der Kameras und das Anbringen der Marker ist ein
bestimmtes Vorwissen notwendig und somit nicht für Anwen-
dungen im Privathaushalt gedacht [13].

2.1.2 Markerlose optische Systeme
Die Computer Vision befasst sich insbesondere mit marker-
losen optischen Trackingverfahren. Dabei werden spezielle
Algorithmen verwendet, um mehrere eingehende optische
Inputs zu analysieren und die Merkmale eines Menschen zu
identifizieren und diese einzeln zu verfolgen. Eine Technik,
die sich Universal Capture nennt, nutzt sieben Kameras und
das Verfolgen des optischen Fluss eines Pixel über alle 2D-
Ebenen aller Kameras um Bewegungen zu verfolgen und
photorealistische Ergebnisse zu liefern.
Ein optisches Tracking System ist meist aus drei Untersyste-
men zusammengesetzt, bestehend aus dem optischen Bildge-

bungssystem, der mechanischen Trackingplattform und dem
Trackincomputer. Das optische Bildgebungssystem sorgt da-
für, dass das Licht der beobachtenden Szene in ein digitales
Bild umgewandelt wird, welcher der Trackingcomputer ver-
arbeiten kann. Die Bestimmung des Bildgebungssystem setzt
die obere Grenze des Wirkungsbereich des Trackingsystems
fest.
Die mechanische Trackingplattform ist dafür verantwortlich,
dass das optische Bildgebungssystem stets auf das zu ver-
folgende Objekt gerichtet ist. Es soll das Trackingsystem
dazu befähigen, auch wenn das Zielobjekt plötzlich seine Ge-
schwindigkeit ändert, das Objekt fest im Blick zu behalten.
Der Trackingcomputer analysiert das vom Bildgebungssys-
tem erhaltene Bild, bestimmt die Position des Zielobjekts
und kontrolliert die Trackingplattform. Die erste Herausforde-
rung des Trackingcompters besteht darin, das Bild bei einer
relativen hohen Framerate zu erfassen. Die zweite Heraus-
forderung ist, dass die Bildbearbeitungssoftware in der Lage
sein muss das Zielobjekt vom Hintergrund herauszulösen
und seine Position zu berechnen. Es gibt viele Algorithmen,
die dieses Problem lösen, die jedoch jedes für sich ihre ganz
eigenen Grenzen aufweisen. Die Trackingplattformm so zu
kontrollieren, dass das Zielobjekt verfolgt wird, wäre ein wei-
teres Problem, welches der Trackincomputer zu lösen hat. Ist
die Trackingplattform nicht für Echtzeitanwendungen und
zum Verfolgen dynamische Bewegungen gedacht, muss dies
die Software ausgleichen.
Besondere Algorithmen der Computer Vision ermöglichen
auch ein markerloses Tracking, die lediglich auf die Videoda-
ten zurückgreifen. Allein die Freiheit keine Marker tragen zu
müssen, die verrutschen können, unbequem sind und richtig
angebracht werden müssen ist ein großer Vorteil gegenüber
Systemen die Marker verwenden [5].

2.1.3 Tiefenbildgebende Systeme
Es gibt Geräte, die mittels Tiefenbildern 3D-Koordinaten
bestimmen können. Sowohl Time Of Flight (TOF, deutsch
Laufzeitverfahren) Kameras, sowie die Kinect zählen zu die-
sen Geräten.

TOF-Kamera:
Eine TOF-Kamera kann den Abstand zu einem Objekt mes-
sen. Dies kann auf zweierlei Wege geschehen. Eine Möglich-
keit den Abstand zu bestimmen ist die zu beobachtende
Szene durch einen infraroten Lichtpuls auszuleuchten und
für jeden Bildpunkt die Zeit zu messen, die das Licht zum
Objekt und zurück braucht. Die zweite Möglichkeit besteht
darin, die Phasenlänge des zurückgeworfenen Signals zu mes-
sen. Die Distanzauflösung beträgt etwa 1m und die laterale
Auflösung etwa 160x120 Pixeln oder höher. Der Entfernungs-
bereich kann von nur einigen wenigen Dezimetern bis zu
etwa 7.5m betragen. Günstige TOF-Kamera können bis zu
60fps liefern und professionelle teure Kameras bis zu 160fps.
Dies ermöglicht ein Erfassen von schnellen Bewegungen, wie
Wischbewegungn oder das Schwingen eines Golfschlägers [3].
Es gibt schon TOF-Kameras, die für wenig Geld erhältlich
sind und somit auch gut für den breiten Privatgebrauch ge-
eignet sind. TOF-Kammeras können sowohl im Freien, als
auch in Innenräumen verwendet werden [6].

Structured Light:
Die Kinect gehört zu den sogenannten Structured Light Sys-
temen. Bei diesen Systemen kommen eine oder zwei Kameras
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zum Einsatz, die das von einem Projektor auf die Umgebung
projizierte Lichtmuster einfangen und weiterverarbeiten las-
sen. Structured Light Systmen liefern etwa 30 Bilder pro
Sekunde und sind meist genauer als TOF-Kameras.
Die Kinect kann durch das Projizieren von Infrarotlicht Tie-
fendaten gewinnen. Dabei projiziert ein Infrarotlichtprojektor
ein Muster, bestehend aus Punkten in einer Wellenlänge von
830nm, auf eine ausgewählte Szene. Das Infrarotlicht hat,
wie oben erwähnt, den Vorteil, dass er von dem Menschen
nicht wahrgenommen werden kann. Das Muster setzt sich
zusammen aus 3x3 Untermuster von je 211x165 Punkten
(insgesamt 633x495 Punkte). Sobald das gepunktete Licht
auf ein Objekt trifft, verzerrt sich das Muster. Diese Ver-
zerrung wird durch eine Tiefenkamera analysiert, um den
Abstand zwischen dem Gerät und dem Objekt abschätzen
zu können. Die Tiefenkamera, einer Complementary Me-
tal Oxide Semiconductor (CMOS, deutsch komplementärer
Metall-Oxid-Halbleiter), ist mit einem Filter ausgestattet,
der sichtbares Licht filtert. Die Tiefenkamera ist die Kom-
ponente, die die 3D-Koordinaten (x,y,z) der beobachteten
Szene als Datenstrom zurückgibt. Diese Daten werden in
Frames umgewandelt. Die so gewonnen Frames, werden zu
einem Frameausgabestrom verarbeitet.
Eine Auflösung von 640x480 wird erreicht und bis zu 2048
Tiefenebenen können dargestellt werden. Das System arbei-
tet in einer Umgebung mit reflektierenden Oberflächen, unter
Sonnenlichteinfluss oder Einwirkungen von Licht mit selber
Wellenlänge (zirka 830nm) schlecht [19, 7].

2.1.4 Funkbasierte Systeme
Auch elektromagnetische Wellen im Radiofrequenzbereich
(Funkwellen) können dazu genutzt Bewegungen zu erkennen
und zu verfolgen. Der große Unterschied gegenüber Akus-
tische Systeme liegt in der Wellengeschwindigkeit, die um
ein millionenfaches schneller ist. Jedoch wird dadurch das
Erlangen einer ausreichenden Genauigkeit erschwert. Meist
wird eine zufriedenstellende Genauigkeit erst bei 300 GHz
erreicht, was zur Folge hat, dass der Energieverbrauch und
die Kosten dementsprechend hoch sind. Die ausgesendeten
Wellen können des Weiteren leicht von anderen Objekten
reflektiert werden, dabei entsteht das Problem der Mehrwe-
geausbreitung (multipath). Eine mögliche Methode Mehrwe-
geausbreitung zu vermeiden, besteht darin Ultrabreitband
(UWB = Ultra-wideband) zu nutzen, wo Impulse anstelle
von sinusförmigen Signale gesendet werden.

Die Forscher des Massachusetts Institute of Technology (MIT)
haben in den letzten Jahren einige neue Ansätze im Bereich
der Funkbasierten Trackingsysteme erarbeitet. Sie haben
sich vorwiegend darum bemüht Systeme zu entwickeln, die
Bewegungen auch durch Wände hindurch verfolgen können.
Eines dieser Systeme basiert auf der Radartechnik und be-
steht aus einer Computerausrüstung und 13 Sende- und 8
Empfangsantennen, die für die nötige Mobilität auf einen
Handwagen montiert sind. Figure 1 zeigt so ein Multi Input
Multi Output (MIMO) Radarsystem. Die in einer Reihe an-
geordneten Empfangsantennen sorgen dafür, dass ein Signal
ausgesendet wird. Die restlichen acht Antennen bilden eine
weitere Reihe, die das zurückkommende Signal empfangen.
Das von den Antennen gesendete Signal kann durch eine
Wand hindurch geschickt werden, wo sie auf Menschen tref-
fen und von ihnen reflektiert werden.
Das so gewonnene Video zeigt keine klaren Bilder, sondern

nur rote Punktwolken. Die roten Punktwolken stellen Ob-
jekte dar, die sich bewegen, was das Einzige ist, dass das
System erfassen kann. Im Idealfall werden so nur Menschen
wahrgenommen, während Einrichtungsgegenstände ignoriert
werden. Die Gewinnung dieser Bilder erfolgt durch den Ver-
gleich der Veränderungen die zwischen den einzelnen Bilder
eintreffen. Das System ist in der Lage auch die geringsten
Bewegungen auszumachen und da Menschen sich ständig,
auch wenn nur gering, bewegen, können Menschen auf jeden
Fall vom System erfasst werden.
Dieses Radarsystem verwendet Wellen im S-Bandbereich, die
im Frequenzbereich zwischen 2 und 4GHz liegen. Auch wenn
größere Wellenlängen besser durch Wände gehen, würde da-
für größere Empfangsgeräte nötig sein, die die Mobilität ein-
schränken würden. Tritt das Signal durch eine Wand verliert
es 99 Prozent seiner Energie. Also verliert das Signal zweimal
an seiner ursprünglichen Energie, einmal beim Losschicken
durch die Wand und ein weiteres mal beim Zurückkehren
des reflektierten Signal durch die Wand. Ein Signalverstärker
kann dem entgegenwirken. Allerdings verschlechtert sich das
Ergebnis, wenn die Betonwand dicker als 10cm ist.
Ein weiteres Problem stellt das Aufnehmen der Bilder, be-
sonders über größere Entfernungen hinweg, in Echtzeit dar.
Das Gerät, welches von den MIT-Forschern entwickelt wurde,
kann aus einer Entfernung von 6 Metern, Bilder in Echtzeit
mit einer Bildrate von 10,8 Frames pro Sekunde liefern. Die-
ses Radarsystem wurde in erster Linie für den Militäreinsatz
entwickelt [15].

Die neueren Ansätze der MIT-Forscher konzentrieren sich

Figure 1: TDM MIMO radar system [11]

darauf, möglichst preisgünstige, kleine und energiesparsame
Geräte zu entwickeln, die nicht nur für militärische Zwecke
verwendet werden sollen. Ein erster Schritt in diese Richtung
besteht darin, möglichst wenige Antennen zu verwenden. Zu
diesen Systemen zählen Wi-Vi und Witrack.

Wi-Vi:
Wi-Vi nutzt Wi-Fi Signale und benötigt lediglich 3 Antennen.
Außerdem kommt das System auch ohne Ultrabreitbandlö-
sung aus, um das Mehrwegeproblem zu lösen. Das System
arbeitet dabei in zwei Schritten. Im ersten Schritt werden
die Signale der beiden Sendeantennen über die Empfangsan-
tenne gemessen. Im zweiten Schritt werden diese Messungen
dazu genutzt, um die Reflexion von statischen Objekten,
einschließlich von Wänden, herauszufiltern. Dadurch ist es
möglich nur noch die Reflexion von Objekten, die sich zwi-
schen den zwei Messungen bewegt haben, zu erhalten. Nicht
nur die Position des erfassten Körpers, sondern auch seine
Bewegungen und Gesten können so ausgemacht werden.
Es werden Wi-Fi Signale im ISM-Bandbereich, die im Fre-

Proceedings RTMI ’14, Ulm, 14th February 2014

11



quenzbereich von 2,4GHz liegen, verwendet. Damit das Sys-
tem möglichst genaue Ergebnisse liefert, darf eine Betonwand,
durch die die Signale geschickt werden, nicht dicker als etwa
20cm sein. Sollen möglichst genau Messergebnisse erzielt wer-
den, darf das System nicht mehr als 3 Personen gleichzeitig
verfolgen [2].

Witrack:
Ein weiteres von den MIT-Forschern entwickeltes Gerät,
WiTrack genannt, sendet über eine Antenne Funkwellen
aus, die gesendeten Signale werden beim Auftreffen eines
bewegten Objekts reflektiert und an drei Empfangsantennen
zurückgeschickt. Die Position des getroffen Körpers kann
über die Laufzeit des Signals errechnet werden und dies bis
auf 10 bis 20 cm genau, bei einer Entfernung von etwa 11
Metern. Die Genauigkeit nimmt immer weiter ab, je weiter
entfernt sich die Person vom Gerät befindet. Um Reflexio-
nen von unbewegten Objekte zu filtern, wird die Tatsache,
dass sich ihre Distanz zum WiTrack-Gerät über die Zeit
nicht verändert und somit auch die Frequenzverschiebungen
gleich bleiben, ausgenutzt. Über die ganz bestimmte geome-
trische Anordnung der Antennen kann die Position in allen
drei Koordinaten des Raums erfasst werden. Jedoch sind
die Messergebnisse entlang der y-Achse genauer als entlang
der x-Achse und am schlechtesten entlang der z-Achse. Das
Gerät kann nur eine Person verfolgen und dies nur, wenn die
entsprechende Person sich bewegt. Soll das System nur ein
Körperteil, zum Beispiel ein Arm oder Bein verfolgen, kann
das Gerät nicht unterscheiden, ob es sich beim entsprechen-
den Körperteil um einen Arm oder Bein handelt [1].

2.2 Interne Systeme
Unter Interne Systeme fallen all die Systeme, wo entwe-
der Sende- oder Empfangsgeräte oder sogar beide sich am
Körper, der beobachteten Person befinden. Zu ihnen zählen
Magnetische, Mechanische, Akustische und Trägheitsbasirte
Systeme.

2.2.1 Magnetische Systeme
Die Magnetischen Systeme gehören zu den Systemen, die die
sechs Freiheitsgrade des menschlichen Körpers messen kön-
nen. Diese Systeme bestehen aus einer Reihe von Empfangsge-
räten, die ihre räumliche Beziehung zu einem nahegelegenen
Sender messen lassen. Die Empfangsgeräte beziehungsweise
Sensoren werden am Körper befestigt und meist durch ein-
zelne Kabeln an einer elektronische Kontrolleinheit befestigt.
Ein herkömmliches Magnetisches System besteht aus einem
Transmitter, 11 bis 18 Sensoren, einer Kontrolleinheit und
passender Software. Der Sender erzeugt ein elektromagneti-
sches Feld mit niedriger Frequenz und erfasst so die Sensoren,
die von der Kontrolleinheit gefiltert und verstärkt werden.
Diese Daten werden an einem Computer gesendet, dessen
Software die Position der Sensoren in Richtung der x-, y-
und z-Achse und deren Ausrichtung berechnet.
Die Magnetischen Systeme sind in der Lage Personen in
Echtzeit zu verfolgen, dazu sind leistungsstarke Rechner
notwendig, die auch entsprechend teuer sein können. Ein
Algorithmus führt die Postions- und Ausrichtungsdaten jedes
Sensors in eine hierarchische Kette mit je einer Positions- und
Rotationsangabe über. Abhängig davon, wie viel Filterung,
Verstärkung und Nachbearbeitung notwendig sind, kann die-
ses Verfahren nahezu in Echtzeit durchgeführt werden. Auch

langsame und überbelastete Ethernet-Verbindungen können
diesen Vorgang erheblich verlangsamen. Ein (state-of-the-art)
Magnetisches Trackingsystem kann bis zu 90 Sensoren haben
und eine Framerate von 144fps erreichen.
Gegenüber den meisten optischen Systeme, ist dieses System
verhältnismäßig billig. Um die Tatsache zu Kompensieren,
dass sich die Marker nicht im eigentlichen Gelenkzentrum
befinden, wird inverse Kinematik (kurz IK dient zur Berech-
nung der Gelenkwinkel) eingesetzt, was leider einen System-
Overhead erzeugt und so zu einer Latenzzeit führt.
Ein großer Nachteil eines Magnetischen Systems ist seine Stör-
anfälligkeit gegenüber leitfähigen Metalle beziehungsweise
fremden Magnetfeldern im allgemeinen. Bestimmte Algo-
rithmen können dieses Problem beheben falls die Störquelle
statisch ist. Magnetische Trackingsysteme können daher nicht
überall eingesetzt werden. Eine Reichweite von bis zu 150
Metern im Freien und 50 Metern in geschlossenen Räumen
kann erreicht werden. Sollen mehrere Personen verfolgt wer-
den, können die Sensoren, die von den jeweiligen Personen
getragen werden, sich gegenseitig stören und so zu Messfeh-
lern führen. Der große Vorteil dieser Systeme unter keine
Verdeckungsproblemen zu leiden, wird daher beim Tracken
von mehreren Personen zunichte gemacht.
Weiter gilt auch hier, dass die Marker verrutschen oder ab-
fallen können und neu positioniert werden müssen, was zu
einer erneuten Kalibrierung führt. Da Magnetische Systeme
sowohl Positions- als auch Ausrichtungsdaten liefern, werden
weniger Marker benötigt gegenüber Markerbasierten opti-
schen Systemen. Dafür kann dieses System kein Innenskelett
des Nutzers berechnen [13, 12].

2.2.2 Mechanische Systeme
Bekannte mechanische Trackingsysteme nutzten einen Anzug,
auch Exoskelett ( Figure 2 ) genannt, der über Potentome-
tern, die wichtigsten menschlichen Gelenkpunkte lokalisiert.
Eine leichte Bewegung gegen ein Widerstandselement in dem
Potentometer erzeugt ein variables Spannungspotential. Da-
mit die Änderung der Spannung von der Software analysiert
werden kann, muss das analoge Signal erst noch in ein digi-
tales Signal umgewandelt werden. Auf diesem Weg werden
nur die Körperbewegungen gemessen, jedoch nicht die Bewe-
gungen im dreidimensionalen Raum. Um dieses Problem zu
beheben, werden zusätzlich magnetische Sensoren genutzt,
mit dem Nachteil, dass die Schwächen, die Magnetische Sys-
teme mitsichbringen, übernommen werden.
Außerdem basieren die meisten dieser Geräte auf der Idee,
dass die meisten menschlichen Körperteile über Scharnier-
gelenke miteinander verbunden sind. Deshalb werden auch
Drehungen die von Gelenken durchgeführt werden, die kei-
ne Scharniergelenke sind, nicht verfolgt [13]. Um die Dreh-
bewegungen anderer Gelenktypen auch messen zu können,
werden zusätzlich Gyroskope (Kreiselsensoren) verwendet.
Das Exoskelett muss in der Regel für jeden Nutzer extra
angepasst und kalibriert werden. Über die Messungen der
Bewegungen des Exoskeletts können Rückschlüsse über die
Bewegungen des Innenskeletts gemacht werden.
Die Reichweite kann unbegrenzt sein, da ein Notebook auf
den Rücken des Nutzers geschnallt werden kann. Es entstehen
weder Verdeckungsprobleme, noch Störungen wenn mehrere
Personen mit einem Exoskelett getrackt werden. Die Daten
können in Echtzeit aufgenommen werden bei einer Rate von
60 bis 240fps (Frame pro Sekunde).
Seine Nachteile sind seine mangelnde Genauigkeit und dass
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nicht alle Bewegungen, zu die ein Mensch in der Lage ist,
gemessen werden können. Außerdem ist so ein Exoskelett
sehr auffällig und daher im Alltag kaum einsetzbar.

Figure 2: Metamotions Exoskelett Gypsy7 [18]

2.2.3 Akustische Systeme
Akustische Systeme nutzen die Eigenschaften des Schalls,
um das Tracken von Bewegungen zu ermöglichen. Im all-
gemeinen bedeutet dies, dass der zeitliche Verlauf eines Ul-
traschallsignals gemessen wird. Hierzu werden Mikrofone
und Lautsprecher verwendet. Es gibt sowohl Methoden, wo
Mikrofone und Lautsprecher am Körper befestigt sind, als
auch Methoden, wo nur die Lautsprecher am Körper befes-
tigt sind und die Mikrofone außerhalb aufgestellt werden.
Im letzteren Fall senden die Lautsprecher Ultraschallsignale,
deren Frequenz und zeitlicher Verlauf von den Mikrofonen
aufgenommen werden. Aus den gewonnen Daten kann das
System den Abstand zwischen den einzelnen Lautsprechern
und Mikrofonen berechnen. Dabei wird die Zeitverzögerung
(bzw. Phasenverschiebung) gemessen, mit der das Signal am
Mikrofon ankommt. Da der Wert der Schallgeschwindigkeit
bekannt ist, lässt sich der vom Schall in dieser Zeit zurück-
gelegten Weg berechnen. Der so gewonnene Wert kann als
Radius verwendet werden, um einzelne Sphären, die sich
um die entsprechenden Mikrofone ziehen, zu konstruieren.
Die Schnittpunktberechnung der einzelnen Sphären führt zu
Angabe über die Position der Lautsprecher im Raum, die
sich über die Zeit verfolgen lassen.
Auch Schallwellen werden leicht von Wänden oder anderen
Objekten reflektiert und leiden daher ebenfalls unter dem
Mehrwegeabweichungsproblem. Eine Möglichkeit dieses Pro-
blem zu umgehen bestünde darin, die Signale in Impulse
loszuschicken und abzuwarten bis der erste Impuls angekom-
men ist und die restlichen zu blocken. Diese Methode kann
nur deshalb funktionieren, weil Akustische Systeme relativ
langsam sind, zumindest viel langsame als Optische und
Funkbasierte Systeme [22].
Dieses Verfahren besitzt eine geringe Reichweite und arbeitet
mit einer geringen Bitrate, die zu einer geringen Trackingfre-
quenz führt. Es ist daher nicht dazu geeignet feine Körper-

bewegungen zu verfolgen, kann jedoch gut zur Positionsbe-
stimmung verwendet werden.

2.2.4 Trägheitsbasierte Systeme
Der Vorteil dieser Systeme liegt darin, dass sowohl Sender
als auch Empfänger am Körper befestigt sind. Eine siche-
re Studioumgebung erübrigt sich dadurch, welches dieses
System für den Einsatz sowohl im Freien als auch in In-
nenräume geeignet macht. Dafür lassen sich die Positionen
der Messpunkte im Raum nicht direkt berechnen. Die Träg-
heitsbasierte Systeme verwenden Gyroskope, oder andere Be-
schleunigungsmessgeräte, die für jeden beobachteten Punkt
feststellen können, welche Kräfte dort über die Zeit wirken.
Über das Newton’sche Gesezt kann die Beschleunigung er-
mittelt werden, welches die zweite Ableitung der Position
nach der Zeit ist. Ist zu einem gegebene Zeitpunkt sowohl
Position als auch Geschwindigkeit bekannt, kann aufgrund
der Beschleunigungsdaten die Position berechnet werden.
Die Gewinnung der Positionsdaten auf diese Weise, führt zu
einer Aufsummierung der Messfehler, da die Positionsdaten
nicht auf Korrektheit überprüft werden. Angewandt werden
Gyroskope zum Beispiel zur indirekter Positionsbestimmung
in Flugzeugen.
Systeme die unter anderem Gyroskope verwenden sind die
sogenannten Inertial Systme , die in Figure 3 zu sehen sind. In-
ertialsysteme können auf der Grundlage der Miniatur Inertial-
Sensor-Technologie, biomechanischen Modellen und geeigne-
ten Algorithmen, sehr genau Körperbewegungen im Raum
erfassen. Die Bewegungsdaten werden häufig drahtlos an
einem Computer übertragen. Die meisten Inertialsysteme
verwenden Gyroskope um Rotationsdaten zu messen. In Iner-
talsensoren messen Gyroskope die Winkelgeschwindigkeit um
die x- bzw. y- bzw. z-Achse, während Accelermeter die lineare
Beschleunigung messen, um translatorische Bewegungen in
Richtung der x-, y- und z-Achse zu bestimmen. Weder exter-
ne Kameras, Marker oder eine bestimmte Beleuchtung sind
notwendig, daher kann diese System drinnen und draußen
verwendet werden. Außerdem zählen Inertialsensoren zu den
mikro-elektro-mechanischen Systeme (MEMS) und sind, wie
der Name schon vermuten lässt von geringer Größe. Inertial
Systeme erfassen alle sechs Freiheitsgrade in Echtzeit.
Werden zusätzliche Magnetische Sensoren verwendet, können
Richtungsinformationen gewonnen werden. Dabei werden
alle Nachteile die Magnetische Systeme mitsichbringen von
dem System übernommen. Ein weiterer Nachteil dieses Sys-
tem ist ein Effekt der Floating genannt wird, das getrackte
Objekt wirkt dabei wie eine Marionette, die an Fäden hängt.
Die Nachteile für Gyroskope, wie oben erwähnt, gelten auch
hier [16].

3. HAND-TRACKING
Für das Tracken kleineren Körperteile wie Hände, Finger,
Füße oder Gesichtszüge sind auch kleinere Marker bzw. Sen-
soren notwendig.
Die Hand dient als Interaktionswerkzeug in unserer alltägli-
chen Umgebung, weshalb auch eine virtuelle Repräsentation
ihrer nützlich sein kann.
Um alle denkbaren Interaktionsformen mit der Hand zu er-
möglichen, müssten alle 27 Freiheitsgrade einer Hand verfolgt
werden. Dies würde die Verfolgung in Echtzeit und automati-
sche Initialisierung erschweren, daher beschränkt die meisten
sich auf weniger Freiheitsgrade [17].
Die oben genannten Systeme müssen für die Erkennung von
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Figure 3: Inertialsensoren werden am Körper befes-
tigt [23]

Gesten entsprechend angepasst werden, daher werden hier
nur spezielle Systeme erwähnt ohne die oberen Verfahren
zu wiederholen. Zum Tracken von Handbewegungen können
spezielle Handschuhe genutzt werden. In der Literatur sind
zum Beispiel Datagloves, Powergloves und Cybergloves zu
finden, die über die Zeit aus einander hervorgegangen sind
und sich entsprechend weiter entwickelt haben. Aktuell ist
der Datenhandschuh Cyberglove III erhältlich, während der
Powerglove nicht mehr angeboten wird.

3.1 Cyberglove
Der Cyberglove Datenhandschuh besteht aus 18 bis 22 sehr
flexiblen und dünnen Foliensensoren, die in den elastischen
Stoff des Handschuhs eingearbeitet sind. Pro Finger messen
zwei Sensoren die Krümmung der Finger und vier Sensoren,
die an den Knöchel angepasst sind, die Spreizung zwischen
den Fingern. So kann dieser Datenhandschuh sehr komplexe
Finger- und Handbewegungen verfolgen. Außerdem besteht
er aus einer robusten Sensortechnologie, die sehr sauber und
genau arbeitet. Es stellt kein Problem da, mehrere Hän-
de zu verfolgen oder den Handschuhe mit anderen Body
Trackingsystemen zu kombinieren. Die Sensordatenrate lie-
fert 120 Aufzeichnungen pro Sekunde. Durch die drahtlose
Wi-Fi-Kommunikation, die der Handschuh nutzt, kann eine
Reichweite von über 30 Metern erzielt werden. Dafür ist der
Cyberglove Datenhandschuh recht teuer [4].

3.2 Markerloses optisches Handtracking
Ein markerloses optisches Tracking ermöglicht zum Beispiel
ein Verfahren, welches lediglich bunte Handschuhe und eine
Webcam nutzt, um Gesten und das Greifen von Gegenstän-
den zu erkennen. Der besondere Vorteil dieses System liegt
darin, dass dieses System besonders preiswert ist, eine Web-
cam und die bunten Handschuhe kosten nicht viel. Allerdings
ist, bevor die entsprechende Hand verfolgt werden kann, eine
Kalibrierung notwendig. Dazu muss die Hand auf ein D4-
Blatt gelegt werden [21].

Die von Schlattmann und seinen Kollegen entwickelte Me-
thode bloße Hände zu verfolgen, bedient sich lediglich der
Computer Vision, um alle sechs Freiheitsgrade und die Posi-
tion der Hand in vier verschiedenen Gesten zu erfassen. Also
kann das Verfahren Position und Ausrichtung der Hand und
Finger bestimmen.

Dazu werden drei oder mehr handelsübliche Videokameras
verwendet. Das Verfahren schafft eine vollautomatische Initia-
lisierung, das bedeutet die Hand wird automatisch erkannt,
wenn sie sich im Sichtfeld der Kamera befindet. Außerdem
besitzt das Verfahren eine stabile Verlustdetektion und ar-
beitet in Echtzeit mit mindestens 25 Bilder pro Sekunde.
Damit die Hand aus verschiedenen Richtungen beobachtet
werden kann, müssen die Kameras auf bestimmte Weise ange-
ordnet und kalibriert werden. Das Arbeitsvolumen setzt sich
aus dem von allen Kameras gleichzeitig einsehbare Bereich
zusammen. Größere Sichtwinkel oder Distanzen der Kameras
können das Arbeitsvolumen vergrößert, dies führt jedoch zu
einer geringeren Auflösung.
Da keine Handschuhe oder Marker nötig sind, gibt dies dem
Nutzer ein natürliches Gefühl, dies ist gerade für eine natür-
liche Mensch-Maschine-Interaktion besonders wichtig [17].

3.3 Digits
Ein Beispiel für ein Hybridsystem wäre das von Microsoft Re-
search enwickelte Gestenerkennungsgerät Digits, das Gerät
wird in Figure 4 dargestellt. Digits ermöglicht das Erkennen
von Fingergesten ohne Datenhandschuh. Stattdessen wird
der Sensor, wie ein Armband um das Handgelenk getragen
und soll so Interaktionen unterwegs ermöglichen.
Das Forscherteam um David Kim wurde von der Kinect zu
diesem Gerät inspiriert. Der Sensor des Armbands setzt sich
aus einer Infrarotkamera, einem Infrarotlaserprojektor, In-
frarotleuchtdioden (LED) sowie einem Inertialsensor (IMU)
zusammen. Der Infrarotlaserprojektor beleuchtet die Hand
und die Infrarotleuchtdioden die Finger um deren Ausrich-
tung aufzuzeigen. Das von der Hand reflektierte Licht wird
von der Infrarotkamera eingefangen und eine Software ermit-
telt die Bewegung bis auf ein Zehntel Millimeter genau.
Zur Positionsbestimmung der Hand wird ein Inertialsensor
verwendet. Steuerung von Computerspielen oder die Bedie-
nung eines mobilen Endgeräts per Touch und Gestik sind
damit möglich. Durch das Berühren eines Objekts auf dem
Bildschirm kann das Objekt aktiviert werden damit der Nut-
zer über Gesten damit interagieren kann. Mobile Geräte,
müssen nicht mehr aus der Tasche genommen werden, da
der Nutzer über Gesten in der Luft diese bedienen kann [9].

Figure 4: Microsofts Digits [9]

4. PROBLEME
Gerade die Computer Vision sucht mögliche Lösungen, um
technische Grenzen zu überwinden. Es ist wünschenswert das
Systeme möglichst genau und fehlerfrei arbeiten. Um dies zu
gewährleisten, gilt es mögliche Probleme zu beseitigen. Hier
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werden einige typische Computer Vision Probleme vorgestellt.
Die hier genannten Probleme gelten sowohl beim Tracken
von einer Person als auch beim Tracken von mehreren Perso-
nen. Es stellt eine besondere Herausforderung da, Personen
unbeschränkt, rauschfrei in dynamischen Umgebungen und
zudem in Echtzeit zu verfolgen [8].

Segmentierung. Die Herauslösung der Zielperson von der
beobachteten Szene stellt ein wichtige Herausforderung für
Trackingsysteme da. Es ist wichtig eine angemessene Be-
schreibung des Zielobjekts zu finden, damit sie eindeutig von
anderen Objekten unterschieden werden kann [8].

Änderung von Form und Erscheinung. Die Erscheinung
eines Objekts kann sich je nach Kamerawinkel ändern. Der
Mensch ist in der Lange durch Bewegung seine Form ständig
zu verändern, was zu Erkennungsproblemen führen kann.
Auch die Perspektive muss berücksichtigt werden, da nah
gelegene Objekte großer erscheinen als Objekte, die weiter
weg liegen [8].

Blendenproblem. Aufgrund mangelnder Merkmale im Bild,
kann die eigentliche Bewegungsrichtung nicht mehr erkannt
werden. Dies kann durch ein zu begrenztes Sichtfeld entstehen
oder weil die Person zu nah an der Kamera steht [8].

Helligkeitsänderung. Bei Änderung der Helligkeit kann
sich die Erscheinung des verfolgten Objekts für optische
Systeme stark ändern [8].

Schatten und Reflexion. Einige Merkmale wie Bewegung,
Form und Hintergrund sind sehr empfindlich gegenüber Schat-
ten. Der Schatten eines Menschen kann sich so bewegen und
erscheinen, wie der Mensch, der den Schatten wirft. Ähnliche
Probleme können durch reflektierende Oberflächen in der
Umgebung entstehen [8].

Verdeckungsproblem. Verdeckungen können entweder durch
das beobachtete Objekt selber oder durch andere Objekte in
der Umgebung entstehen. Das Objekt kann während einer
Verdeckung nicht mehr eindeutig erkannt werden [8].

5. ANWENDUNGEN
Es gibt viele sehr unterschiedliche Anwendungsmöglichkeiten
für Body Tracking. Hier werden zwei Anwendungsbeispiele
vorgestellt, die einen ungefähren Eindruck vermitteln sollen,
wie Body Tracking eingesetzt wird. Ein Beispiel beschäftigt
sich mit Fußgängererkennung in Fahrzeugen und wie Exter-
ne Trackingsysteme zur Lösung dieser Aufgabe eingesetzt
werden. Das zweite Beispiel befasst sich mit Sturzerkennung
bei alten oder kranken Menschen. Dafür werden vorwiegend
Interne Systeme verwendet.

Fußgängerklassifikation. Die heutige Verkehrssituation
ist, wegen der zunehmenden Anzahl an Verkehrsteilnehmern,

sehr unübersichtlich und verlangt vom Fahrer ständige Auf-
merksamkeit und Konzentration. Ist der Fahrer etwas er-
schöpft und oder die Sicht, z.B. wegen Nebel oder Dunkelheit,
sehr schlecht, können potentielle Gefahrensituationen zu spät
oder gar nicht erkannt werden.
Fahrerassistenzsysteme sollen gerade in diesen Situation den
Fahrer unterstützen rasch auf Gefahren zu reagieren. Da-
zu gehört auch das rechtzeitige Erkennen von Fußgängern
auf der Fahrbahn und deren Verfolgung, damit der Fahrer
oder das Fahrzeug selbst bei bestehender Gefahr reagieren
kann. Die Daimlar AG hat bereits Fahrzeuge mit Nahinfra-
rot (NIR) Kameras und Radar ausgestattet, um Fußgänger
zu erkennen. Scheinwerfer strahlen ein nicht wahrnehmba-
res weitreichendes Infrarotlicht aus, damit die NIR-Kamera
stets gut erkennbare Bilder von der Fahrbahn liefern kann.
Die von der Kamera gemachten Bilder werden im Bereich
des Cockpits dargestellt und heben für den Fahrer Personen
auf der Fahrbahn hervor. Es wurden Methoden entwickelt,
mögliche Objekte im Sichtfeld eindeutig als Personen zu klas-
sifizieren. Unteranderem kann der Bildkontext in dem sich
das verdächtige Objekt befindet dafür zur Hilfe genommen
werden [20].

Personenschutz durch Sturzerkennung. Die Zahl der al-
ten Menschen nimmt von Jahr zu Jahr zu. Die Fähigkeit die
Balance zu halten und im Falle eines Sturz sich aufzufangen,
nimmt mit zunehmenden Alter ab. Damit alte Menschen
bzw. Menschen mit Gleichgewichtsstörungen oder Gehbehin-
derung geschützt werden ohne dabei bestimmte Freiheiten,
wie alleine nach Draußen gehen, aufgeben zu müssen, können
Interne Trackingsysteme verwendet werden.
Kleine möglichst leichte Sensoren, die Bewegung eines Falls
erkennen können, wie Inertialsensoren, werden am Körper
getragen und benachrichtigen im Falle eines Sturz zuständige
Einrichtungen, wie Krankenhäuser oder Pflegeeinrichtungen.
Auf diesem Weg, können mögliche Verletzungen rasch behan-
delt werden oder einfach der Person aufgeholfen und nach
Hause gebracht werden [14].

6. ZUKUNFTSAUSSICHT
Der Trend zu energiesparsamen, kleinen und preiswerten
Systemen ist eindeutig zu erkennen. Durch Computerspiele-
konsole, wie der XBox, hat Body Tracking schön längst
Einzug in private Haushalte gefunden. Die Verwendung für
den Privatgebrauch wird durch die immer billiger werden-
den Systeme, die zudem auch noch immer kleiner werden,
ermöglicht [10]. Intel hat bereits angekündigt, dass bereits
im Jahr 2014, eine ganze Reihe von Laptops und Tablets mit
Gestenerkennung ausgestattet auf den Markt kommen und
das dies in Zukunft zum Standard werden soll.
Die neuen funkbasierten Systeme wie Wi Vi und Witrack
könnten dazu genutzt werden Haushaltsgeräte über Gesten
zu steuern und das sogar vom Nebenzimmer aus. Neben
der Anwendung in der Heimautomation könnte es auch in
einem Sensorenhaushalt dazu verwendet werden, entspre-
chende Maßnahmen einzuleiten falls ein Bewohner stürzt.
Auch zur Spielesteuerung sollen diese System geeignet sein.
Bei den jetzigen Systemen, wie der XBox Kinect oder der
Nintendo Wii muss der Spieler sich direkt vor der Spielekon-
sole befinden, was die Einsatzmöglichkeit bei bestimmten
Spielen einschränkt. Das in Deckung gehen hinter Möbelge-
genständen würde plötzlich möglich werden [1].
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Es ist abzuwarten, wie weit sich die neuen Systeme etablieren
können und in Zukunft noch verbessern werden.

7. FAZIT
Wir haben Externe und Interne Trackingsysteme betrach-
tet und dabei erkannt, dass Internen Systeme nur dort zum
Einsatz kommen können, wo die zu verfolgende Person zu-
vor bekannt ist. Bestimmte Probleme, wie das Erkennen der
zu verfolgenden Person, diese Person vom Rest des Bilds
zu herauszulösen und die Verdeckungsprobleme, entstehen
meist gar nicht bei Internen Systemen. Der große Vorteil der
meisten Externen Systemen ist jedoch gerade die Tatsache,
dass nicht schon vorher die Zielperson bekannt sein muss.
Eine Ausnahme bilden dabei optische Systeme, die Marker
verwenden.
Trotz den vielen Herausforderungen, die optische Systeme
zu bewältigen haben, sind sie sehr genau und liefern Bild-
material in guter Auflösung, die zusätzliche Informationen
enthalten und zur Kontextanalyse herangezogen werden kön-
nen. Dafür sind Portabilität und Reichweite, wie bei den
meisten Externen Systemen, stark eingeschränkt.
Da es so viel Anwendungsmöglichkeiten für Body Tracking
gibt, werden wohl auch in Zukunft bisherige Systeme verbes-
sert und neue Systeme entwickelt werden.
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[20] Szczot. Kontextgestützte fußgängerklassifikation für ein
fahrzeug-nachtsichtsystem, June 2013.

[21] R. Y. Wang and J. Popović. Real-time hand-tracking
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ABSTRACT
In diesem Paper werden wissenschaftliche Forschungen aus
den Jahren 2010 - 2013 aufgezeigt. Es soll ein Überblick über
den derzeitigen Stand der Forschung im Bereich Wearable
Computing geben. Google Glass ist ein bekannter Vertre-
ter aus dem kommerziellen Bereich und wird als Beispiel
genannt. Neben weiteren kommerziellen Produkten, die ex-
emplarisch Aufgeführt werden, stehen die Forschungsarbeiten
in drei Themenbereichen im Vordergrund. Es geht um die
Ein- und Ausgabe Methoden, in welchem neue Möglichkeiten
der Interaktion gezeigt werden. Nachfolgend handelt es sich
um tragbare Computer, die auf dem Kopf getragen werden.
Abschließend werden

”
Body Area Networks“ betrachtet.

Keywords
StateOfTheArt, Wearable Computing, Wearable Technology

1. EINLEITUNG
Computersysteme spielen in der Industrie und Wirtschaft
eine bedeutende Rolle. Im heutigen Zeitalter sind sie nicht
mehr wegzudenken. Alle Firmen nutzen in irgendeiner Weiße
eine Variante eines Computersystems. Diese helfen der Firma
als Beispiel Rechnungen zu schreiben, Kommunikationen zu
Geschäftspartnern herzustellen, Lager zu verwalten, Fahrzeu-
ge zu bedienen oder um für sie auf einem großen Display zu
werben. Diese Computersysteme haben sich im Laufe der Zeit
ständig verändert. Als Beispiel gab es Anfangs stationäre
Computer, danach folgten Laptops, die mit der Zeit immer
schneller und kleiner wurden. Daraufhin folgten Smartpho-
nes und jetzt drängen langsam tragbare Computer auf den
Markt. Laut einer Studie liegt der derzeitige Marktwert von
tragbaren Systemen bei 4,6 Milliarden Dollar[27]. Eine Pro-
gnose sagt, dass sich der Marktwert bis 2018 verdoppeln soll
[25]. Vermutlich werden auch diese Zahlen sich im Laufe der
nächsten Jahren noch verändern. Was man jedoch mit hoher
Wahrscheinlichkeit sagen kann ist, dass das Interesse an trag-
baren Technologien immer stetig zunimmt, wenn nicht sogar
exponentiell steigt. Um diesem Interesse gerecht zu werden,

6th Seminar on Research Trends in Media Informatics (RTMI ’14).
February 2014, Ulm University, Ulm, Germany.

muss die Forschung stetig neue Wege gehen, um noch bessere
Produkte für Industrie und Privatpersonen entwickeln zu
können.

Ohne diese Entwicklungsarbeit wären heutige Systeme nicht
vernünftig Bedienbar. Beispielsweise konnten frühere Com-
puter nicht mit der Maus bedient werden, sondern musste
alleine mittels Code-Befehle gesteuert werden. Undenkbar
für heutige Designer, die mit Hilfe einer Maus Grafiken ent-
wickeln, oder mit einem Grafiktablett eine Bild malen. Das
Smartphone ist ein anderes Beispiel. Hätte es nicht die Er-
findung des Touchscreens gegeben, wären vermutlich diese
intelligenten Computer nicht so populär geworden. Diese
Arten der Interaktion mussten erst entwickelt werden und
waren essentiell für den Erfolg der Produkte.

Dieses Paper enthält ein Teil der neusten Forschungsarbei-
ten aus den letzten Jahren. Es soll einen groben Überblick
über das Thema geben. Um ein wenig Struktur in das weit
gefächerte Themengebiet zu bringen, wurden die einzelnen
Forschungsarbeiten in Themengebiete unterteilt. Am Anfang
werden neue Ein- und Ausgabemethoden vorgestellt. Im An-
schluss kommt der Bereich des EyeWare Computing, in dem
es um neue Technologien geht, die zum Beispiel von der Goo-
gle Glass Brille oder einem ähnlichem Vertreter verwendet
werden könnten. Zum Schluss geht es um das Thema

”
Body

Area Networks“, in dem es um das Zusammenspiel mehre-
rer am Körper getragenen Systeme geht, die miteinander
kommunizieren.

2. EIN UND AUSGABE
Um mit tragbaren Computern interagieren zu können, be-
nötigt es zumindest einer Schnittstelle mit der man Anwei-
sungen in Auftrag geben oder Information erhalten kann.
Mehrere Möglichkeiten haben sich als äußerst praktikabel
erwiesen. Anfangs waren Knöpfe und Displays eine einfache
aber dennoch zuverlässige Art der Interaktion [32]. Daraufhin
entwickelten sich eine Vielzahl an anderen Eingabemethoden.
Zum Beispiel Gesten-Erkennung, Spracheingabe, Kameras
mit automatischer Erkennung, Touchscreens oder Stifteinga-
ben.

Ein Beispiel für ein neues Interaktionsgerät ist die Gala-
xy Gear Smartwatch von Samsung [26]. Siehe Abbildung
1. Dies ist ein kleiner Computer, der am Armgelenk getra-
gen wird und als Unterstützung für ein Smartphone gelten
soll. Zum Beispiel kann mit der Smartwatch eine eingehende
Kurzmitteilung gelesen werden, das von dem verbundenen
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Smartphone empfangen wurde. Es besitzt auch eine eingebau-
te Kamera, mit der Bilder geschossen werden können. Nach
einer kurzen Übertragung per Bluetooth auf das Smartpho-
ne können diese dort weiterverwendet werden. Des weiteren
können auf dem Smartphone eingehende Anrufe auf der
Smartwatch angenommen werden. Gesprochen werden kann
über die Lautsprecher und die eingebauten Mikros. Verbaut
wurde ebenfalls ein Beschleunigungsmesser, ein Gyro-Sensor
und ein Vibrationsmotor. Somit lassen sich auch Bewegungs-
daten der Uhr auswerten um ein gegebenenfalls gewünschtes
Profil zu erstellen.

Figure 1: Galaxy Gear Smartwatch. Abbildung aus
[26]

Da das Touchdisplay nur eine geringe Größe aufweist, musste
hierfür eine neue Art der Informationsdarstellung gefunden
werden. Auch Eingaben mussten leicht verändert werden, da
die geringe Displaygröße von circa 4 cm nur eine bedingte
Buttonanzahl zulässt. Hauptsächlich werden Eingaben über
Wisch-Gesten realisiert.

Ein ebenfalls neuartiges Ausgabegerät ist ein Armband na-
mens

”
VibroTac“(Vibrotaktiles Feedback-Gerät) [28]. Siehe

Abbildung 2. Dieses Armband enthält mehrere Vibrations-
motoren, die laut Hersteller einzeln erkannt werden können.
Es gibt 6 Vibrationsmotoren, die rund um den Arm in den
einzelnen Segmenten angeordnet sind. Das Armband wird
über ein Smartphone, dass per Funk Befehle an das Armband
sendet, gesteuert.

Figure 2: VibroTac Armband. Abbildung aus [28]

Das Einsatzgebiet des VibroTac-Armbandes könnte im Be-
reich der Industrie sein. Zum Beispiel an Orten, in denen
man wegen zu lauten Störgeräuschen oder fehlender Sicht
kein Feedback erhalten kann. Im privaten Bereich wurde es
als Hilfe für Blinde vorgeschlagen. Durch die Anbindung an
ein Smartphone lässt sich ein Blinder eventuell mit Hilfe
dieses Gerätes durch die Stadt führen.

2.1 Freihändiges Schreiben
Werden Smartphones im Winter benutzt, kann dies bei Hand-
schuhträger zu Problemen führen. Man möchte gerne einem

Freund schreiben, möchte aber gleichzeitig nicht seine Hand-
schuhe ausziehen. Manch Anderer verzichtet auf das Bedienen
des Smartphones.

Diese Forschung mit dem Namen Airwriting von Christoph
Amma, Marcus Georgi und Tanja Schultz hilft dem Benutzer
mittels Beschleunigungsmesser und Gyroskop in der Luft zu
schreiben ohne dabei weitere Hilfsmittel zu verwenden [2].
Die Sensoren sind dabei an einem Handschuh befestigt, den
man in Abbildung 3 sehen kann. Die Bewegungen werden
ausgewertet und ergeben einzelne Buchstaben. Die verbunde-
nen Buchstaben werden mit einem Wörterbuch abgeglichen,
sodass korrekte Sätze dabei entstehen können.

Figure 3: Airwriting Handschuh. Mit ihm ist es mög-
lich mit einem imaginärem Stift in der Luft zu schrei-
ben. Bild aus [30]

Die Fehlerrate bei neuen Nutzer liegt bei 11 Prozent. Wird
der Algorithmus an den Benutzer angepasst, reduziert sich
diese Fehlerrate auf 3 Prozent. Diese Technologie könnte
man theoretisch in eine Smartwatch integrieren und damit
das Tragen eines speziell dafür entwickelten Handschuhs
überflüssig zu machen. Probleme könnten dabei eventuell
entstehen, wenn die Smartwatch zu locker am Handgelenk
anliegt.

2.2 Handgesten Kontrollsteuerung
Standard Eingabemöglichkeiten in heutigen Mobilgeräten
wie Smartphones werden immer kleiner und benötigen eine
gute Hand-Augen Koordination. Eine weitere zuverlässige
Eingabemethode ist Beispielsweise mit Hilfe von Buttons
möglich. Um mit dieser Eingabemethode vernünftig arbeiten
zu können, muss jedoch die Größe der Knöpfe beachtet wer-
den. Somit wird das Eingabegerät größer und zunehmend
unhandlich. Ein Ansatz, der klein verbaut und geschickt
bedienbar ist, stellt die Gesten-Steuerung dar. Mittels Nä-
herungssensoren auf einer Uhr ist es möglich verschiedene
Eingaben zu tätigen und dabei die Größe gering zu halten.

Die Ursprüngliche
”
Gesture Watch“ wurde weiterentwickelt

und mit einem
”
Push-to-Gesture“ Mechanismus sowie mit

einem Vibrationsresonanz-Motor ausgestattet [16, 19]. Die
Forscher gaben der Erfindung den Namen

”
AirTouch“. Der

Mechanismus funktioniert so, dass der Benutzer nach einer
Geste eine weitere Geste machen muss um die Geste zu ak-
tivieren. Sollte dies nicht passieren, verhindert ein Timeout
die Umsetzung der Geste. Siehe Abbildung 4. Eine weitere
mögliche Methode ist, dass der Benutzer zuerst ein Aktivie-
rungsgeste halten muss. Während er diese hält, macht er
eine normale Geste und beendet dann die Aktivierungsge-
ste um die eigentliche Geste auszuführen. Siehe Abbildung
5. Ist bei einer der beiden Methoden die Geste ausgeführt
worden, bekommt der Benutzer mittels einer Vibration eine

Proceedings RTMI ’14, Ulm, 14th February 2014

18



Rückmeldung.

Figure 4: AirTouch Variante 1. (a) normale Geste,
(b) Aktivierungsgeste Geste. Bild aus [19]

Figure 5: AirTouch Variante 2. (a) Aktivierungsge-
ste, (b) normale Geste, (c) beenden der Aktivie-
rungsgeste. Bild aus [19]

Tests haben ergeben, dass diese Art der Gesten Aktivierung
dem Benutzer dabei hilft, schneller und genauere Eingaben
zu machen. Zusätzlich ist die Rückmeldung des Vibrations-
motors hilfreich um selbst bei eingeschränkter Sicht, wie
zum Beispiel während des Gehens in der Stadt im dichten
Verkehr, Gesten ohne Fehler auszuführen. Eine Kombination
mit dem VibroTac-Armband wie in Abbildung 2 könnte zu
einer Erweiterten Verbesserung der Gestenkontrolle führen.

2.3 Hund - Mensch Interaktionsschnittstelle
Man stelle sich vor, eine Lawine ist über einer Piste hinwegge-
fegt und erfasste mehrere Skifahrer. Tim und sein Suchhund
sind mit einem Team aus Helfern dabei die Opfer zu bergen.
Tims Hund spürt die Fährte eines Überlebenden auf. Er wird
schneller und rennt in die Richtung aus welcher der Geruch
kommt. Am Ziel angekommen beißt er in einen Sensor um
den GPS-Tracker zu aktivieren. Dank der genauen Ortung
des Hundes kommen die Helfer schnell ans Ziel. Anderes
Beispiel: Rex ist ein Suchhund des Zolls. Er überprüft eine
Ladung in einem Hangar. Er sucht nach Sprengstoffen und
ist einem vertrautem Geruch auf der Spur. Rex findet ein
verdächtiges Paket und fährt mit seiner Schnauze über einen
Sensor an seiner Seite. Sein Herrchen hört nun über sein
Lautsprecher:

”
Achtung Sprengstoff“, woraufhin der Zoll das

Päckchen untersucht und mehrere illegale Sprengstoffe findet.
So könnte es aussehen, wenn ein Suchhund mit einer Hund
zu Mensch Schnittstelle ausgestattet werden würde.

”
FIDO“ ist ein Pilotprojekt das diese Kommunikationsschnitt-
stelle testet, um neue Wege der Kommunikation zwischen
Hund und Mensch zu erforschen [15]. Es wurde ein Konstrukt
aus einer Hundeveste und einem Microcontroller (Arduino
Teensy oder Lilypad Microcontroller) an einem Hund befe-
stigt. Probanden sind zwei Border Collies und ein golden/lab
cross Retriever. Die Hunde werden mit 4 unterschiedlichen
Eingabegeräten getestet: einem ovalen Biss-Sensor, einem
rechteckigem Biss-Sensor, einem Zug-Sensor und einem Nä-
herungssensor. Die Sensoren gaben ein Piep-Ton von sich,
sollten sie aktiviert werden. Beispiel siehe Abbildung 6.

Figure 6: Die
”
FIDO“ Interaktionsschnittstelle auf

dem Rücken eines Hundes. Bild aus [15]

Die Hunde waren speziell für die benötigten Aufgaben trai-
niert. Sie konnten ein Objekt aufnehmen und zubeißen, an
einem Objekt ziehen oder die Hand des Herrchens mit der
Schnauze berühren. Zusätzlich war es für die Hunde leicht sich
gegebenenfalls neue Aufgaben anzueignen. Das Experiment,
welches testen soll wie gut die einzelnen Eingabemethoden
funktionieren, wurde zweigeteilt: Im Ersten Teil wurden die
Hunde für ihre Sensoren ein gelernt, sodass sie verstanden
was ihr Herrchen von ihnen will. Im zweiten Teil wurde dann
überprüft, wie gut sie die Sensoren betätigen konnten oder
ob sie überhaupt verstanden was von ihnen verlangt war.
Danach führte man die Hunde durch ein Testgelände und
nahm das ganze auf Video auf um zu sehen inwiefern sich
ihre Umgebung auf die Sensoren auswirkt. Zum Beispiel, dass
der Näherungssensor fälschlicherweise aktiviert wird, wenn
der Hund unter einem Tisch hindurchgeht oder wenn sich
der Hund auf einen Biss-Sensor legt.

Man ist zu dem Schluss gekommen, dass es möglich ist ein
Interface für Hunde zu bauen, mit dem die Hunde erfolg-
reich interagieren können. Jedoch bedarf es noch einiges an
Forschung und Entwicklung um die Sensoren robuster und
kleiner zu machen, sodass sie den Hund in keinster Weise
beeinträchtigen oder fehl-aktiviert werden.

2.4 Thermisch-musisches Interface
Die Entwicklung der Unterhaltungsmedien ist ein stetig vor-
anschreitendes Thema. Früher gab es schwarz-weiß Bildschir-
me, danach Farbbildschirme und daraufhin 3D-Bildschirme.
Es wurde ständig versucht, das Visuelle auf ein neues Level
zu heben und somit dem Benutzer noch mehr Unterhaltung
zu bieten. Doch was ist mit dem Auditiven? Das Auditive
hatte wenig Neuerungen seit der Erfindung der Lautsprecher,
was nun mit

”
ThermOn“ nachgeholt werden soll.

”
ThermOn“ ist ein System, das dem Benutzer beim hören

von Musik die Temperatur an den Ohren steigert oder senkt
[1]. Wie in Abbildung 7 zu sehen ist, werden in die Ohrscha-
len direkt über den Lautsprecher Peltier-Felder angebracht.
Hinzu kommt ein Wärmemesser der die Temperatur ausliest.
Damit lässt sich ein Regelkreis aufbauen. Das Peltier-Feld
kann sich nach belieben aufheizen oder abkühlen. Um den
Benutzer zu schützen, wurde die Temperatur zwischen 20
Grad und 40 Grad begrenzt.

In mehreren Versuchen wurde getestet inwiefern sich der
thermale Stimulus auf die Probanden auswirkt. Sie kamen zu
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Figure 7: On-Body Interface. Abbildung aus [1]

dem Schluss, dass warme Reize bei den Zuhörern Interesse
und Erregung erzeugen. Außerdem sagten manche Proban-
den, dass sie sich durch die warmen Reize stärker auf die
Musik konzentrieren konnten und somit ihr Fokus auf dem
Erlebnis der Musik lag.

2.5 Soziale Akzeptanz Tragbarer Systeme
In den bereits aufgeführten Forschungen, wurden Systeme
oder Technologien vorgestellt, die meist am Armgelenk oder
an der Handrückseite befestigt sind. Da dies aber nicht die ein-
zigen Positionen sind, an welchen Interaktions-Schnittstellen
am Körper befestigen werden können, sollte für den Erfolg
von kommerziellen Produkten geprüft werden, welche Positio-
nen geeignet und welche ungünstig sind.

”
GoogleGlass“und

Armbänder wie
”
Nike Fuel Band“sind derzeit mitunter die

bekanntesten kommerziellen Produkte im Bereich der trag-
baren Technologien [12, 22]. Ihr Erfolg steht und fällt mit
der Akzeptanz der Bevölkerung für solche Systeme oder
Technologien.

Die Fallstudie zur sozialen Akzeptanz eines am Körper ange-
brachten Interface in der Öffentlichkeit, wurde in Amerika
und Süd Korea durchgeführt [23]. Es wurde getestet an wel-
cher Position am Körper eine solche Schnittstellen am besten
aufgenommen wird und als nicht abstoßend wirkt. Die Posi-
tionen waren am Oberkörper so gewählt, dass man sie gut
mittels einer Armbewegung erreichen konnte. Die Tests wur-
den in Amerika mit 96 Personen und in Süd Korea mit 29
Personen durchgeführt. Die Gruppen waren in circa gleich-
große Anteile an Männern und Frauen aufgeteilt, sodass man
einen eventuellen Faktor des Geschlecht ebenfalls erkennen
konnte.

Figure 8: Links und Mitte: Aussehen und Bedienung
des Testinterfaces. Rechts: Untersuchte Positionen
der Fallstudie. Abbildung aus [23]

Die Teilnehmer wurden anschließend befragt und es ergab
sich ein fast einheitliches Bild zwischen Amerikanern und Süd
Koreanern. Die beliebteste Position war am Handgelenk. An
zweiter Stelle wurde der Unterarm als Position gewählt. Die
Positionen am Schlüsselbein und an der Seite des Oberkörpers
wurden als unästhetisch oder merkwürdig empfunden und
waren ungern gesehen. Daher ist auch nicht verwunderlich,

dass Fitness-Armbänder wie zum Beispiel das
”
Nike Fuel

Band“sehr gut von der Bevölkerung angenommen wird. Da
die Studie leider nur Positionen unterhalb des Kopfes und
Oberhalb der Hüfte testete, kann man nicht genau sagen,
wie gut Googles neue Brille auf dem Markt ankommen wird.

2.6 Bewertung
Viele bereits existierende kommerzielle Produkte zeigen gut,
wie weit die Industrie in Sachen Ein- und Ausgaben ist.
Smartwatches können mit Abzügen fast so viel wie Smart-
phones. Durch bereits existierende Forschungen könnten diese
Geräte in Zukunft verbessert werden, sodass sie eventuell
heutige aktuelle Systeme ersetzen oder größtenteils unter-
stützt werden. Zum Beispiel benötigt das reine Telefonat
keinen starken Prozessorkern, sodass solche Aufgaben von
einfachen Smartwatches übernommen werden kann. In Sa-
chen Bedienbarkeit werden vermutlich Gesten die Kontrolle
oder Steuerung der Systeme stark verbessern. Probleme sind
derzeit, dass benötigte Sensoren noch nicht in Beispielswei-
se Smartwatches oder Armbänder integriert sind. Selbst in
Hinsicht auf nicht menschlich tragbare Systeme gibt es Fort-
schritte. Da aber in diesem Teilgebiet die Forschung noch
recht jung ist, wird es etwas dauern bis die Effizienz von
konditionierten Tieren gesteigert werden kann. Akustische
Ausgabegeräte waren lange Zeit auf fast einem Niveau, was
jetzt mit dem neuen thermischen Zusatz verbessert werden
soll. Laut den Tests soll dies auch funktionieren. Energieeffi-
zienz und Konstruktionsgrößen könnten der kommerziellen
Entwicklung jedoch zum Verhängnis werden.

3. EYEWARE COMPUTING
Google Glass ist mit unter einer der bekanntesten Vertreter
der tragbaren Computer in Brillenform [12]. Diese tragbaren
Brillencomputer besitzen ein Display über oder unter dem
Auge des Nutzers um ihm Informationen im Blickfeld anzu-
zeigen. Ein Display, das direkt vor dem Auge platziert ist,
bietet dem Träger eine Vielzahl an Vorteilen. Er kann zum
Beispiel seine Hände für andere Tätigkeiten frei haben und
trotzdem mit Information versorgt werden. Google Glass ist
ein Gestell das alle Merkmale einer Brille hat, bis auf dass
sie keine Gläser besitzt. Verbaut ist ein bereits erwähntes
Display, eine Kamera, ein Mikrophon, ein Touchpad, meh-
rere Smartphone ähnliche Sensoren, ein Wlan-Chip und ein
Knochenleitungslautsprecher. Letzteres überträgt den Schall
nicht wie übliche Lautsprecher über Schallwellen in der Luft,
sondern mittels Vibrationen auf dem Gehörgang umgeben-
den Schädelknochen. Diese Vibrationen können dann vom
Innenohr aufgenommen werden. Die Brille kann in Abbildung
9 gesehen werden. Google Glass ist nicht der einzige tragbare
Brillencomputer. Viele andere Firmen haben ähnliche Brillen
produziert [9, 8, 29]. Beispielsweise hat die Firma Skully
Helmets Inc. ein Head-Up-Display in einen Motorradhelm
verbaut.

Um diese Brille freihändig nutzen zu können, müssen spezielle
Eingabemethoden benutzt werden. Beliebt ist die Sprach-
steuerung, mit der vieles möglich ist, solange die Sprache
erkannt wird. Eine andere Methode wäre die Blickrichtungs-
erkennung, wobei diese Methode derzeit noch nicht in der
benötigten Größe umsetzbar ist. In diesem Themenbereich
werden neue Methoden erleuchtet, die in Google Glass oder
anderen tragbaren Brillencomputern in der Zukunft vorhan-
den sein könnten.
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Figure 9: Google Glass Brille. Bild aus [6]

3.1 3D Modell mittels Blickerfassung
Möchte man sich auf natürliche Weise ein Objekt einprägen,
betrachtet man dies und versucht sich die Formen und Farben
einzuprägen. Soll dieser Gegenstand in ein 3D-Modell über-
führen werden, musste man diesen nach einer Vorlage oder
aus dem Kopf modellieren. Mittlerweile gibt es 3D-Scanner
die einem die Arbeit abnehmen [5]. Neulich wurde sogar
ein Programm entworfen, das alleine auf einem Smartphone
funktioniert [33]. Damit lässt sich eine Objekt direkt in ein
3D-Modell umwandeln. Möchte man nun aber während der
Erstellung des 3D-Modells noch seine Hände frei haben und
nur ein einzelnes Objekt modellieren, war dies schwierig.

Figure 10: Verwendete EyeXG Kamera. Bild aus [4]

Dafür haben Teesid Leelasawassuk und Walterio Mayol-
Cuevas einen 3D-Scanner entwickelt, der mittels Augenblick-
richtung ein Objekt erkennt und daraus ein 3D-Modell ent-
wickelt [20]. Um die Blickrichtung des Benutzers zu erfahren,
wurde eine Brille verwendet, die über eine Kamera die Au-
gen beobachten. Mit einer weiteren Kamera lässt sich das
Blickfeld des Nutzers aufzeichnen. Siehe in Abbildung 10.
Während der Erfassung der Augen, wird die Position des
Benutzers gleichzeitig mitprotokolliert. Beides zusammen
ergibt ein 3D-Modell der Position und der Blickrichtung.
Zusammen mit den aufgenommenen Bildern kann daraus
und mithilfe eines

”
Parallel Tracking and Mapping“ Algo-

rithmus ein 3D-Modell erstellt werden [18]. Um dann noch
das Objekt von seinem Hintergrund zu trennen wurde eine
Segmentierung der Flächen auf einem 2D Bild vorgenommen.
Die Segmente wurden nach ihrer Farbe gruppiert und als
neue Einheit deklariert.

Figure 11: Segmentierung und Auswahl des Objek-
tes. (a) Standard Bild, (b) Segmentierung des Bildes,
(c) weitere Segmentierung aufgrund der Ähnlichkeit
der Farbe, (d) Auswahl der durch den Benutzer an-
geschauten Segmente. Abbildung aus [20]

Das Problem bei der Modellierung des Objekts ist die Er-

kennung der relevanten Betrachtungsblickpunkte. Bei den
Blickpunkten ist es wichtig zu wissen, welche Punkte, die der
Benutzer anschaut, relevant für das Objekt sind. Notwendig
hierfür ist zu wissen, dass es zweierlei Arten von Augenbe-
wegungen gibt. Fixierungen, in denen die Person eine Stelle
genauer betrachtet und schnelle Augenbewegung, in der er
nur kurz auf einer Stelle verweilt und dann eine neue Po-
sition sucht. Interessant für den Algorithmus sind nur die
Fixierungen. Diese müssen mittels einem Geschwindigkeit-
salgorithmus von den schnellen Augenbewegungen getrennt
werden. Sind nun alle relevanten Fixierungen gespeichert,
müssen noch alle fälschlicherweise gespeicherten Fixierungen
entfernt werden, die durch Ablenkung oder Störung des Blick-
feldes entstanden sind. Zum Beispiel ein Passant, der vor
dem Objekt die Sicht versperrt. Ein guter Ansatz um diese
Blickpunkte zu entfernen ist sich die Fixierungen genauer
anzuschauen. Bei einer Störung ist die Augenbewegung zwar
länger als bei einer schnellen Augenbewegung, aber dennoch
kürzer als bei einer normalen Fixierung.

Mittels dieser Methode ist es nun möglich selbst in Alltags-
situationen freihändig ein reales Objekt in ein 3D-Modell
umzuwandeln. In Zukunft könnte man beispielsweise bei ei-
ner verbesserten Google Glass Brille eine Technologie dieser
Art finden.

3.2 Freihändige Videotelefonie
Moderne Smartphones besitzen die Möglichkeit der Videotele-
fonie [3]. Problematisch ist jedoch, dass der Nutzer während-
dessen seine Aufmerksamkeit hauptsächlich auf das Smart-
phone konzentrieren muss. Außerdem ist bei einem längerem
Gespräch das Halten des Smartphones anstrengend.

In der Forschung von Shinji Kimura, Masaaki Fukumoto und
Tsutomu Horikoshi wird eine Möglichkeit gezeigt, wie man
mittels einer Brille mit Kameras das vollständige Gesicht des
Telefonierenden aufnehmen kann. Diese Brille wurde mit 6
Fischaugenkameras gebaut und getestet. Vier Kameras sind
jeweils an den Ecken der Brille befestigt um hauptsächlich
den Rand des Gesichts zu erfassen. Zwei weitere Kameras
sind auf jeder Seite am Rand mittig platziert. Diese letzten
zwei sind in Richtung Augen gerichtet um auch den mittleren
Teil des Gesichts wahrzunehmen. Alle Kameras haben jeweils
einen eingeschränkten Sichtbereich des Gesichtes, wodurch
das Gesamtbild aus den einzelnen Bildern zusammengesetzt
werden muss. Siehe Abbildung 12.

Figure 12: Die sechs Bilder werden zu einem voll-
ständigem Bild des Gesichts zusammengebaut. Bild
aus [17]

Wie man in Abbildung 13 sehen kann, funktioniert diese
Methode der freihändigen Videotelefonie. Probleme oder
Ansatzpunkte für weitere Forschungen sind die jeweiligen
Auflösungen der Kameras so wie die Konstruktion der Brille.
Das Gewicht der Brille ist bis jetzt noch zu schwer für den
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Figure 13: Freihändiges Videotelefonieren mittels
Videokamera-Brille. (a) Reales Bild des Trägers, (b)
Digitales aufgenommenes Bild. Bild aus [17]

täglichen Gebrauch und sie muss ständig mit dem Computer
via USB-Kabel verbunden sein. Daher lässt sie sich nicht
vernünftig in einer echten Testumgebung nutzen.

3.3 Bewertung
Google Glass oder ähnliche Produkte sind derzeit noch sehr
junge Erfindungen in diesem Gebiet. Es gibt gute Ansätze,
wie man eine solche Brille verwenden könnte. Jedoch sind
die kritischen Punkte immer wieder die selben: Akkulaufzeit
und Baugröße. Solange diese Probleme nicht gelöst werden,
können gute Ideen an der konkreten Umsetzung scheitern.
Beispielsweise müsste man bei beiden vorgestellten Forschun-
gen die Baugröße der verschiedenen Kameras so verringern,
dass sie in ein leichtes und stabiles Gestell passen ohne dabei
zu schwer oder unästhetisch zu erscheinen. Nur wenn dann
auch noch die Akkulaufzeit in einem angemessenen Rahmen
bleibt, könnte das Produkt ein Erfolg werden.

4. BODY AREA NETWORKS
Body Area Networks (BAN) stellen den Verbund von vielen
einzelnen tragbaren Technologien dar. Sie verbinden sich
untereinander, sodass sie Informationen ausgetauscht werden
können und an einen Dritten weitergeben werden, wenn dies
gefordert ist. Die Medizin freut sich über den Einsatz dieser
Technologie bei Patienten. Diese müssten dann nicht mehr
stationär überwacht werden, sondern könnten sich daheim
rehabilitieren.

Figure 14: Vernetzter Feuerwehrhelm. Bild aus [14]

Eine andere Einsatzmöglichkeit ist der Helm eines Feuerwehr-
manns [14]. Dieser wurde mit mehreren Sensoren ausgestat-
tet, um die vital Werte des Feuerwehrmannes während eines
Einsatzes aufzuzeichnen. Gerät der Mann in eine gefährliche
Situation, so kann das in der Zentrale, wo alle vital Werte
gesammelt werden, zu einem Alarm führen. Somit kann ein
in Bedrängnis geratener Einsatzhelfer selbst gerettet werden.

4.1 Kritische Punkte der Medizinischen Fern-
überwachung

Man stelle sich vor ein Mann liegt in seinem Bett und schläft.
Plötzlich wacht er auf und stellt ein Stechen in seinem linkem

Arm fest. Der klassische Vorbote für einen Herzinfarkt. Er
fühlt sich übel und bekommt Panik. Es geht 3 Minuten
und es wird immer Schlimmer. Vor seinem Haus fährt ein
Krankenwagen mit Blaulicht vor. Schnell rennen Sanitäter
zu seiner Wohnung und öffnen die Tür. Der Mann hat einen
Herzinfarkt, wird jedoch durch rechtzeitiges Erkennen der
Symptome gerettet. Alles was diese Rettung möglich gemacht
hat, war ein Sensor, der an seinem Arm angebracht wurde.
Über W-LAN konnte das nächstgelegene Krankenhaus seine
vitalen Werte live überwachen.

So könnte in näherer Zukunft die Überwachung von Risiko-
patienten aussehen, sollte die Body Area Network Technik in
näherer Zukunft eingesetzt werden. In diesem Fall war es ein
Herzinfarkt. Diese kleinen Sensoren sind heutzutage schon
in der Lage eine Vielzahl an anderen Vitalwerten zu über-
wachen. Damit könnte es möglich sein andere Krankheiten
wie zum Beispiel Diabetes per Knopfdruck aus der Ferne zu
behandeln.

Wichtig bei dieser Angelegenheit ist jedoch, kritische Teile
des Netzwerkes zu optimieren [31]. Kritisch ist zum Beispiel
eine ständige Verbindung mit dem Netz. Fernüberwachung
kann nur dann erfolgreich sein, wenn ständig Vitalwerte oder
Blutwerte zur Verfügung stehen und im Falle einer Änderung
dies auch an die entsprechende Stelle mitgeteilt wird. Ein
zweiter Punkt wäre die Sicherheit dieser Daten, die über-
mittelt werden. Es gibt wohl kaum mehr Bedenken im Falle
Privatsphäre als bei seinen eigenen Vitalwerten beziehungs-
weise den eigenen Krankheiten. Sollten diese Daten in falsche
Hände fallen wäre dies ein großes Risiko. Der letzte Punkt
ist, dass die Sensoren die richtigen Werte übertragen müssen.
Egal um welches Überwachungssystem es sich handelt, sobald
das System falsche Eingaben erhält ist es nutzlos. Somit muss
garantiert werden, dass im Falle eines Defekts der Techniker
oder Arzt dies bemerkt und die Sensoren ersetzt.

Figure 15: Auswahl an Sensoren für eine medizini-
sche Fernüberwachung. Bild aus [24]

Sollten diese wichtigen und kritischen Punkte erfüllt sein,
kann dank einer vielfältigen Auswahl an Sensoren Fernüber-
wachungen für eine Vielzahl an Krankheiten begonnen wer-
den.

4.2 Interaktions Data Mining
Wie gerade schon beschrieben ist der Datenschutz einer der
kritischen Punkte des BAN. Viele Menschen haben ebenfalls
Bedenken bei der Analyse oder Überwachung des menschli-
chen Verhaltens mittels Maschinen. Ihre Bedenken äußern
sich meist in Richtung Privatsphäre, womit sie in den meisten
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Fällen berechtigte Bedenken haben. Jedoch ist die Analyse
von Gruppen oft sehr hilfreich um Katastrophen jeglicher
Art vorzubeugen. Als Beispiel: Mehrere tausend Menschen
sind während einer Parade am Feiern. Helfer und Polizisten
sind ständig im Einsatz und mit der Situation überfordert.
Plötzlich bricht Panik auf einem Platz aus. Ein Feuer ist
entzündet worden und greift schnell um sich. Hätte man
jetzt einen Überblick mittels

”
Live-Feed“ Daten, könnte

man Hilfskräfte kontrolliert organisieren und den Menschen
helfen.

Facebook oder Google Plus sind bekannte Vertreter von sozia-
len Netzwerken [11, 10]. In ihnen können wir nachvollziehen
wer wen kennt und lernen neue Leute über Gruppen kennen.
Facebook berechnet und schlägt einem neue Kontakte vor,
die er vermeintlich kennen könnte, sodass der Nutzer noch
mehr vernetzt wird. Schwierig wird es wenn eine Person in
eine völlig neue Stadt zieht und dort niemanden kennt. Er
muss dann erst in der realen Welt die Kontaktdaten mit
Personen austauschen, die er kennengelernt hat.

”
GroupUs“ ist ein Modell, das die in der realen Welt vorkom-
menden sozialen Kontakte oder Begegnungen wahrnimmt
und auswertet [7]. Es wurde dazu eine Software auf Smart-
phones installiert, die via Bluetooth die Nähe zu anderen
Geräten aufzeichnet. Selbst wenn ein anderes Gerät die-
se Software nicht installiert hat, teilt es bei aktiviertem
Bluetooth-Erkundungsmodus seine Daten mit anderen Gerä-
ten, wodurch auch unbekannte Geräte aufgezeichnet werden
können.

Figure 16: GroupUs Auswertung der Verbindungen
aller Teilnehmer im ganzen Jahr. Abbildung aus [7]

Ein Problem ist jedoch der hohe Energieverbrauch und dass
Bluetooth nicht sehr zuverlässig alle möglichen Geräte er-
kennt. Abgesehen von den Problemen, kann dieses Modell
jedoch sehr akkurat Begegnungen oder Interaktionen zwi-
schen einzelnen Nutzern speichern. In Abbildung 16 sieht
man eine Auswertung der allgemeinen aufgebauten Verbin-
dungen die über ein Jahr aufgezeichnet und ausgewertet
wurden. Man erkennt, dass während den Ferien oder Feier-
tagen kaum ein Mitarbeiter in der Firma war. An anderen
Tagen, wie einem Firmentreffen, sieht man, dass sehr viele
Mitarbeiter Kontakt miteinander hatten. Bei diesem Versuch
haben 40 Teilnehmer eines Unternehmens über ein Jahr ihre
Daten zur Auswertung weitergegeben. Dieser Versuch wurde
mit Hilfe von Smartphones durchgeführt, jedoch könnte man

sich dies auch mit jedem anderem Bluetooth-Fähigem Chip
vorstellen.

4.3 Energiegewinnung aus Schrittbewegung
Unsere Geräte werden immer kleiner und leistungsfähiger.
Das bedeutet, dass auch immer mehr Energie benötigt wird
und immer weniger Platz für Batterien oder Akkus zur Verfü-
gung steht. Energieverwaltung oder Energiegewinnung sind
daher wichtige Themen in tragbaren Geräten.

Body Area Network sind meist mit Sensoren aufgebaut, die
im besten Fall sehr wenig Energie verbrauchen. Die Frage
ist jedoch woher diese Energie stammen soll. Würde man
auswechselbare Batterien in solche Sensoren verbauen, wären
sie unpraktikabel und würden ihren Zweck verfehlen. Würde
man Akkus benutzen, benötigt man eine externe Energie-
quelle. Beide Arten wären umständlich für ein System, dass
theoretisch die ganze Zeit am Körper des Benutzers befestigt
sein könnte.

Eine anderer Ansatz ist, die Energie direkt beim Benutzer zu
produzieren. In dieser Forschung wurde versucht Energie zu
produzieren, indem man das Gewicht des Trägers ausnutzt
und damit einen Generator in den Schuhen betreibt [13].
Es wurde ein dielektrische Elastomere Generator (DEG) in
einem Schuh verwendet um kleinste Mengen an Energie zu
produzieren. Der dielektrische Elastomer Generator besteht
aus einer Schicht gummiartigem dielektrischem Material. An
der Oberseite und der Unterseite des Materials sind zwei
dehnbare Elektroden befestigt [21]. Während der Benutzer
mit seinem Schuh auftritt, wird das Elastomere gepresst.
Daraufhin muss elektrische Spannung an die Elektroden an-
gelegt werden. Beim darauffolgenden Anheben des Beins wird
Energie frei. Siehe Abbildung 17. Um die Energie Ausbeute
zu erhöhen, benutzt man mehrere kleinere DEGs im Schuh.

Figure 17: Schematische Darstellung des DEG. Im
Uhrzeigersinn: Elastomere wird gepresst und somit
mechanische Energie hinzugefügt. Spannung wird
angelegt. Elastomere wird wieder entlastet und gibt
dabei Energie ab. Bild aus [21]

Problematisch ist jedoch das Timing, mit der die Spannung
angelegt werden muss, um einen unnötigen Energieverlust zu
vermeiden. Außerdem könnte es sein, dass das Elastomere
während der Benutzung seine Konsistenz verändert, was
wiederum eine Anpassung des Timings mit sich ziehen würde.
Diese Probleme müssten als nächstes in einer weitergehenden
Forschung untersucht werden, um den Einsatz effizient zu
machen.
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4.4 Bewertung
Body Area Networks sind ein breites Feld. Die kritischen
Punkte bleiben vermutlich noch eine lange Zeit bestehen,
womit ein sicherer Einsatz von BANs für die medizinische
Fernüberwachung bedenklich bleibt. Sollten jedoch die Pro-
bleme Datensicherheit und Energiespeicherung beziehungs-
weise Energiegewinnung gelöst werden, würde ein Einsatz
dieser Technologie für den Menschen von großem Nutzen
sein.

5. FAZIT
In diesem Paper wurden kommerzielle und aktuelle Forschun-
gen in mehreren Themengebiete beleuchtet. Neuste kommer-
zielle Produkte sind derzeit auf dem Markt im kommen. Viele
dieser derzeitigen Produkte können mit den kommenden For-
schungen weitestgehend verbessert oder erweitert werden.
Was jedoch den Stand der EyeWare Computing Produkte
wie Google Glass angeht, mangelt es meist noch an tech-
nischen Hürden, mit denen ein problemloser Einsatz nicht
möglich ist. Im Bereich der Body Area Networks bedarf es
ebenfalls noch an weitergehender Entwicklung um etwaige
Probleme wie Datensicherheit oder Energieverwaltung in den
Griff zu bekommen. Was jedoch gesagt werden kann ist, dass
es bereits viele Ansätze gibt die Erfolg versprechen.
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ABSTRACT
This paper gives an overview of current depth sensing tech-
nologies and their application in consumer available depth
sensing devices. The covered technologies are stereo vision,
structured light and time of flight. They are discussed in
their working principle and compared to one another, listing
problems advantages and disadvantages. For each technolog-
ical category then available products are listed. These are
presented in their application, specification and relation to
each other. Furthermore current developments and research
of depth sensing technologies are stated.

Categories and Subject Descriptors
I.4.8 [Image Processing and Computer Vision]: Scene
Analysis—range data; I.4.9 [Image Processing and Com-
puter Vision]: Applications

General Terms
Documentation, Performance

Keywords
depth sensing, camera, technology, comparison

1. INTRODUCTION
Depth sensing technology has been available for several
decades. Starting with laser scanners, based on the time of
flight approach (see section 2.2), to measure a single distance
point technology has evolved in several directions. For in-
stance rotational mirrors were added to these scanners to
allow precise control over the laser. This way measurement
of multiple distance points resulting in a two dimensional
depth image was possible. Such systems are widely used in
construction and measurement today. However these sys-
tems and those based on different technologies were only
able to capture images at a slow rate and thus were not
suitable for real time applications. Next came expensive pro-
fessional systems which allowed real time capture of depth
data. But recently as technology evolved and processing

6th Seminar on Research Trends in Media Informatics (RTMI ’14).
February 2014, Ulm University, Ulm, Germany.

power increased, the availability of inexpensive solutions has
improved which allow capturing depth images at 30 frames
per second and more at high resolution and good accuracy.

This resulted in a wide spread over many application ar-
eas. Scientist which relied on expensive equipment can now
afford multiple 3D scanners allowing new research possibili-
ties. This also makes development and production of robots
less expensive where 3D-Scanners nowadays are used for
computer vision. The same applies for automotive industry
where depth cameras are used to measure distance to vehi-
cles ahead or automated parking solutions. In the field of
construction they are used for indoor and outdoor mapping
to easily and quickly generate 3D Data of structures and
buildings. In engineering the quality of products is measured
by scanning and comparing them to a reference design. But
also for instance in the medical sector scanners are use to
create models of human body parts such as the denture or
facial shapes.

There are multiple 3D scanning solutions and products avail-
able today, which are based on a few different technologies.
As an overview and comparison of these is not yet available,
this paper has been written about this topic attempting to
fill the gap. This is done by summarizing what is available,
how the underlying technology works and where it is best
applied by showing advantages and disadvantages of them.

2. DEPTH SENSING TECHNOLOGIES
There are three categories of depth sensing technology which
are to be discussed in the following sections. These are
stereo vision, time of flight and structured light approaches
to gather depth information from a scene. The first approach
uses cameras to capture available visible light, the other two
usually rely on infrared (IR) emission and capture, which is
invisible to the human eye.

2.1 Stereo Vision
Stereo vision (SV) is the most common and well-known
principle for capturing two dimensional depth information
from a scene. It has been used in research for decades.
The main advantage of this technology is the absence of
moving parts such as mirrors and that no energy emission
is required as available light is used. Also it achieves high
resolution depth images and for all pixels simultaneously. SV
works using available image sensor technology used in digital
cameras that respond to visible light wavelengths. Hence
SV systems can be realized without active illumination [17].
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Two perspective cameras as displayed in figure 1 are used in
the process to create the stereoscopic image.

Figure 1: Working principle of SV systems [17]

The cameras are offset by a certain distance and capture
the same scene simultaneously. If a pixel corresponding to
a physical point in the scene is found in both images, the
position can be computed using triangulation [17]. The dis-
advantage of stereo vision is the limited field of view (FoV) of
such cameras and solving the correspondence problem which
describes the problem of finding corresponding pixels in both
camera images to calculate the distance. To overcome these
limitations setups like rotating cameras or the combination
of cameras and laser scanners are proposed. These systems
however are expensive, not easy to synchronize [17] and thus
not relevant for this paper. A newer approach (see section
4.3) combining SV with IR emission and sensors allows high
precision in close proximity.

2.2 Time of Flight
There are two approaches to Time of flight (ToF) cameras.
In general the principle is based on calculating the distance
using speed of light traveling from the emitting source to the
scene and back to the source. The principle is displayed in
figure 2.

Figure 2: Working principle of ToF systems [17]

The first approach to measure distance is based on contin-
uous wave modulation [8], the second is based on pulsed
light beams [27]. For continuous wave modulation usually
a Photonic-Mixer Device (PMD) sensor is used which emits
modulated IR light and determines the phase shift between
emitted and reflected light. The shift allows calculating the
timing difference and hence also the distance to the scene
object [35]. As modulation mostly square waves are used but
also sinusoidal waveforms are possible [17].
Laser sensors are usually used for the pulsed light approach.
Here the laser sensor emits pulsed laser beams and deter-
mines the time the reflected lights needs to travel back to
the sensor (turnaround time) [35].

ToF cameras are 2D systems that receive depth information
directly for each pixel of the sensor. There is no need for
traditional computer-vision algorithms such as solving the
correspondence problem that SV has [14].

2.3 Structured Light
First designs of Structured light (SL) systems used one or two
cameras and a visible light projector. The projector, often a
laser with a cylindrical lens, projects a light pattern onto the
scene which is captured by the camera [10]. By analyzing the
pattern warped by the scene depth information is calculated
[32]. In an extended setup a second camera is used to allow
capturing data that is occluded from the other camera. There
are two ways to apply these patterns. Either doing multi-
shots or single-shots. The first uses a sequence of patterns
projected at certain frequency. The captured reflected light
information of these sequences is then combined to calculate
depth images. For instance these patterns could be Binary-
or Gray-Coded, have phase shifting applied or combinations
of these. An example of Binary-Coding is shown in figure 3.
Here is a sequence of two, four, eight etc. stripes used for

Figure 3: Binary-Code stripe pattern [20]

projection creating a binary tree allowing identification of
pixels. Single-shot imaging uses continuous colored patterns,
stripe indexing (color coded or segmented stripes) or grid
indexing (pseudo random binary-dots or color coded grids).
Here the information obtained from a single projected frame
can be used to calculate the depth image data [20].

Today consumer available SL systems usually emit a non
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visible IR pattern in a single camera’s FoV. This pattern
provides a unique illumination code as described above which
is captured using an IR sensitive sensor simultaneously. Since
the IR sensor is displaced from the projector, solving the
correspondence problem between the captured image and
the reference pattern allows identifying matching pixels. The
distance for each pixel then can be calculated using triangu-
lation [14]. Figure 4 displays the principle of triangulation
for structured light camera systems.

Figure 4: Working principle of SL camera system
such as the Microsoft Kinect [21]

PrimeSense sensors (see section 4.1) such as the Kinect
project a speckle pattern into the scene. Then the image
processor calculates the depth displacement at each pixel po-
sition in the image using the relative position of the warped
speckles in the pattern and then comparing them to the
reference pattern stored in memory [6]. Here also the speckle
size and orientation are taken into account to improve dis-
tance measurement [21]. The PrimeSense speckle pattern is
displayed in figure 5.

Figure 5: Speckle pattern projection of PrimeSense
SL cameras [26]

3. COMPARISON OF TECHNOLOGIES
In this section differences, problems as well as advantages
and disadvantages of the technologies are discussed in the
categories image resolution, performance, accuracy, errors as
well as device dimensions.

3.1 Technological Problems
The three technologies described above suffer from common
and different problems. In table 1 these problems are listed
in an overview and show if they are applicable for the specific
technology type or not. The problems themselves are de-
scribed after Hussmann et al. [17] and were further extended
in the listing below.

Table 1: Comparison of technological problems.
Problem Stereo

Vision
Time of
Flight

Structured
Light

Aperture Yes Yes Yes
Field of View Yes No Yes
Projection Yes No Yes
Sampling Yes Yes Yes
Correspondence Yes No Yes
Divergence Yes No No
Allocation Yes No Yes

Aperture Problem: Due to the limited aperture angle of
camera optics only a certain part of the environment
can be detected.

Field of View Problem: The range and precision of dis-
tance measurement is limited and fixed in hardware so
it cannot be changed easily.

Optical Projection Problem: The optical projection of
objects onto a planar sensor results in the loss of 3D
information. For instance using active illumination
values behind an object cannot be detected due to
shadowing.

Optical Sampling Problem: Due to the sampling rate of
the image sensor, the detection of very fast moving
objects or using in real time applications is limited.

Correspondence Problem: Computer vision algorithms
that often use a lot of processing power are required to
find corresponding pixels between two images in order
to triangulate their distance.

Divergence Problem: Gray value differences due to illu-
mination in the scene influence the measured distance.

Allocation Problem: Range values are not evenly distributed
due to correspondence problem.

3.2 Active IR Illumination
Solving some issues such as the divergence problem, active
illumination using IR light suffers from the following prob-
lems. Color, reflectivity and geometric structure of target
objects influences amplitude and phase variations and thus
cause depth errors. The amount of IR light emitted itself is
limited by power consumption of the emitting device such
as LED or laser. This causes reflected IR to have a low
signal to noise ratio (SNR). To counter this and improving
the SNR, multiple IR pixels can be combined to average a
single depth value, decreasing the depth image resolution
at the same time. Due to these issues reflected IR is not a
reliable cue for all surface materials such as specular mate-
rials which cause mirror reflection or translucent materials
causing refraction. Also global illumination is a problem for
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these sensor types interfering with the sensing mechanism
since multiple reflections cannot be handled by them [14].

3.3 Depth Resolution and Point Density
An important aspect of 3D sensing sensors is their depth
image resolution. Stereo vision allows high resolution images
here [17]. Digital cameras and camcorders being able to
capture high definition video streams at up to 60 frames per
second are available for less than 150 Euro. However the
number of depth values in the actual depth images calculated
from these frames is smaller due to the problem of finding
the corresponding pixels in both images. This for instance is
caused by divergence problem where similarly colored areas
cannot be distinguished and thus also not matched between
images. Additionally the distribution of found correspond-
ing pixels is uneven: finer on structures such as edges and
corners and coarser on uniform surfaces. However there is
no theoretical limit of the distance to be measured, provided
the cameras offset is large enough to allow accurate distance
triangulations.

The resolution of most available IR SL sensors, actually the
pixel size of the disparity image, is 640x480 pixels and thus
much smaller than that of a camera image sensor. Here,
due to the constant image size, the depth point density is
dependent on the distance the scene object has from the sen-
sor. Closer to the sensor allows higher density, further away
the pixels are spread more and thus the density decreases
(FoV Problem) [21, 6]. This effect is shown in figure 6 which
displays the point cloud received from a Microsoft Kinect
of a door at different distances. Also SL systems only allow
accurate measurement of a limited distance, usually less than
5m [15].

Figure 6: Point cloud of a door at 1 meter, 3 meters
and 5 meters [21].

TOF sensors have lower resolutions compared to SV and SL
sensors (e.g. 160x120 pixels) but still create very accurate
measurements of the scene. That is because they don’t suffer
from the correspondence problem since they receive range
values on each sensor pixel and in every frame. Also each
pixel consists of a emitter and IR sensitive sensor which
increases their size considerably compared to image sensors.
A big advatange of ToF Sensor is that the depth values are
uniformly distributed due to the constant pixel grid. The
emitters used in ToF Systems modulate IR light at 20 MHz
resulting in a maximum range of 7.5m [17]. Longer distances
at the same frequency cause a wrapping effect due to the
periodicity of the modulated signal. Hence objects that differ
360 ◦ in phase are indistinguishable. The range of 7.5m is
called the unambiguous range. The lower range limit for ToF

Systems is about 0.3m [13]. These ranges are limited only
by the modulation frequency. Increasing the frequency leads
to lower and decreasing it leads to higher possible ranges.
As this frequency can be regulated in software, ToF systems
are not exposed to the FoV problem. A reason for using
20MHz is that available and affordable LED emitters cannot
modulate at frequencies. Also this frequency works well for
indoor environments but is also suitable for outdoor usage
[17].

3.4 Performance and Accuracy
The performance is measured in frames per second (fps) and
describes how fast the sensor chip can evaluate the received
information and output the depth image. Performance of
todays SV systems is primarily dependent on how fast corre-
sponding pixels in the images can be found which involves a
great amount of computational power compared to a depth
image from a ToF sensor [17].

Available SL systems using IR achieve frame rates of up
to 30fps. Here also the correspondence finding is a limit
to the performance. Due to the optical projection problem
objects cast a shadow and occlude parts resulting in depth
measurement errors around the object [21]. This effect be-
comes bigger the closer the object is to the sensor due to the
angles. In figure 7 the cause for this effect is sketched as well
as a resulting depth image of a chair displayed. The chair’s
depth image shows blue areas on the left side represent 0
depth values which means that the sensor was unable to
calculate a distance for these pixels. Also the depth informa-
tion estimates received by the sensor are exposed to noise as
described in section 3.2. Due to the aperture problem the
cameras FoV is very limited compared to laser scanners used
for 3D mapping which allow up to 180 ◦ [15]. According to
Stoyanov et al. [34] a PrimeSense based SL sensor achieves a
similar accuracy as a professional actuated laser system in a
range of up to 3.5m allowing such a system to be an inexpen-
sive alternative. Khoshelham et al. [21] measured a standard
deviation of approximately 1.5cm in depth accuracy.

Figure 7: Sketch of the cause of the shadowing effect
and resulting depth image of a chair [6].

ToF systems offer direct depth data acquisition through
their sensors [17]. Customer available ToF systems allow
frame rates of up to 60fps already and professional systems
such as the AGROS 3D P-100 [9] achieve even up to 160fps
using a PMD [28] sensor chip. Thse higher frame rates
make ToF systems good for real-times applications. However
even professional ToF systems cannot yet attain the depth
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accuracy offered by other sensor types such as laser scanners,
SL or SV systems [13].

3.5 Device Dimensions
The size of 3D-sensing systems becomes more important
should for example mobile devices such as tablets and smart-
phones incorporate these in future. But also for the auto-
motive industry or robotic applications small dimensions are
important. As SL and SV systems require an offset between
cameras or projector and sensor, devices implementing these
are limited in their minimum size to allow precise depth
information measurement [16]. In TOF systems the emitting
light source and the sensor can be placed collinear allowing
smaller device dimensions [17].

4. CONSUMER AVAILABLE SYSTEMS
Based on the technologies explained in section 2 the following
products are available to customers. There is PrimeSense
developing SL sensor systems, SoftKinetic developing ToF
systems and the Leap Motion controller based on the SV prin-
ciple. All of these systems can be considered non-professional
as they are available for and affordable by end users. How-
ever due to technological advances these often are used also
in professional environments where several years ago only
expensive equipment was available.

4.1 PrimeSense
PrimeSense [29] is a developer of sensor chips for SL systems.
These systems are based on SL and widely available. For
instance the Microsoft Kinect [24], released in 2010, and
the Asus Xtion [7] are based on their technology. At the
time of this writing these products are available for less than
200 Euro which makes them affordable for everybody. But
also PrimeSense itself distributes its sensors to customers
in their Carmine called products [30]. These however must
be ordered directly from PrimeSense and are not available
in online stores or in the retail market. In table 2 the
specification of these products is listed. Being based on the
same PrimeSense sensors there is little difference between
these products. They each have an IR emitter, IR sensor and
except for the Asus Xtion (Pro) four microphones as well as
a color image sensor. Their normal measurement distance
ranges from about 0.4m to 4m with a maximum of about 8m
resulting in higher measurement errors. The depth image
size as well as the color image size is limited to 640x480px.
On the software side all systems are compatible with the
OpenNI [3] framework, which is an open source SDK for
3D sensing applications. The Microsoft Kinect additionally
supports the Microsoft Kinect SDK [25] and OpenKinect [2].
According to Andersen et al. [6] the OpenNI performs better,
allowing closer and farther ranges.

4.2 SoftKinetic
SoftKinetic [33] develops affordable ToF sensor technology.
SoftKinetic itself sells two sensors. The DepthSense 311 and
the Depthsense 325. Based on the latter Creative [12] and
Intel [19] manufactured the Creative Senz3D camera [11].
The DepthSense 311 is available directly from SoftKinetic for
about 240 Euro. Both the DepthSense 325 and the Creative
Senz3D cost about 200 Euro whereas the Senz3D is available
in online stores and retail market. In the following table 3

commonalities and differences between these products are
displayed.

The products have a resolution up to 320x240 pixels which is
more than most professional systems offer. For instance the
PMD sensor used in the SR4000 by Mesa Imagining [23] has
176x144 pixls and the PMD Vision CamCube [28] 204x204
pixels [13].

SoftKinetic provides a middleware framework called interface
is you (iisu) to develop 3D sensing and gesture applications.
It is compatible with all DepthSense products, the Creative
Senz3D but also for instance with SL based products such as
the Asus Xtion. Intel provides another framework called Intel
Perceptual Computing (PerC) SDK. It supports the Senz3D
and unofficially the DS325. SoftKinetic’s DS311 however is
not supported.

4.3 Leap Motion Controller
The Leap Motion Controller developed by Leap Motion [22]
is a short range and high accuracy 3D sensor. It allows
high precision finger and hand tracking. Weichert et al. [35]
showed that it allows up to 0.2mm accuracy in static and
up to 1.2mm accuracy in dynamic setups. The Leap Motion
Controller is based on the SV principle, but instead of using
a RGB camera sensor to capture available visible light. It
provides illumination by three IR emitters [35]. A FoV of
2.5cm to 60cm at 140 ◦ limits its purpose to be a short range
tracking device with a side angle.

The device dimensions are only 8cm/1.3cm/3cm (w/h/d)
making it one of the smallest available 3D sensing devices [22].
A schematic view of the Leap Motion Controller showing
the IR cameras and IR emitters is displayed in figure 8.
It is available for less than 90 Euro making it the most
affordable 3D sensing and tracking devices compared to the
other systems. For development a SDK is provided by Leap
Motion.

Figure 8: Schematic view of the Leap Motion Con-
troller showing the 3 IR LED emitters and 2 IR
cameras. [35].

5. FUTURE WORK AND VISION
Having taken a look at what 3D sensing systems are currently
available, future trends and technology is discussed in the
following section.

5.1 Continuing Development
For instance PrimeSense and SoftKinetic currently both work
on improving and mainly reducing 3D sensor sizes. They both
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Table 2: Available SL products using PrimeSense technology.
Product Dimension

w/h/d (cm)
Range (m) FoV x/y ( ◦) Frame

Rate (fps)
Image Size
(px)

Color
Image

Audio Development

Kinect 28/4/6.5 0.4–3
0.8–4

57/43 30 640x480 Yes Yes OpenNI, MS
Kinect SDK,
OpenKinect

Carmine 1.08 18/3.5/2.5 0.8–3.5 57.5/45 30 640x480 Yes Yes OpenNI
Carmine 1.09 18/3.5/2.5 0.35–1.4 57.5/45 30 640x480 Yes Yes OpenNI
Xtion (Pro) 18/5/3.5 0.8–3.5 57.5/45 30 640x480 No No OpenNI
Xtion Live (Pro) 18/5/3.5 0.8–3.5 57.5/45 30 640x480 Yes Yes OpenNI

Table 3: Available TOF products using SoftKinetic technology.
Product Dimension

w/h/d (cm)
Range (m) FoV x/y/d

( ◦)
Frame
Rate (fps)

Image Size
(px)

Color
Image

Audio Development

Senz3D 10.8/5.2/5.4 0.15–1 74/58/87 25–30
50–60

320x240 Yes Yes iisu, Intel PerC

DS325 10.5/3/2.3 0.15–1 74/58/87 25–30
50–60

320x240 Yes Yes iisu, (Intel PerC)

DS311 24/4/5 0.15–1
1.5–4.5

57.3/42/73.8 25–60 160x120 Yes Yes iisu

have small 3D sensor modules in their pipelines which then
could be integrated into devices such as notebooks, tablets
and smartphones. PrimeSense’s module is called Capri 1.25
and based on SL technology. It is supposed to be significantly
smaller than the Carmine 1.08/1.09 to be integrated in other
devices. Also it is supposed to offer improved sensing and
higher performance at reduced cost.

SoftKinetic’s modules are called DepthSense 525 and Depth-
Sense 536 where as the first is equivalent to the DS325 camera
and can be ordered in larger quantities already. They both
are ToF systems like the other SoftKinetic devices. The
DepthSense 536 is the next generation short range laptop
module and with dimensions of 7.4cm/1.2cm/0.3cm (w/h/d)
it has the purpose of being equipped by mobile devices.

Separating from PrimeSense technology the new Microsoft
Kinect v2 is a ToF based system using a sensor chip from
STMicroelectronics [18]. The Kinect 2 will be supported by
a new Microsoft Kinect SDK version. Developer versions are
expected to be available in spring 2014, the public release is
timed for summer 2014 [1].

5.2 Mobile Integration
The successfully backed Kickstarter project Structure Sensor
[4] is based on PrimeSense SL technology. It has small
dimensions (11.9cm/2.8cm/2.9cm) which makes it possible
to be attached to laptops and tablets. It will support ranges
from 0.4m to 3.5m at 30fps and 60fps using a 640x480 pixel
sensor. At a price of $350 it can be pre-ordered already for
shipping in spring 2014. As all PrimeSense based SL devices
it will be supported by the OpenNI SDK but also comes with
its own framework called Structure SDK.

LeapMotion plans to integrate its controller into mobile
devices as well. First laptops and tablets integrating this
their technology are expected to arrive in Q3 or Q4 of 2014
[5].

5.3 New Approach
Besides the available technologies of SV, SL and ToF also
alternative and ones are researched for 3D sensing capabilities.
WiSee [31] for instance uses available WiFi technology as
sensor to gather information about its environment. This
way Pu et al. were able to differentiate a set of nine gestures
performed by their participants with an average accuracy of
94% in a home environment.

6. CONCLUSION
In this paper available technologies SV, SL and ToF were
explained in their working principle. Then problems were
stated as well as which advantages or disadvantages each one
has applied to the available products. These products were
then presented with their specifications. Lastly further devel-
opment of technology developers was stated and upcoming
products previewed.

The conclusion is that available technology is well suited for
3D sensing application. Due to some drawbacks resulting
from technological limits there is no overall best possible
technology. Each has advantages such as accuracy or resolu-
tion versus for instance robustness. Continuing development
manufactures aims at allowing higher accuracy, lower error
rates, higher resolution and smaller device dimensions at
affordable costs. There is a trend to bring 3D sensing to
mobile devices which may push development in that direction
even further in the upcoming years. Also new approaches
using available inexpensive technology are being researched
which could be valuable for certain application domains.
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ABSTRACT
This paper gives an overview over the current state of serious
games that are also in line with Mark Weisers vision of
ubiquitous computing[28]. From early attempts to current
games and concepts developed in research are covered as well
as commercial products and products from other sources like
military applications. The current status quo is evaluated
and suggestions to encourage developers to make more games
that match the criteria are made.

Categories and Subject Descriptors
H.5 [Information Interfaces And Presentation]: The-
ory and Methods; H.5.1 [Multimedia Information Sys-
tems]: [Artificial, augmented and virtual realities]

General Terms
Games, Serious Games, Ubiquitous Computing, Pervasive
Computing

Keywords
ubiquitous computing, games, serious games, location-based,
pervasive

1. INTRODUCTION
Games have been around since the ancient world with the
main purpose of entertainment. Themes of games can vary,
as some aim to create a completely different experience than
real life in fictional universes and according rule sets, while
others attempt to simulate realistic situations in bounds
of their medium. In any case, creating a worthwhile and
fun experience for players has always been the main goal,
therefore differences to realistic representations and rule sets
have to be made. Outside of games, realistic simulations
haven been a desirable goal especially in engineering and for
military applications, but could not be achieved for a long
time. By the early 20th century, technology has advanced
to the point where realistic simulations of real life situations
have become possible. First attempts of mechanical flying
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simulators can be dated back to 1910, first digital attempts
were made around 1960 [8]. Either mechanical or digital,
those simulations still were very basic, yet expensive and not
available to a general public.
The first scientific approach on the topic was made by Clark
C. Abt in his 1970 book Serious Games [9], which also coined
the term. Although focused on card and board games, his
definition is still applicable in the age of digital entertainment:
”Reduced to its formal essence, a game is an activity among
two or more independent decision-makers seeking to achieve
their objectives in some limiting context. A more conventional
definition would say that a game is a context with rules among
adversaries trying to win objectives. We are concerned with
serious games in the sense that these games have an explicit
and carefully thought-out educational purpose and are not
intended to be played primarily for amusement.”. In digital
games, only one of the mentioned decision makers has to be
human, the other can be an advanced AI or programming that
simulates a counterpart, with the latter one only applicable
in simulations with limited freedom for the human user.
Especially due to the interest of the military for realistic
training simulations, much funding for research of serious
games has come from them. With cheaper and more powerful
hardware available, other, non-military organizations have
also started to research and develop serious games.

2. STATUS QUO IN GAMES
In this section the status quo in games in general will be
discussed. A few games that make the break from being
simple entertainment products will be examined. Lastly,
technological developments that made location-based games
possible as well as multiple definitions for ubiquitous games
will be presented and discussed.

2.1 Traditional Games
Still, the majority of developed games focus on entertaining
the audience. Some games, for example games with a his-
torical context, can have some educational value but it is
not their primary intention but a side effect. Others have
backstories with complex and serious subjects and are going
beyond the only matter of entertainment, which they mainly
achieve through their storytelling, setting and orchestration.
They are not intended to teach skills and knowledge, but
to give players a thought-provoking impulse to think about
developments and ideas presented in the games. In the fol-
lowing passage I will give a few examples.
One of the most popular examples being Deus Ex: Human
Revolution, developed by Eidos Montreal and released by
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Square Enix in 2011. In a dystopian world it became possible
to enhance human bodies with biomechanical augmentations.
One of the main questions the game raises is how far some-
one can go with those augmentations and still be considered
human. The game received good reception, with praise for
the non-linear story and available choice for the player on
how to handle certain situations.
An entirely different setting awaits players in the 2012 game
Spec Ops: The Line by german-based developer Yager De-
velopment. The player takes the role of a solider who travels
with two comrades for a reconnaissance mission in a de-
stroyed version of Dubai where an US army platoon went
missing. While mostly being a shooter-game played from the
third-person-perspective, the player faces multiple situations
during the game which can decide the fate of other characters
and the player himself. It shows the grim face of war and vi-
olence in a very realistic and detailed way without glorifying
it. The game was critically acclaimed but not a commercial
success. Critics praised the dark-themed storyline and the
intense, but realistic display of violence. It should be noted
that the story is based heavily on Joseph Conrad’s 1899 novel
Heart of Darkness.
Another game that covers a serious matter is 1378km de-
veloped by Jens M. Stober, a student at the Karlsruhe Uni-
versity of Arts and Design. The title refers to the length
of the border between east and west germany from 1949 to
1990. In this multiplayer game, two teams take the role of
either eastern german citizen trying to escape into the west
or guards, which have to stop them by arresting or shooting
them. If they choose the latter, they will be rewarded with a
medal, but after the game will face a trial like the real Mauer-
schützenprozesse1 (wallshooting trial) which took place from
1991 to 2004. The game spawned major controversy, as some
declared it as ”tasteless”, while others see it as a new way
to experience the gruesome practices which happened at the
inner german border[20]. Although it could be considered a
serious game if only this matter is considered, the game at its
core is a multiplayer first-person shooter using the standard
game mechanics of the genre.
These are just a few noteworthy examples, but they already
show that games can go beyond the only matter of entertain-
ment, even if developed by big companies with commercial
interest. Although the majority of games are developed for
amusement and do not cover serious matters, a development
away form strictly entertainment games can be seen.
Serious games on the other hand focus an teaching and ed-
ucating and use principles and technologies developed in
entertainment games. They can still haven an entertainment
component to make it more appealing and accessible, but
their main focus is education. It is this addition, that qualifies
games as serious games, as Michael Zyda states: ”activities
that educate or instruct thereby imparting knowledge or skill.
This addition makes games serious.”[29].

2.2 Ubiquitous Computing and Games
Before the widespread availability of mobile devices, playing
games was limited to PCs or gaming consoles with special-
ized hardware. There were also mobile consoles, but they
were only a smaller, battery-powered counterpart with build
in screen, speakers and controls. They lacked sensors to
determine the users location and orientation of the device.

1http://goo.gl/FEceu1

Games were the physical location of the player matters were
only in experimental stages using bulky equipment. When
the first mobile phones hit the market in the mid 1990s,
they were expensive and could not be used for anything else
than calling somebody. By the turn of the century, mobile
phones became smaller, more powerful and affordable for
most people in developed nations. Additionally, with the
introduction of SMS in 2000, a very different service was
available, which was adopted early by few companies to play
games, examples are given further down.
Todays smartphones have very little in common with their
ancestors, as they are tiny computers in terms of their com-
puting capacity, telephone-functionality has become of sec-
ondary importance. Additionally, they have different input
schemes like use of touchscreens and are equipped with a
number of sensors to get information of the users location and
interaction. With such devices, playing location-based games
was not only possible, but satellite-based location technology
GPS allowed to track the user with unprecedented accuracy
down to 7.8 meters with 95% accuracy2. Previously it was
only possible to determine in which GSM cell the user was
staying, which could be up to 35 kilometers large. Addition-
ally, in smaller and indoor areas where GPS is problematic,
short-range communication technologies like Bluetooth al-
lowed users to be tracked with even better accuracy.
With the widespread availability of hardware for locality
determination, location-based games have been developed
for research and commercial purposes. Most of these games
are called pervasive games and it is used as a general term
for location-based, pervasive, ubiquitous and augmented re-
ality games. McGonigal proposed in her PhD thesis[22] to
differentiate between pervasive and ubiquitous games with
location-based games being the general term. The term
pervasive games should be used for games only playable
in certain locations, while ubiquitous games can be played
in any location, although both use location-information for
gameplay. Augmented reality games use a live video feed
and sensor information to display additional information or
other objects on top of the video feed. They do not always
require location information but it can be used to create a
better user experience.
But there are also different interpretations of Weisers vision
which do not include the location of the user. They use
sensors to augment games or other activities so that a game
is not played deliberately but as a side effect, as gameplay
and the main activity are completely interwoven. In this
paper, examples of both interpretation will be examined.

3. SERIOUS GAMES
The following section examines a selection of serious games.
They were split into two categories depending on their usage
of location data. Games where chosen to provide a variety of
ideas and concepts. When multiple games had a very similar
concept, the most advanced was chosen. Also, concepts that
provided the basis for many other games are examined.

3.1 Non-Location-Based
This section examines a number of serious games which do
not use location data of the user and are mostly played on
regular PC or game consoles.

2http://www.gps.gov/systems/gps/performance/
accuracy/
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3.1.1 Military
The American army showed interest in gaming technologies to
easily develop training and information tools. They seemed
viable, as they proved themselves in a marked of heavy
competition and steady progress. Additionally a lot of new
recruits have had prior experience playing video games and
are already familiar with input schemes.

One of the first popular games was Americas Army. It used
state of the art graphics and the popular first-person per-
spective. But it was designed to be a recruitment tool rather
than a training software, as was later admitted [27], but still
showed a more realistic view on combat than other games.
The game was released in 2002 as a free download and had
three sequels since. All are played on PC and featured online
multiplayer modes.
The game has a few training modes, which resemble real
army training and are meant to teach players the basics of the
gameplay. At its core, the game is a team-based multiplayer
first-person shooter. Players are divided into two teams and
further in so called firing squads of four players each, were
each player has to play a specific role similar to real combat
squads. On each map, the teams have to fulfill different ob-
jectives to win the game for their team, most of the time one
team is on defensive while the other is attacking. The game
takes a more realistic approach to the shooter-mechanisms,
as some unrealistic but helping features like virtual crosshairs
are not included. Also, the game emphasizes on teamplay, as
a lone player can hardly achieve anything and can be quickly
taken out by opposing players.
Besides its recruiting goal, the game offers state-of-the-art
graphics and comes much closer to a realistic combat simula-
tion than most the blockbuster first person shooters, which
take a more hollywood-like approach to realism and favor
fast and straightforward gameplay. The games ultimate goal
to give players a realistic view on how modern combat works
is achieved and qualifies it as a serious game. From the
ubiquitous standpoint, the game is exactly the opposite as it
does not take physical location information of the player into
account and does not interweave with the players physical
surroundings as it is played on standard PCs.

Another project of internal research in the US army even-
tually became the commercial game Full Spectrum Warrior.
As primary development platform Microsofts Xbox console
was chosen, but to get access to the developer platform, a
commercial release was required. The game was released
in 2004 for Xbox and in 2005 for Windows PC and Sony
PlayStation 2. There were two versions of the game, as
the developers realized an entertainment version had to be
different from a simulation fitting the army’s requirements.
The commercial version was visually advanced and featured
a backstory, the army-version can be enabled on XBox ver-
sions of the game by entering a code. The game received
overall positive critiques and was released as free download
in October 2008 with ingame advertisement.3

In the game the player takes the role of a commander of two
squads of soldiers with four members, with each having a
distinct role, similar to real combat squads. The player has
no direct control over the other characters, instead has to
give orders. Also, unlike most other strategy games where

3http://www.computerandvideogames.com/198695/
download-full-spectrum-warrior-free/

an aerial or isometric view is used, the player controls his
character from a third person perspective. The game focuses
on the strategic and more realistic approach, playing it like
a standard shooter will almost always result in failure.
Additionally to the training purposes and commercial release,
a modified version of the game is used by therapists to treat
former soldiers suffering from chronic post-traumatic stress
disorder.4.
As the games main purpose was to train soldiers, they tried
to reflect realistic combat situations as closely as possible.
For the commercial release graphics had to be upped to keep
up with other commercial games and narrative backstory
was needed to appeal to gamers. But the core-gameplay
mechanics remained mostly the same, therefore it qualifies
as a serious game, although less as Americas Army. As from
a ubicomp standpoint both are the same, as both don’t use
physical location data of the players and can be played only
an PCs and gaming consoles.

3.1.2 Commercial
Aside from the military, others have tried to use computers
and consoles for educational purposes. The following sections
discusses a few examples. Examples are chosen to reflect a
variety of concepts, as most games were meant to teach or
practice topics of schools. Some other, less known games are
also discussed.

One of the earliest attempts of combining a game with edu-
cational elements was the in 1982 released game Math Grand
Prix for the Atari 2600 console [5]. The game is essentially
a racing game, but the cars only move if a math question is
answered correctly. Due to the limitations in hardware and
controls of the Atari 2600, it uses very simplified graphics
and the math questions were very simple and would only
challenge elementary school gamers.

In 1990 Sim Earth [7] was released, a derivative to the
popular city simulation game Sim City, which simulates an
entire planet. Players take on a god-like role, where they
can manipulate many parameters over the set lifespan of
the planet of 10 billion years, such as the atmosphere and
landmasses and can also place some forms of life directly.
Like most of the games by Will Wright (with SimCity being
the first notably), their is no specified goal. Players can form
their planet to their liking and can explore the consequences
of their actions on the planet and its inhabitants. During the
game, players learn about the formation and development of
planets up to principles of evolution, as some forms of life
can only be developed under the right conditions.

Another popular game series is the Crazy Machines [1] Series
by German developer FAKT Software. Since 2004, multiple
games have been published for Windows PC, Mac, Nintendo
DS handheld console and Apple iPhone and iPod. The game
is a series of physics puzzles, which the player has to solve
using mechanical, electrical and optical components to get
a machine running. Players have a variety of components
to choose from, but from a set and limited selection, while
some components are already placed and cannot be moved
or modified by the player. Some installments also have a

4http://www.newyorker.com/reporting/2008/05/19/
080519fa_fact_halpern?currentPage=1
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level editor allowing the players to create their own puzzles.

More recently, a game called Menschen auf der Flucht (People
on the run) which broaches the issue of refugees from the
perspective of one in the region of Kongo, Africa. The game
was awarded the German Computergame Award (Deutscher
Computerspiel Preis) in the category ”Serious Game” in 2013
[6]. The award is donated by the German government to
encourage development of educational and age-appropriate
games, with serious games being only one category. The
others include best mobile game, best game for children and
best game for teenagers, although those categories do not
necessary include serious games, but rather games suitable
for a certain audiences.

All the before mentioned games fulfill the requirement to be
a serious game, but they are played on traditional mediums
such as PCs and handheld gaming devices.

3.1.3 Research
ARFaçade [15] by Dow et al. is an augmented reality adapta-
tion of the interactive drama game Façade[21]. The game at
its core remains unchanged, but the input and output differs.
Instead of a keyboard to move the point of view of the player
person around and see the scenery on a screen, an augmented
reality device is used. Since the game was designed from a
first person perspective and does not require fast interaction,
it fits very well to the usage of an augmented reality device.
The player plays a close friend to the virtual couple Trip and
Grace, who go through a crisis in their marriage. Players are
free to interact with both characters and objects in the world
the way they want, their actions are interpreted by an AI
engine which generates reactions of the virtual characters. In
the original version, players have to type what they wanted
to say or to do, in the AR version, voice recognition is used
instead.
The accompanying study shows that players behave different
than with the version on PC. With a normal screen and its
low immersion, players tend to explore the game world more
and show behavior that would not be socially acceptable,
like looking in unnatural angels and searching every corner
of the world. When wearing an AR device, players behavior
is much more natural and realistic, most likely because of
the higher immersion. But this also has its limits, as com-
forting a virtual player by really hugging thin air would seem
awkward and break the immersion.
Being primary an augmented reality game, the game does
not fit into the set categories in this paper very well. But
since players movements in the physical world are translated
into the virtual, it interweaves well with the real world. The
major difference to other games mentioned is that instead of
a mobile device with a separate screen, an augmented reality
device is used, which has the advantage of high immersion
of the player. With its context and AI engine reacting to
players action, it also qualifies as a serious game.

3.2 Location-Based
The following section examines games which use the location
of the user for gameplay. The examined games are mostly
played on a number of mobile devices and use different tech-
niques to get the users location. The section is split into
pervasive and ubiquitous games, according to the definition
give in the introduction.

3.2.1 Pervasive Games
Atomic Orchid[16] is a game that simulates the situation
after an radioactive explosion with the aim to train players
behavior in such a situation. The goal is to rescue all tar-
gets, like injured citizens. There are two kinds of players:
Field reporters, who are equipped with a mobile device with
the game app installed and HQ, which has an overview of
the current region, which also acts as the playing field, in
a browser-based application. Field reporters can take one
of four roles, each can complete different targets. Players
must form teams to reach the goal, but they do not have to
be permanent. Field reporters use their mobile device and
app to find targets and bring them to safe zones, but have to
avoid radioactive clouds. Those can only be seen by the HQ,
players only see their current health and current radioactivity.
HQ can also see those data for all players, as well as the
radioactivity of the whole region and can broadcast messages
to all players.
The game makes good use of location information and en-
courages teamplay, especially due to the coordinator role
available. While the grim setting of a post-nuclear environ-
ment has been used by commercial games to create a purely
entertainment experience, here it is used in a more realistic
context. The game teaches players about the dangers of
radioactivity and therefore qualifies the games as a serious
game.

3.2.2 Ubiquitous Games
Weatherlings[24] is a game that uses game mechanics of col-
lectible card games combined with real weather data. The
concept is to battle other players, mobile devices where cho-
sen to make it possible to play anytime and anywhere and
uses a web-based application to eliminate device specific
restrictions and increase portability. Players fight with char-
acters, the eponymous Weatherlings, which have traits based
on weather conditions. Players who know the current weather
and can predict the local weather have an advantage.
The game is a good example for a ubiquitous game since
it uses location data, but is not limited to a certain loca-
tion. The idea to use local weather conditions is interesting
as it teaches general knowledge applicable in a variety of
situations.

While other concepts still need devices and explicit interac-
tion to play, Tokunaga et al. [26] describe a different idea:
instead of explicit play, they took the approach to ”augment
daily activities with games”. Their main goal is to make bor-
ing daily activities fun and combine them with goals, which
are meant to encourage players to use taught techniques and
knowledge. In case of their tooth brushing example, they try
to encourage using the correct technique, which is detected
by a 3-axis accelerometer in the toothbrush. Feedback is
given through a virtual aquarium shown to the user while
tooth brushing. If he or she brushes their teeth correctly and
for the right amount of time, the fish start to dance. If the
user brushes regularly, the number of fishes increases over
time to give additional motivation to the user.
It is clear that the concept is in its early stages and can
be expanded beyond its simple idea. But it is very inter-
esting and the most ubiquitous concept in this paper as it
interweaves completely with a daily activity. The described
examples also focus on teaching, which also makes the game
a serious game.
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4. ENTERTAINMENT GAMES
In this section examine games which are mainly made for
entertainment but use location-based services at their core
gameplay mechanic are examined. Also, games with ubiq-
uitous features but without the usage of location data are
covered.

4.1 Location-based Games
In this section, commercially available location-based games
as well as research projects are examined. It starts with early
examples made at the beginning of the century to advanced
games of today. Notable games are examined that made a
significant contribution to location-based games or showed
new, interesting concepts.

4.1.1 Pervasive
One of the earliest and most cited pervasive games is Pirates!
developed by Björk et. al [11] in 2001. Instead of GPS,
the game uses beacons with radio-frequency-technology (RF)
similar to RFID to determine if the player is near a certain
spot. Therefore the game can be played in small, indoor
areas with obstacles without interference.
As the name already suggests, the players take on the role of
a pirate exploring a virtual archipelago. The are equipped
with mobile devices which can connect to the RF-beacons
and are connected to a server via WLAN. On the display they
see a graphical representation of their virtual surroundings,
shown in figure 1. Players can pursue multiple goals such as
exploring unmapped islands to find treasures or fight other
players. Additionally to the islands, there are also two free
harbors on opposite locations of the playing field, where
players are safe from attacks and can trade found goods with
other players. Players can attack each other by standing near
them, as their mobile devices also use RF-technology and can
act as beacons. Players can also accept missions, which often
involve exploring an unmapped island and finding certain
items. They can also ignore them and roam freely among the
archipelago. The game runs on a centralized server, mobile
devices are only used to display the map and to play sounds
due to their limited computing capacity.
Although the game is designed to be a multiplayer game, not
many features support that. In fact, most of the game can
be played without other players. More features like quests
where players have to work together or encourage trading
of items with limited quantity could encourage cooperative
or competitive play. Also, some decisions due to technical
limitations could be avoided, like a fight between two players
does not has to be run completely on the server, instead only
between the players. This could be useful if temporally no
connection to the server was available, but would need some
mechanisms to prevent cheating. Overall, it is clear that the
game was a very early approach to location-based games, as
more projects took the idea and expanded it into different
directions, as can be seen by multiple examples below.

Released in 2001 in Sweden, Botfighters is considered the
first large scaled location-based pervasive game. Location
is determined based on the GSM cell the user is currently
connected to, communication with a server is done through
SMS, which can cause high costs for players, but at the time
their was no better option that was as widespread available.
The goal of the game is to find other players, which are
represented as robots in the virtual world and fight them.

Figure 1: Pirates! Mainscreen showing the virtual
surroundings and other players[11]

Players can search for other players in their GSM cell an
fight them, with every action requiring one SMS send to the
server. A fight can last up to 20 minutes. Also, players can
get notified if virtual objects to interact with are near them,
like upgrades for their robots, also via SMS. An accompanied
website lets players view their scores or upgrade their robots
using found or purchased upgrades for ingame currency won
in fights.
The game has been discontinued, most likely due to it be-
coming outdated as it used SMS for communication with
the server, while today cheaper and more flexible ways to
transfer data to and from mobile devices is possible.
As the earliest example of a pervasive game it suffered from
technical difficulties: mobile phones in 2001 had very low
hardware specs and data transmission was not available. The
usage of SMS for interaction worked, but produced high costs
for players. The games was probably way ahead of its time,
but showed the potential of location based games.

Currently one of the most successful pervasive games is
Ingress developed by Niantic Labs (a startup within Google),
as in May 2013 the game reached 500.000 players world-
wide[14] and by August 2013 over one million downloads
were counted[25]. It is currently available for Android smart-
phones, versions for iOS and Google Glass are planned for
2014.
In the game two factions fight for territorial dominance by
claiming portals. Adjacent portals link together and to
achieve dominance in a certain area, claimed portals have
to create a virtual triangular field. The portals have been
placed by the developers beforehand at specific landmarks,
mostly at points of interest in the real world. To interact with
any object in the virtual world, players have to be within 40
meters of them. The game app consists manly of a stylized
map of the area, only showing buildings, streets and portals
in the color of the faction that has currently occupied it, a
screenshot is shown in figure 2.
To claim a portal, players have to deploy so called resonators,
of which every players has only a limited amount and can
only deploy one at a time. As claiming a portal requires
multiple resonators deployed, the game heavily rewards coop-
erative play. The more resonators are deployed, the harder
it is for the opposing faction to attack a portal and claim
it for themselves. Also, players can boost the strength of
their portals by using various items on them. To prevent one
faction to become too dominant, resonators have a chance
to spontaneously decay over time and have to be recharged
to maintain control over the portal. Players can check the
status of any portal in their app.
Ingress is probably the most sophisticated and successful
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Figure 2: Ingress Screenshot showing the interface [2]

pervasive game available. It is clear that Google has put a
lot of time and effort to generate a worthwhile experience
for players and prove that the technology is ready for large
scale pervasive games. It will be interesting to see what
Google plans to do with their technology, as they already
announced that they plan more games based on it, especially
in terms serious games as Ingress is a game purely build for
entertainment.

Chalmers et. al [12] developed a game which not only in-
corporates GPS localization but also when a player could
not be located. In their game, two teams of players have
to find virtual coins in a city environment and collect and
upload them to a server to score. To encourage cooperative
play, teams get double points when two players upload coins
from the same spot. They are equipped with mobile devices
with GPS and 802.11 capability, but the device is only for
displaying a map of their surroundings, all game logic runs
on a server. Information of coins and the position of other
players have to be obtained when a connection to the server is
possible. To grab a coin, players have to be near one (player
coordinates are acquired via GPS). Other players can also
steal coins when they are near them. But players are safe in
a location where GPS localization is not possible, when they
are in the ”urban canyons” between high buildings. Players
can therefore exploit areas with unstable connection to grab
coins which are not near them, which can be considered as
unfair to other players that do not know about this or get un-
lucky while trying it. This could be exploited by competitive
players and could decrease the motivation of casual players
as it can be considered cheating.
The game was an early approach in using GPS and wireless
connectivity (the game would spawn more games like Feeding
Yoshi examined in the next paragraph), so the game is very
simple and some questions remain. The usage of GPS ”shad-
ows” is somewhat questionable as it can also lead to unfair
actions by players that know how to exploit them. Also, the
game requires a connection to the server at all time to run
properly, which cannot be guaranteed even today. But this is
most likely a result of technical limitations of the mobile de-
vices. Nevertheless, the concepts could be expanded greatly
if these mostly technical problems are solved.

Bell et al. presented a concept for a mobile game based on

Figure 3: Feeding Yoshi Interface [10]

Wifi networks [10]. In their concept, public and protected
802.11 wireless networks act as either plantations with food
or creatures called Yoshis, which have to be fed the right
fruit to get points. As a mobile device they use PDAs, which
constantly search for Wifi networks which are displayed as
plantations (open networks) or Yoshis (secured networks) on
the players screen. For privacy and legal reasons, only the
existence and identity of the Wifi networks is detected and
stored. A screenshot of the interface interacting with the
virtual creature is shown in figure 3.
In their study, players where grouped into teams and could
swap fruits. A study was done over a week, which not only
showed the potential, but also the problems with the game.
In 2006, it was not to common to see someone wandering the
streets staring at a tiny screen in their hands, which earned
the players strange looks, but today it should not be a prob-
lem anymore. Players reported having difficulty integrating
the game into their daily life. Some for example changed
their route to work to get to better places for farming fruits
and some even changed their working routine to be able to
play, which they admitted might got them into trouble. A
huge points difference was the result between teams with
members that could play it a lot and those who couldn’t,
especially while working.
While the concept is somewhat expanded from the Seamful
Games examined previously without the fragile GPS local-
ization in urban areas, it still stands on its own. The idea
of using already deployed Wifi networks makes the virtual
playing field unpredictable but also saves the time explicitly
creating them, but privacy concerns have to be considered.
The concept of feeding virtual animals is not that new, but
could be expanded to a more serious context, although the
limitation of only two types of points to interact with could
make the development of a concept hard.

Grant et al. developed a concept they call Mobimissions
[19] where users generate questions on their mobile devices
which can be solved by other players. As a playing field they
use GSM cells to which the so called missions are bound.
The missions are essentially questions consisting of up to five
panels of text and/or pictures. If another player comes in
that cell, he or she can check for mission available in this cell.
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To complete a mission, a player has to take photographs,
annotate them with the correct answer and upload them to
a server. There is also an accompanying website where users
can rate missions and post comments. Points were awarded
for creating missions and solving them.
In the accompanying trial, findings showed that players where
more motivated to play if the missions were well made. Also,
not everybody played in other areas than from home, there-
fore the missions where hard to find for other players, even
with GSM cells covering large areas. But the trial showed
that the technology is sufficient to build a working system.
For a serious game, missions could be premade. Also, using
a different technology than huge GSM cells could make the
concept viable in smaller areas like museums, were missions
could be accompanied to specific exhibits and transferred to
mobile devices via short range communication technologies
like RFID or Bluetooth.

4.1.2 Ubiquitous
The Mixed Reality Laboratory of the University of Notting-
ham has developed a number of concepts for mixed reality
games. The paper by Flintham et al.[17] covers two con-
cepts: Can you see me now? is a mixed reality version of
tag. A small number of players move around a city (called
runners) with a backpack shown in figure 4a including a
mobile devices which locates them via GPS and shows a map
of the city, showing avatars of all players as shown in figure
4b. A larger number of players play online through a web
application. They share the map with the runners, but can
only see avatars in their local vicinity and can change their
location through the web interface. The goal for the runners
is to catch the online players. The runners can communicate
via a voice-channel in real time, which can also be heard by
the online players, which can communicate with everybody
via text messages. During the study it became clear that the
runners understood how they could abuse the inaccuracy of
the GPS to their advantage.
In the second concept, called Bystander, roles are different.
Instead of catching the online players, players online and in
the streets have to work together to find a certain person.
They have to follow a laid trail through the city and online
players must guide the others through physical locations in
the city, where they have to trigger clues where to go next.
Online players have a 3D-View of the city, but centered
around their local player.
While Can you see me now? was designed to be a fast paced
and entertaining game, Bystander can be made into a serious
game, it depends mostly on the objective. In the shown
version, local knowledge helps, but this could be turned into
knowledge of a specific topic. Also, with todays broadband
available, real-time voice communication between all players
is possible. In a simpler version for only one player, the role
of mobile players could be taken by AI characters.

4.2 Ubiquitous Games
A different approach than the more common location-based
present Römer and Domnitcheva in their project called Smart
Playing Cards[23]. They use a deck of common playing cards
and augment them with RFID tags and use RFID readers
on the table. For demonstration, they us the game Whist
because of its simple rules and the fact that only up to four
cards are on the table at the same time, which makes it
easier to track them by the RFID reader. The game is a

(a) Runner equipment [17] (b) Mobile interface [17]

Figure 4: Can you see me now? [17]

predecessor of Contract bridge5.
Additionally to the playing cards, players have a PDA which
is connected via Wireless LAN to a server, to which also the
RFID reader is connected. A program analyzes every move
in the game and evaluates them in terms of their strategic
benefits for the player, which is indicated by a smiley-face
in different emotional stats on the display. If expanded, the
system could be used as a teaching tool for the game by
giving players useful advice. Also, the system can be used
to prevent cheating as every move can be checked against
the rules. Currently the system is only suitable for games
with simple rules and without spoken announcements by the
players, which are used in games like Skat.
As the games development was in an very early stage, no
user study was conducted, as still some technical problems
had to be solved. The biggest was the usage of the RFID-
reader, which was a good idea with the possible unobtrusive
placement of the reader and tags. But since it has a certain
range, players have to be careful how they hold their cards to
prevent them from being accidentally read, as well as cards
that where almost played.
Smart Playing Cards is an interesting approach to augment
a game with technical features while still keeping the feel of
physical game. All the features could also be implemented
in a purely virtual version of the game, but it would lose
the social aspects of sitting around a table with other play-
ers. Still the technical challenge concerning the usage of
an RFID-reader exists and is not fully solved. Specialized
antennas and careful selection of RFID-readers and tags with
a lower range would be possible, but would also force players
to lay their cards in certain places. Using a different identifi-
cation technology like visual-based methods have their own
drawbacks.

5. CONCLUSION
Ubiquitous games have come a long way since the publication
of Mark Weisers vision in 1991. Early concepts suffered from
technical limitations, which should be less of a problem
by now, as todays technology is small, cheap and powerful
enough to produce portable devices that can be used. Most
of the concepts focus on creating an entertaining experience

5http://en.wikipedia.org/wiki/Contract_bridge#
History
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rather than an educational or combine them to work together.
Projects focusing on teaching are still in the minority. But
the few concepts show the potential of the technology, which
is certainly there, but has not been fully used yet. Probably
the best example is Mobimissions, where the framework
provides all the possibilities to create a serious game, but it
depends on the missions created. Other games need to be
expanded to become a viable teaching tool.

6. FUTURE WORK
As mentioned in the section before, technological issues when
developing ubiquitous games should not be a problem any
more. My research shows that it is the concepts to create
serious ubiquitous games that are lacking. It is a similar
development to regular games, as games for entertainment
vastly outnumber serious games. The market for commercial
entertainment games has already outperformed the movie
industry [13], with the most recent release of the blockbuster
game Grand Theft Auto 5 accumulating 1 billion US-Dollars
in sales after only three days[18], with the first 800 million
already achieved within 24 hours.
One of the problems is probably the lack of funding for
serious games. As an example, the German Federal Film
Fund (DFFF) has funded films with 296 million Euros over
four years [3], while the only funding for games comes from
the German Computer games award, which is funded with
only 365.000 Euros per year[4] and applies only after a game
is finished. This also reflects the bad images of games in
germany, which are regularly cited as one of the first reasons
for lacking success in studies in scholastic performance or
school-shootings, although a slow development away from
that has started. Still, more funding, especially before a
game is finished, would certainly help developers with ideas
for serious games in general.
From traditional game developers and publishers there is not
too much to be expected, as they focus an games with the
potential to become brands with multiple sequels 6, as they
provide the money to cross finance new, innovative projects
which in turn then become the cash cows. But since they
games market is a tough business, no one big company wants
to develop games that are very different since the chance of
them ending up a failure is too high.
To create more games with ubiquitous features more funding
would certainly be an encouragement, as technical limitations
have become less of a concern due to the widespread avail-
ability of mobile devices and the quick adaptation especially
by younger people. This can also be helpful in developing
teaching applications for development countries, as mobile
devices are widespread and often the only technical device
available that has the required capabilities.
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ABSTRACT
For almost 50 years now, a standard remote control was the
only device to control a TV. But with more and more devices
being a part of our home entertainment system and each one
of them becoming more complex [2, 15], all sorts of remote
controls emerged. New technologies such as voice, touch or
gesture control are incorporated, Infrared is replaced by Wi-
Fi or Bluetooth and with the rise of smartphones, traditional
remote controls are replaced entirely by a piece of software.
This paper gives a summary of what has been, currently is
and what possibly will be considered the standard way of
interacting with a home entertainment system, pointing out
the drawbacks and benefits in the employed techniques.

Categories and Subject Descriptors
H.5.2 [User Interfaces]: Input devices and strategies

Keywords
Remote controls, home entertainment system interaction

1. INTRODUCTION
The average german household contains 50 electronic devices
and seven remote controls1. They exist in all sizes and
shapes, from a simple garage door opener to a multi-device
remote control that could potentially manage every device
inside a household. The main focus of this paper are remote
controls for home entertainment systems, especially TVs and
its connected devices.

The remote control received much praise when it was finally
available for the TV. People were finally able to switch
channels without getting up or asking their kids to do so. But
laziness wasn’t the only driving element in the development
of remote controls. Section two covers the historical evolution
of the remote control, focusing on the technical difficulties
the engineers had to overcome.

1http://www.bitkom.org/de/presse/, 12/21/2013

6th Seminar on Research Trends in Media Informatics (RTMI ’14).
February 2014, Ulm University, Ulm, Germany.

Once the developers finally managed the technical issues,
they had to adapt the remote control to a whole new kind
of devices. Section three gives an overview over the remote
control techniques that are currently available for these dif-
ferent kinds of devices, including their flaws and benefits.
Section four covers the challenges that current remote control
developers are faced with and their solutions. Section five
explains the current approaches found in research papers.
Even though some of them are already a few years old, the
techniques presented within haven’t yet made an appearance
in consumer products. The final section gives a conclusion
and an outlook into the future of remote controls.

2. THE HISTORY OF
REMOTE CONTROLS

The idea to control something from afar has been brought
to life for the first time by Nikola Tesla in 1898. His ”teleau-
tomaton”2 could control a miniature boat by radio waves.
The first consumer electronic device to receive a remote con-
trol was the radio. Until the 1930s, the remote controls for
radios were cable bound. That’s why, when Philco finally
introduced the first wireless remote control for radios, it
received such a great media echo:

”No wires...No Plug-in...No cords of any kind! It’s
truly unbelievable! It’s mystifying! That’s why
it’s called Mystery Control!” 3

There wasn’t much progress in the field of consumer elec-
tronics during World War II, since everyone was looking for
military applications, namely guided missiles and torpedoes.
But soon after the war, the researchers’ focus shifted back.
TVs of that day used a tuner knob to adjust the frequency,
but some of them were constructed so poorly, that they re-
quired constant readjusting. This fact then led to a remote
control with a single, separate knob on it.

But it wasn’t for technical reasons alone that the research con-
tinued. It was Zenith’s founder-president’s believe, that TV
viewers would not tolerate commercials. While developing
and promoting the concept of commercial-free subscription
television, he yearned for a way to mute the sound of com-
mercials.4

2http://teleautomaton.com, 12/21/2013
3http://www.philcorepairbench.com, 12/21/2013
4http://www.zenith.com/remote-background/, 12/21/2013
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Figure 1: Art Lebedev - Pultius - a 399 channel remote, 20 inch long [19]

Figure 2: Zenith Space Command aka ”the clicker”
- aluminium rods produce ultrasonic waves [1]

And some years later, in 1950, his company introduced a
remote control called ”Lazy Bones”:

”The greatest aid to relaxation and comfort that’s
ever happened to television.” [1]

The ”Lazy Bones” was a cable-bound remote control, which
often caused people to trip over the wires. That’s why five
years later, Zenith came up with the ”Flashmatic TV remote”
(see fig. 3), a remote control that used light flashes directed
at the four corners of the TV. They got rid of the cable, but
their new solution wasn’t really practical either, because now
even the sun could change the channels. Yet another year
later, Zenith introduced the ”Space Command” (see fig. 2),
which used aluminium rods to produce ultra sonic waves.
Pressing a button on the remote control produced an audible
”click”-sound, causing people to refer to the remote control
as the ”clicker”, a term which is still used today.

Ultrasonic remote controls were the standard for TVs until
the 1980s, when ultrasonic was replaced by infrared trans-
mission. But infrared has two significant disadvantages: It
needs a direct line of sight to the device it is supposed to
control and you shouldn’t be to far away from it either. In-
frared is still being used, but more and more remote controls
work with in the RF spectrum now. Modern TVs even have
Wi-Fi or Bluetooth already built in, which allows them to
be controlled by smartphones and tablets as well.

3. STATE OF THE ART IN
CONSUMER PRODUCTS

Once the technical difficulties of reliably communicating
with a TV were overcome, new problems were on the horizon.
While traditional remote controls were adequate for analog

Figure 3: Flash Matic advertisement - 1955 [28]

TVs with a small amount of channels and features, the living
room of an average person nowadays consists of multiple
devices (gaming consoles, AV receiver, Blu-ray player, media
PCs, Smart TVs), each requiring their own specific remote
control. They offer more features, especially internet services
that would normally require a keyboard and/or mouse for
convenient input [10]. In general, there are five categories of
remote controls. Traditional single device remote controls,
multi device remote controls, voice input, gesture control
and remote controls with touch screen input.

Traditional remote controls
They were designed for one device and this device only. They
usually come with a well thought-out layout and provide
the buttons needed for the functionality the device provides.
They exist in all varieties, from a simple garage door opener
to a 50 button TV remote control [9].

Programmable multi-device remote controls
Their main goal is to control as many devices as possible.
They can be programmed by providing them with a vendor/-
model ID via direct input on the remote control itself or a
computer. For unknown models they sometimes offer a learn-
ing mode, where you point the old remote control at the new
one, press a button and then assign its function. The more
advanced ones even let you program complex interactions,
for example one could program a button ”play dvd” with
”Turn on the DVD player, turn on the surround system and
set it to movie mode, turn on the TV, switch input to dvd,
start dvd playback”.

Examples: Logitech’s Harmony series5, URC MX-50006

5http://www.logitech.com, 12/21/2013
6http://www.universalremote.com, 12/21/2013
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Voice input
The microphone is integrated into the normal remote control
or is inside/close to the device that needs to be controlled.
Voice recognition can be done inside the remote control itself,
but in order to save battery and to be more responsive, it
is usually done inside the TV itself. A keyword is used to
signal commands, which prevents the TV from reacting to
normal conversations.

Examples: Amulet Device7, LG Magic Remote8

Gesture control
At first, gesture control was only available on gaming consoles,
but made its appearance on TVs as a way to control a
mouse cursor. Device based gesture control is realized with
a gyroscope and an accelerometer. Without a device, image
capturing technologies are used, which, with the help of
infrared cameras, work even at night.

Examples: Nintendo’s Wii9, Hillcrestlabs Loop & Scoop10,
Microsoft Xbox One Kinect11

RCs with touchscreen input
The size of the screen differs and they often come with
standard buttons as well. But there are also smartphones
and tablet PCs. These can be connected to the TV using the
home Wi-Fi or a direct Wi-Fi/Bluetooth connection. Some
models even have an infrared emitter to support an even
wider spectrum of devices. Apps exist for all brands of TVs,
typically the higher end models.

Examples: Logitech’s Harmony, Telekom Entertain Remote
Control12

The main goal of these remote controls isn’t to just control
more than one devices, but to control them in a faster, more
natural way. The different types of input don’t work in all
scenarios, that’s why some of the remote controls appear in
more than one category. It isn’t feasible to navigate a list
of a thousand channels by waving one’s hand left and right.
Naturally a person would prefer to just say ”go to channel
631” or even ”play movie ABCD starting at one hour ten
minutes”.

4. EXISTING PROBLEMS
In the early development of the remote control, the trans-
mission of a signal was the biggest problem. This section
covers the problems of modern remote controls, that exist
mainly because of new features, although even the traditional
remote controls have their flaws.

Too many buttons
The first remote controls had only a few buttons (see fig. 2)
and all of them were used regularly, but by now remote
controls are overloaded with buttons. I counted 50 on my TV

7http://www.amuletdevices.com, 12/21/2013
8http://www.lg.com/global/magicremote/, 12/21/2013
9http://www.nintendo.com/wiiu/accessories/, 12/21/2013

10http://www.hillcrestlabs.com, 12/21/2013
11http://www.xbox.com/en-US/kinect, 12/21/2013
12http://www.laboratories.telekom.com, 12/21/2013

Figure 4: Hillcrestlabs - The Loop & the Scoop10

Figure 5: Logitech Harmony Ultimate - a pro-
grammable TV remote control with a 350$ price tag5

remote and I don’t even use half of them. This problem gets
even worse, when you combine remote controls for different
kinds of devices into one. Typically, each button only has one
function. ”Volume up” increases the volume while watching
something, but does nothing inside a menu. Instead there
is a separate button to navigate upwards. Another problem
is the layout. The more flexibility the remote offers, the
more buttons it has and they all have to fit on a surface as
small as possible. In extreme scenarios you end up with a
grid layout, four rows of 15 buttons the exact same size (see
fig. 1. Operating such a remote control without looking at it
is nearly impossible.

Misleading button labels
Lessiter et al. [20] studied the intuitiveness of labels on a
remote control and noticed, that people often are confused
by their meaning. One example was a button for subtitles.
In one of their trials it was labelled ”subT” and people were
asked to find the button to display subtitles. Some pressed
the ”text” button, which opens the teletext, others the ”TV
Guide” button, symbolized by an open book sign, which
opens the electronic program guide (EPG).

No longer easy to use
Programmable remote controls are an effective way to get rid
of the above problems. By allowing the user to program the
remote control himself, he only has the functions available
he needs. Combined with a touchscreen display, he can
label the buttons anyway he wants. Another great bonus
of programmable remote controls is, that you can combine
multiple remote controls into one. Logitech published a
survey13, showing that 9 out of 10 people would prefer to
just press one button to start the DVD, instead of three or

13http://www.logitech.com/en-us/press/, 12/21/2013
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more buttons on multiple remote controls. But how many of
them would be capable of programming the remote control
to do exactly that? The manual of the Logitech Harmony
Ultimate is 54 pages long and a computer is required to
configure it.

Touchscreens lack haptic feedback
Touchscreens do have a significant drawback, they don’t
provide tactile feedback for finding a button. On a normal
remote control, buttons have different shapes, heights and
sizes, so that, after a while due to procedural memory [3],
one can use its remote control even when it is pitch black
in the living room. A touchscreen based remote control can
vibrate or play a sound once you press a button, but in order
to locate the correct icon, one still has to look at it [21].

How to control the new features of an iTV from the
couch
The more recent TVs offer features such as internet browsing
or access to your own media library, that a normal remote
control can’t handle in a suitable way [10]. Text entry with
a numeric pad, like on a telephone or older mobile phones,
takes a lot of time unless you are used to it [14]. Another
way, often used on gaming consoles, is to display an on-
screen keyboard and navigate it with directional keys. The
on-screen keyboard is also used with gesture control. A letter
can be directly selected by pointing at the screen with or
without a device. In case of the XBox Kinect, the hand
is enough. Other solutions use a pointing device with a
built-in gyroscope and accelerometer. And since text entry
is a computer like feature, attaching computer input devices
- mouse and keyboard - is another logical solution. But
instead of sitting at a desk in a lean-forward position, one
usually watches TV sitting or even lying on a couch - a
lean back position [12]. This creates a conflict with all the
aforementioned input methods. Waving a hand at the TV
isn’t comfortable in the long run [13], so is typing while lying
down or pointing a remote at the screen.

Voice Input - natural or socially awkward
The last option, voice input, is the most natural one. Speech
is fast and there is no need for complex menus, if the user
knows what the device is capable of. For example, changing
the aspect ratio of the screen would just be telling the TV:
”TV, set aspect ratio to 16:9” instead of going to ”menu,
settings, video settings, video format” and then selecting it
from a list. But even in this small example, there is much that
can go wrong. The TV might not understand its keyword,
so it won’t react at all. It might not have understood 16:9
or there isn’t even such a setting. Voice recognition isn’t
easy under normal conditions [25, 16] and with the constant
background noise produced by the TV itself, things only get
harder. Recognition error handling can be done in different
ways: repeat input until the person gets it right or present
the user with alternatives on screen [26, 6, 4]. A complete
different problem, is social acceptance [27]. Talking to the
TV with friends sitting on the same couch might feel weird
at first. And, with little children chanting ”disney channel”
at the TV, the fight over who controls the TV is already lost
once the TV is on.

Figure 6: PalmRC - two different hand layouts -
(a)nine distinguishable landmarks (b)directional ar-
rows [8]

5. CURRENT APPROACHES IN
RESEARCH

While some of the research done made it into a consumer
product, others ended up as a prototype or are still on their
way. The following research papers were chosen, because
they illustrate different ways of interacting with a TV.

PalmRC - Imaginary Palm-based Remote Control for
Eyes-free Television Interaction
Dezfuli et al. suggest hands as the remote control [8]. The
non-dominant hand is used as a surface, while the other
one is used as pointer. They determined that a person
can successfully select nine different position on his hand
without looking at it (see fig. 6), which can be combined
with three different angles - zero, 45 and 90 degrees. They
concluded that the palm is best used for directional keys and
2D touch gestures, such as scrolling through a list. Their
test participants also suggested that the palm could be used
as a drawing area to draw numbers on.

Rebo - A remote control with strokes
Rebo is a prototype system by Kobayashi et al. that aims
at supporting elderly people with operating electronic de-
vices [18]. Instead of a remote control with buttons, they
suggest a flat surface with LEDs for peripheral feedback. In
order to provide better feedback to the user about what he
is doing, when he is stroking the device, they suggest direct
visual feedback. For example, stroking from left to right on
the surface turns the TV off. But instead of turning off at the
end of the interaction, the image shrinks continually. Their
approach only offers minimal interaction possibilites with a
device, which could easily be mapped on a six button remote
control, but provides fault tolerance due to the immidiate
feedback of the device itself.

pRemote - A User Customizable Remote Control
Hess et al propose a remote control that consists of a digital
pen and input templates printed on paper (see fig. 8) [11].
The tray is covered with a glass plate, so the templates can
be reused. The pen scans the area beneath it and translates
the input to commands, which are then sent to the TV. The
example in figure one shows two different templates. The one
on the left displays the most used channels on top, directional
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Figure 7: Rebo - A stroke from left to right turns
the device off, which is visualized by the shrinking
image [18]

Figure 8: pRemote - A Pen selects actions on a user-
designed, interchangeable sheet of paper [11]

arrows, volume control and channel up/down buttons. The
template on the right is used for text input. The paper they
used is covered with an almost invisible dot matrix, which
allows the pen to know where on the paper it is pointed at.
Therefore the layout of the template is customizable by the
user. Their approach has been adapted to tablet/smartphone
apps with customizable user-interfaces.

Arrow tag - a direction-key-based technique for rapidly
selecting hyperlinks while gazing at a screen
Arrow Tag [23] isn’t a remote control replacement. It’s a
user interface enhancement for traditional remote control
with the goal to improve web surfing on a TV. Every link on a
webpage is tagged with a sequence of directional arrows , for
example up, up, down, right. Unlike Caret Browsing, where
the user has to jump from one hyperlink to the next, he now
can simply press the desired sequence on the directional keys
and the browser navigates to the next page. While the user
inputs the sequence, any links that don’t match are hidden.

Figure 9: CaretBrowsing, NumberTag and Arrow-
Tag. ArrowTag sequences are longer, but can be
selected faster with a lower error rate [23].

Number tag14 is a similar approach, but in this case, every
link is assigned a sequence of numbers. The sequences of
Arrow Tag might become longer, but their study showed
that the test participants were able to enter them faster and
almost without looking at the remote control.

6. CONCLUSION AND OUTLOOK
Each of the different input modes has its benefits, but also its
drawbacks. Multi-device remote controls get rid of additional
remotes but have way to many buttons, which on top are
labelled and positioned unintuitively. Gesture control works
great for selecting links, not so much for entering text and it
isn’t really comfortable while lying down. Voice control on the
other hands works great whether a person is standing, sitting,
lying or running around. Speech often provides shortcuts for
menu interaction, but only as long as the TV understands
the user. A downside that gesture and voice control have in
common, is social acceptance. Even though Nintendo was
successful with the introduction of the Wii, people aren’t
(yet) used to seeing others waving their hands or shouting
at their TV for the sole purpose of switching a channel.
Manufacturers noticed the benefits too and incorporated a
multitude of the aformentioned methods into their devices.
Logitech’s Harmony Ultimate offers a customizable layout
in form of a touch screen panel, voice input through a built
in microphone and can control a plentora of devices at the
same with a single button.

Based on the research papers available, the remote controls
of the future will include a touchscreen area, if they aren’t re-
placed by smartphones/tablets entirely. The customizability
given by a remote control application is something a piece
of hardware will never achieve, unless we are going to be
able to 3D-print entire circuit boards at home. Screen shar-
ing is another application of touchscreens, either to provide
additional information for a TV show [7] or to bring the
TV’s interface closer to the user by copying it [22, 17]. In
order to work with even more devices, save energy or extend
the range of remote controls, new transmission methods are
being developed, based on ZigBee [24] or RFID [5]. An open
issue are multi-person scenarios. Most of the research papers
focus on a single person operating a device. For example
a smartphone works as a remote control only if a person is
alone, because smartphones are typically personal devices
which aren’t shared with others. When watching TV with
multiple persons a dedicated device is necessary, unless each
of them has a smartphone.

14http://code.google.com/p/mouselessbrowsing/, 01/10/2014
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[11] J. Hess, G. Küstermann, and V. Pipek. premote: a user
customizable remote control. In CHI ’08 Extended
Abstracts on Human Factors in Computing Systems,
CHI EA ’08, pages 3279–3284, New York, NY, USA,
2008. ACM.

[12] J. Hess, L. Wan, V. Pipek, and G. Kuestermann. Using
paper and pen to control home-it: lessons learned by
hands-on experience. In Proceddings of the 9th
international interactive conference on Interactive
television, pages 203–212. ACM, 2011.

[13] K. Hinckley. Input technologies and techniques. The
human-computer interaction handbook: fundamentals,
evolving technologies and emerging applications, pages
151–168, 2002.

[14] C. L. James and K. M. Reischel. Text input for mobile
devices: Comparing model prediction to actual
performance. In Proceedings of the SIGCHI Conference
on Human Factors in Computing Systems, CHI ’01,
pages 365–371, New York, NY, USA, 2001. ACM.

[15] J. F. Jensen and C. Toscan. Interactive Television: TV

of the Future or the Future of TV? Aalborg
Universitetsforlag, 1999.

[16] D. Jurafsky and J. H. Martin. Speech and Language
Processing: An Introduction to Natural Language
Processing, Computational Linguistics, and Speech
Recognition. Prentice Hall PTR, Upper Saddle River,
NJ, USA, 1st edition, 2000.

[17] S. Kim, S. Park, and J. Hong. Gui screen-sharing smart
remote control for smart tv user interface. In ICT
Convergence (ICTC), 2013 International Conference
on, pages 711–713. IEEE, 2013.

[18] K. Kobayashi, Y. Nakagawa, S. Yamada, S. Nakagawa,
and Y. Saito. Rebo: A remote control with strokes. In
IEEE International Symposium on Robot and Human
Interactive Communication, pages 751–756, 2009.

[19] A. Lebedev. Artemy Lebedev - Pultius.
http://www.artlebedev.com/everything/pultius/,
2007. [Online; accessed 02/03/2014].

[20] J. Lessiter, J. Freeman, R. Davis, and A. Dumbreck.
Helping Viewers Press the Right Buttons: Generating
Intuitive Labels for Digital Terrestrial TV remote
controls. Psychnology Journal, 1:355–377, 2003.

[21] R. Leung, K. MacLean, M. B. Bertelsen, and
M. Saubhasik. Evaluation of haptically augmented
touchscreen gui elements under cognitive load. In
Proceedings of the 9th International Conference on
Multimodal Interfaces, ICMI ’07, pages 374–381, New
York, NY, USA, 2007. ACM.

[22] C.-L. Lin, Y.-H. Hung, H.-Y. Chen, and S.-L. Chu.
Content-aware smart remote control for android-based
tv. In Consumer Electronics (ICCE), 2012 IEEE
International Conference on, pages 678–679. IEEE,
2012.

[23] A. Maeda, H. Inagaki, and M. Abe. Arrow tag: a
direction-key-based technique for rapidly selecting
hyperlinks while gazing at a screen. In Computer
Human Interaction, pages 1025–1028, 2009.

[24] W.-K. Park, C.-S. Choi, J. Han, and I. Han. Design
and implementation of zigbee based urc applicable to
legacy home appliances. In Consumer Electronics, 2007.
ISCE 2007. IEEE International Symposium on, pages
1–6. IEEE, 2007.

[25] L. R. Rabiner. A tutorial on hidden markov models
and selected applications in speech recognition. In
A. Waibel and K.-F. Lee, editors, Readings in Speech
Recognition, pages 267–296. Morgan Kaufmann
Publishers Inc., San Francisco, CA, USA, 1990.

[26] G. Skantze. Exploring human error handling strategies:
Implications for spoken dialogue systems. In ISCA
Tutorial and Research Workshop on Error Handling in
Spoken Dialogue Systems, 2003.

[27] H. Soronen, M. Turunen, and J. Hakulinen. Voice
commands in home environment-a consumer survey. In
INTERSPEECH, 2008.

[28] S. Wasser. A history of tv remote controls.
http://www.electronichouse.com/slideshow/

category/3891/656, 2012. [Online; accessed
02/03/2014].

Proceedings RTMI ’14, Ulm, 14th February 2014

50



Wireless Optical Communication: Infrared, Time-Of-Flight,
Light Fields, and Beyond

Jonas Kraus
Institute of Media Informatics

Ulm University
Ulm, Germany

jonas.kraus@uni-ulm.de

ABSTRACT
Wireless optical communication has been used from humans
over more than thousand years now. This paper describes the
different kinds which were developed over the last decades
with focusing on the state of the art and what it is heading
for. Technologies like infrared, ultraviolet, time-of-flight, light
fields and structured light push 3D photography, depth sens-
ing or detecting motions a step further. All these approaches
come along with many barriers like the weather situation or
the habit of a scene. Some are better suited for gathering
input information and others for the output of information.
In this paper I am going to specify different kinds of wireless
optical communication with their advantages, problems and
issues, as well as their fields of application and purposes.

Categories and Subject Descriptors
I.4.8 [Computer Vision]: Computer vision tasks—Scene
analysis, Tracking

General Terms
Theory

Keywords
Wireless optical communication, infrared, structured light,
time of flight, light fields

1. INTRODUCTION
Optical communication is a very old technique to send signals.
Even the ancient Greeks had used it in the way that they
polished their shields to send signals in battles. During the
years 1904 and 1905 the German troops used heliograph
telegraphy transmitters to send optical Morse signals over
distances of up to 4 km at daylight and up to 8 km at night.
A further step was to replace the Morse code by modulating
optical waves in speech transmission. The revolution of
free space optics came with the invention of lasers in the
1960’s which is described more precisely in [1]. Because of
its various physical properties light can be used for optical
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February 2014, Ulm University, Ulm, Germany.

communication in a way which is not visible for the human
eye. Latest technologies take this as an advantage and base
their technology on it. New devices are getting smaller and
smarter what enables the possibility of implementing such
new technologies. This will have an huge advantage on
researches and on commercial applications. More and more
applications depend on accurate and fast 3D scene analysis.
Collecting 3D geometric information from a real environment
is a difficult task for many applications in computer graphics.
Some examples are cultural heritage, virtual and augmented
environments and human computer interaction, which for
example are used for gaming and doubtless take advantage
out of simple and accurate devices for real-time range image
acquisition [16]. The paper starts with the description of the
different properties of light. Followed by this their fields of
application are introduced which includes motion detection,
depth sensing and the authentication through touch input.
After this section the application fields problems and issues
are discussed. The paper ends with a conclusion.

2. PROPERTIES OF LIGHT
Light acts in two different ways which can be proven within
experiments. On the one hand it has the behavior of waves,
with various wavelengths, and on the other hand it behaves as
a particle, a photon traveling at light speed [29]. Techniques
of communication either take advantage of the first or the
last property.

2.1 Physical properties
As we see light as a bunch of wavelengths with different
behaviors there are view which offer special abilities that can
be capitalized for various intended purposes. Not all of these
wavelength are represented as color by the human eye, some
are invisible. The visible range of wavelengths is between
380nm and 750nm. Ultraviolet light are wavelengths beneath
this visible light range and infrared light above this range as
written in [29].

2.1.1 Infrared
Infrared is a rather old technique for optical communication
so further there are no big researches done within this area.
It is commonly used for cheap remote control applications
as for example for television sets. Infrared allows emitting
and detecting with high speed at low costs and a virtually
unlimited bandwidth. Because its wavelength is near to
visible light it has similar behavior. It penetrates through
glass, gets absorbed by dark objects and is diffusely reflected
by light-colored objects. For this reasons it is limited in
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its fields of application [13]. The infrared technology can
be applied to outdoor and indoor communication systems
with low power emitters like light-emitting diodes because
the receivers can be focused on the emitters or reflectors.
Because of the needed directionality of the infrared link it is
highly vulnerable to blockages. In many application scenarios
a direct link is impossible to accomplish. Problems come
up with a bad weather condition like high outdoor solar
background or indoor florescence noise and also the receiver
can be influenced by dark noise. All these factors harm the
infrared link and influence the detection performance [31].

2.1.2 Ultraviolet
The first studies of UV communication date back to the
1960’s. It was an outdoor application with a scattering-based
UV link over a distance of 26km. As UV light emitting
source a xenon flash tube was used and as a receiver a pho-
tomultiplier tube has been served. With its wavelength out
of the visible light range it is similar to infrared but it is less
sensitive to weather conditions and the medium in which it
is traveling. This behavior is due to the characteristic of the
earth’s atmosphere which acts as a filter for solar ultraviolet
waves. However humans are sensitive to deep ultraviolet, so
at designing systems this must be considered. For a commu-
nication system a transceiver has to use bidirectional links.
For this reason a full duplex method is needed. Typical
methods are time division and wavelength division duplex.
The application range suites for commercial and military
application, with its fields of application in communication
and sensing as Brian M. Sadler describes them in [31]. Ex-
amples for commercial use are distributed networks, sensor
integrated circuits in medicine, and sensing the constitution
of the air for checking the pollution.

2.2 Complex properties
When we see light as a particle (photon) that travels at
the speed of light - which in this situation can be seen as a
constant speed - light even provides more complex capabilities
as for example measuring the time a photon takes to cover a
distance or calculating a surfaces three dimensional structure
by measuring interferences of light patterns.

2.2.1 Light Fields
Light field techniques take the so-called plenoptic function to
describe the intensity of all light-rays at any point in 3D [16].
The technique of light fields is to interpret 2D images as slices
for a 4D function. This function characterizes the flow of
light through space in a static scene where the illumination is
fixed. Those light fields are created from large arrays of both
rendered and digitalized images. Out of a created light field
it is possible to generate new views. Since a light field needs
a high sample rate, methods for compression become handy.
Such an image-based rendering system generates different
views out of pre-collected sets of images. The algorithm for
displaying is not highly CPU-intensive and suites for realtime
implementation. Every scene has a different complexity
within the costs for viewing can rise. Images of the scene can
be taken from real or virtual environments. Actually both
can be mixed together. The forerunner of these techniques
are environment maps which capture incoming light arriving
from all directions at a point and save them to a texture
map. The major limitation of this rendering system is that

the viewport is fixed. Within the help of view interpolation,
which requires a depth value for each pixel in the environment
map, which easily are provided with synthetic images the
fixed view can be relaxed. Another way to achieve this is to
interpolate between acquired images to find accordances. But
these algorithms are hardly reliable as Levoy and Hanrahan
describe in [19].

The creation of light fields can be done from rendered and
digitized images. The first method is to choose a 4D sampling
pattern and find its radiance for each line sample with the
help of a ray tracer. This works exactly the same for real
environments with a spot radiometer, but it would be very
tedious. The more practical way is to generate light fields
by assembling a bunch of images. Generating a light slab for
a virtual environment out of rendered images can be done
easily by rendering a 2D array of images. Within each image
represents a slice of the 4D light slab. The second variant for
generating light fields is to digitize images but, this requires a
large number of images which raises a formidable engineering
problem. Because of this there has to be an automation
or at least a computer-assisted process. Another difficulty
is that the scene must properly be illuminated all the time
and the camera pose should be estimated, so the steering of
the camera should be done by a machine which process is
delineated in the paper of Levoy and Hanrahan [19].

For displaying a light field a real time viewer constructs and
displays the geometry of an image from the given light slab.
The viewer must reassemble the 2D slice of the 4D light field
as each line represents a ray through the eye point and a pixel
center [19].Light fields also make a holographic stereogram
possible and improve the viewing angle and the loss of light
power of holographic displays how this is made is described
in the paper of Joonku, Hwi, Yongjun, Gilbea and Byoungho
[9]. A requirement is a scene with a high contrast [13].

2.2.2 Structured-Light
This technique calculates the depth and surface information
of an object by illuminating it with a light pattern as written
in [7]. Usually this pattern is generated by a laser with a
cylindrical lens [4]. There are various kinds of such patterns,
like colored stripes or invisible dots. The deformation of
these patterns when striking surfaces are captured from a
camera and taken for computing a 3D image [7]. For a dense
reconstruction the scene must be scanned by the plane of
light, which is a quiet slow process. However this can be
made faster with the use of special sensors instead of usual
CCD cameras [4]. This is the easiest way but it requires as
many photos of the scene as the resulting image has pixels in
its width. That’s why Daniel Scharstein and Richard Szeliski
tested two other kinds of structured light - binary gray-code
patterns and series of sine waves.

Because the earliest LCD projectors only represented black
and white gray-code patterns were used. Although the scene
only had to be illuminated with view vertical and horizontal
patterns. Since only one bit can change per time this method
is well suited for such binary position encoding. But for that
reason series of images must be taken to uniquely determine
the pixel code. For each pixel it has to be decided if it is
illuminated or not like shown in figure 1[27]. The advantage
of gray-level resolution of modern LCD projectors makes
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Figure 1: Examples of Gray-code images from the
paper [27]

it possible to project a continuous function onto the scene
which can lead to less required images or otherwise to a
higher precision with the same amount of images. It also
has the potential to overcome discretization problems which
might produce artifacts. When projecting a single sinus
wave on the scene a two-way ambiguity in phase occurs: For
this reason it is practicable to project two or more waves at
different phases. A corresponding image computed with this
method is shown in figure 2 from the paper [27].

Figure 2: Example of sine wave image [27]

Both methods are tending to have problems like shadowing
effects but also have benefits in some other cases [27]. When
it comes to real time 3D computation, phase-shift algorithms
become handy which is described by Song in [32].

2.2.3 Time-of-flight
In difference to the passive system of light fields and the active
system of structured light for computing 3D measurements
the time of flight method serves as an elegant alternative for
them [3]. In the past these were big sensitive and expensive
cameras systems and that is why they only were practicable
for some operational areas [18]. There also is no low-priced off-
the-shelf system available which has the ability to calculate
full-range high resolution distance information in real time
at that it is a quiet small device[16].

Time of flight (ToF) cameras cameras base their intensity
modulation on delivering information about range, amplitude
and intensity [16]. The range is measured by sending out
a signal in this case the scene is illuminated with a light
pulse which takes a specific time to travel through the given
medium to an object and back [3]. The reflected light is
gathered by the camera’s lens and further processed by the
sensor plane. The bigger the distance between the camera and
the object the delay of the signal rises. With an approximated
speed of 300,000,000 meters per second this delay of the

light pulse may be very short but it is still measurable [30].
The amount of correlation is described by the amplitude
values of the emitted and reflected light and describes the
correlation between them. The intensity is relative to the
amount of incident active light which also is determined
by the object’s distance and surface character [16]. The
whole scene measurement happens within a single shot and
with the frame rate of up to 160 frames per second this
is perfectly suited when it comes to realtime applications
[30]. With this technique it is possible to create 3D pictures
with less computational expense [3]. Since semiconductor
processes became fast enough for such devices ToF cameras
were produced for civil applications at around the year 2000.
With it it is possible to measure distances in a range between
few centimeters and up to 60 m [30].

3. FIELDS OF APPLICATION
Over the past view years many techniques have been de-
veloped to assimilate incoming information from light and
representing information with the use of light. Revised hard-
ware and algorithms make faster up to real time processing
possible. For many applications the essential task is to ac-
quiring 3D geometric information from real environments to
create computer graphics [16].
Light can be used for motion detection which means that
the change of the position of an object can be recognized.
Another way to use it is for gathering information about the
depth or structure of a captured scene or object. But there
are still further ways. The following section describes the
fields of application of motion detection.

3.1 Motion detection
The recognition of hand gestures and movements provides an
interaction interface for games, operating systems and even
medical applications [16]. An important gesture is the deictic
gesture which can be detected from a system. Its pointing
direction is used to decide whether the gesture is intended
for the system or has a different meaning depending on its
direction [10].

Motion detection can be done with infrared. A popular
example is the leap motion controller which uses infrared
LEDs and cameras to detect hands and fingers for controlling
a computer system [2]. With the technique of structured
light it is possible to measure dynamic scenes and deformable
objects. Within researches scientist are trying to find a way
to capture human facial expressions like described in [14].
Also ToF cameras can accomplish 3D marker-less realtime
respiratory motion detection with an accuracy of 0.1 mm
[25].

3.1.1 Leap motion controller
The leap motion controller is a small USB device and is
invented to serve as a controller for a desktop PC. It uses the
technique of structured light to detect body parts like a hand
or fingers and their motion. For that it is equipped with two
monochromatic infrared cameras and three infrared LEDs.
The device is capable to observe a roughly hemispherical
area up to a distance of 1 meter. The three infrared LEDs
generate a 3D pattern of dots which are reflected and cap-
tured by the cameras with almost a frame rate of 300 frames
per second. Via a USB cable the collected data is send to
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the host computer where it is analyzed by the leap motion
software and the 2D frames are compared and synthesized
with algorithms which are not published by the company to
3D position data [2].

With its smaller observation area and higher resolution com-
pared to Microsoft’s Kinect it has different fields of appli-
cations. The Leap’s abilities are perfectly suited for nav-
igating a website or use pinch-to-zoom gestures on maps,
high-precision drawing, and manipulating complex 3D data
visualizations while the Kinect is more practicable for whole
body tracking [2].

3.1.2 Microsoft Kinect
The Kinect is a low budget device that has an infrared
projector, a rgb-camera and a infrared camera. It uses
the technique of structured light to generate a 3D sample.
The projected light pattern of the infrared projector has a
wavelength of 78nm. Within it is not visible for the human
eye and it is not affected by the environments light of an
indoor scene. Because of the none published algorithm of
how the relatively low clocked CPU calculates a 3D model
out of the reflected light patterns it is supposed that the
emitted dots of the light pattern are arranged in a code which
leads to less computational effort which Stenzel delineates in
[28].

As described by the inventors the principle of how the
Kinect’s depth measurement is a triangulation process. The
laser source of the projector emits a single beam which is
diffracted and thereby split into multiple beams. Thus it
creates a constant light pattern of multiple dots projected
onto the scene. The infrared camera captures this pattern
and the cpu compares it to a reference pattern. The reference
pattern is a - pre-captured and stored in the internal sensor’s
memory - image of a plane scene with a known distance. If
a dot is projected on an object whose distance to the sensor
differs to the reference pattern’s than the position of the
dot - captured in the infrared image - will be shifted in the
direction of the baseline between the laser and projector
and the infrared camera’s perspective center. For all dots
these shifts are measured whereby one gets a disparity image.
From this image it follows that each pixel’s distance to the
sensor can be retrieved from it (see figure 3).
To combine depth and color data the orientation of the RGB
camera must be relative to the depth coordinate system’s
orientation. For this both cameras have to be calibrated.
After that the colored image can be applied to the depth
map [15].

Figure 3: Left: infrared dots pattern projected on
an object; Right: the resulting depth image. Source
[15]

Microsoft provides developer a software development kit
(Kinect SDK) with no publisher licenses. But there are
several others which do provide a general public license.
Centerpiece of the Kinect SDK is the NUI API which collects
the raw values from the sensors among others these are
the depth information and the RGB-image. Therewith no
addition calibrations are needed to calculate the skeleton
model of the captured person. The recognizing of a person’s
pose is done within real time where single body parts have
to be recognized and each pixel gets assigned to them. To
find the corresponding pose a huge motion capture database
which contains 100000 poses is sweeped for a match with
the calculated data. To eliminate redundancies two familiar
poses always must have a minimum distance of 5 cm.

A limitation for the Kinect’s functionality is that the interact-
ing person always has to observe a specific distance otherwise
depth calculation may deliver wrong data or no result [28].
To cover a wider range the Kinect has two operating modes.
On the one hand the near mode which is capable to collect
data in a distance between 40 cm and 300 cm on the other
hand there is the default mode which range is between 80
cm and 400 cm. This distance limitation is set by the Kinect
SDK [21]. Like all other optical motion detection systems
the Kinect has the problem of occultation. Enhancements
can be made within the usage of multiple devices which are
switched in array. But unfortunately this comes to the issue
of interferences which are described more precisely in chapter
4.2 [28].

3.2 Depth-sensing
Several techniques like structured-light, time-of-flight or light-
fields can be used to gather information about the depth of
a captured scene. Especially light fields are an advantage
for scanning static scenes which was done by scanning the
scene row by row with laser techniques. It is less expensive
and occurs in real time. ToF cameras could be deployed in
automotive applications as a parking assistance system as
discribed in [16].

3.2.1 Out-of-position system
One of the first ToF application was for seat occupancy
monitoring in cars with the aim to detect if an adult a front-
or rear-faced child sits on the seat and regarding to this to
deploy the airbag. Because air bags do not always save lives
- they also can kill people if their posture is critical. To avoid
this the airbag inflation must me controlled and adjusted
individually [8].

These kind of ”smart airbags” use a ToF sensor with active
modulated infrared illumination to measure not only an
intensity grey value for each pixel but also the distance to
objects located in the scene. The obtained seat occupancy
is classified by comparing it with pre-collected sequences.
To raise data for this sequences several adults with wights
between 50 and 90 kg and a dozen different child seats were
taken as propositi. To avoid disturbing pixels which come
from the background, the outside of the car or are part of the
static scene, every pixel’s distance to the camera is measured.
With this they can be compared to a minimum or maximum
distance and a compensation of those can be achieved.
For detecting and tracking the head position two further
steps are required. At first head-like regions have to be
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detected. To find a head the cartesian coordinates vertically
view and horizontal view are scanned for a ellipse. And as
second step the tracking algorithm takes the coordinates of
these positions to calculate an optimal trajectory for the
airbag [8].

This technique improves airbags’ live saving task but still
may produce errors. For example adults can be confused
with forward facing child seats or small females may in size
or volume be detected as a six year old child with a winter
jacket sitting in either a forward facing child seat or booster
seat. This differences are hard to recognize for the system
and must be addressed in future work [8].

3.2.2 Plenoptic camera
Plenoptic cameras sample a 4D light field on its sensor in
one photographic image. Within this light field they record
information conventional cameras would not record.
The difference to usual cameras is that they have a microlens
array between the imaging sensor and the main lens. Each
microlens measures each ray’s amount of light and the total
amount of light at that location and also the direction of
the incoming light beam as shown in figure 4. Thereby
the main lens focuses a subject on to the microlens array,
which separates the converging rays back to a subimage for
each microlens onto the photosensor. To imagine this it is
comparable to replacing the retina of an human eye with an
insects eye (microlens / photosensor array) [24].

To get the sharpest microlens images as possible the mi-
crolenses have to be focused on the principal plane of the
main lens. This means they need to be in a fixed distance
to the main lens with a high accuracy otherwise it will lead
to misfocus and blurring in the microlens subimages. The
size and clarity of each subimage determines the directional
resolution of the whole image. Therefore one has to cover as
many photosensor pixels as possible. For this one chooses
the relative size of the main lens and microlens aperture so
that the images are as large as possible without overlapping
each other. These measured rays can be resorted the same
way a synthetic camera would do for a specific configuration
and with that it is possible to compute a sharp picture with
its focus on every user-defined spot (see figure 5) from paper
[24].

Nowadays these cameras are small enough to serve as a hand-
held device and look and operate exactly the same way as
a conventional camera [24]. Certainly these cameras need
photosensors with an extreme high resolution but the images
have a much lower resolution. Better algorithms which can
be found in [20] address this issue.

3.2.3 Parallax display
These displays are a kind of autostereoscopic display. Such
displays present a three-dimensional image to a viewer with-
out the need for any additional devices like glasses or helmets.
For creating a special image a material must originate in or
redirect photons. Autostereoscopic displays can be divided
into three classes, which are: re-imaging displays, volumetric
displays, and the most common parallax displays. All of
these types have inherit strength and weaknesses which more
precisely are described in the work of Halle [11].

Figure 4: Conceptual schematic construction of a
plenoptic camera from [24]

Figure 5: Examples of a four times refocused light
field photo from [20]
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The parallax displays are the most compatible ones with
computer graphics and take advantage of light fields. Their
surfaces are covered with display elements which can radiate
light of directionally varying intensity in different directions
as comparable to figure 6. The front glass of the display
can be seen as a continuum that sends out a hemisphere of
light varying in intensity. Each output site does not contain
any information about depth, it just radiates information
captured form one viewpoint. The light that is emitted from
several sites considered as a whole and intercepted by the
viewer’s two eyes present a three-dimensional image [11].

Figure 6: A parallax panoramagram from source [11]

3.2.4 Foreground-background segmentation
TV studios often use 2D chroma keying to segment a fore-
ground object from a specific background color, where the
background gets exchangeable. But this method has limita-
tion because the foreground object can never be occluded
by a virtual object. This limitation can be resolved by high-
resolution foreground-background segmentation whereby the
boundary of a 2D/3D image can be separated and new virtual
objects can be inserted [6].

3.3 Authentication through touch input
3.3.1 Fiberio

Fiberio is a 2D-sensor that detects touch and hovering input
and reconstructs 3D-information out of it [5]. Such a device
is a rear-projected multitouch table as shown in figure 7. Its
screen is a fibre optical plate and serves as a light diffuser.
Because of this functionality the rear-faced projector is able
to project output information in form of commonly known
touch-screen user interfaces. But this screen also has a spec-
ularly light reflecting property. Which produces the required
contrast for the rear-faced camera to detect the biometrics of
the input object by which the device is able to unobtrusively
and securely authenticate users by their fingerprints. Fibreio
is the first device with such skills whereby users don not
longer have to carry authentication tokens with them [12].

The general approach is sensing 3D input on 2D sensors upon
physical contact. Common touch technologies recognize if at
all only limited hand parts [23]. Fiberio can even calculate
the pose of the input signal by means of the spot of the
surface where it touches the screen [5].

Figure 7: Fiberio table device as used in [12]

Another improvement that comes along with this new tech-
nology is the high-accuracy which makes it possible for a user
to reliable touch targets that measures a third of the size of
those on current touch devices. Not only the user itself but
also the pose of his finger has influence on the interaction
with the system because the user is authenticated by his
fingerprint and the pose of his finger can be recognised the
input position can be stated more precisely. The combination
of those two factors make this possible [5].

This technology is very flexible in its operation areas. A
further way to use it is for larger touch sensitive floors.
Those authenticate users by means of their soles of their
shoes and detect all other body party that touch the floor.
By this arrangement the system calculates the pose of the
detected persons. This can be used for intelligent housings
as Holz and Baudisch describe in [5].

4. PROBLEMS AND ISSUES
The described techniques in this paper still show many barri-
ers, problems and issues that have to be addressed and solved
or a work around has to be found. Below I will describe the
main problems and issues and show some solutions for them.

4.1 Light Fields
Rendering a light field has three major limitations that have
to be solved. First, is to avoid blurriness - a high sampling
density is needed, which leads to the requirement of a lot
of memory. However the data size of a light field can be
reduced after its creation by data compression.
Second, the region to be observed has to be free of occluders.
This limitation may be solved by combining multiple light
fields, which also are based on the same scene.
Third, a fixed illumination must be provided all the time.
This could be solved by include surface normals and optical
properties to light fields [19].

4.2 Structured light
The structured light technique still has a huge issue of in-
terferences between multiple structured light-based depth
sensing devices aligned towards the same scene. Also holes
and noise in depth maps have to be reduced. This originate
from the overlapping and similar patterns of the other units,
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which have trouble to disambiguate theirs from the others.
The Kinect always projects the same pattern of dots for
all units that have the same wavelength. When dots from
multiple units overlap, a single unit can fail to find a known
pattern. If this happens the Kinect doesn’t give back any
data which causes such holes. [22].

Researches have shown that applying a small vibration with
a motor to a subset of the Kinect sensors, results with re-
duced interference, holes and noises can be archived. When
structured light cameras with combined projectors are moved
relatively to each other in a high frequency, so that the move-
ment of its projected pattern is significant over the cameras
integration time, each unit will see its own pattern sharply
and all others in blurred version (see figure 8)from source
[22].

Figure 8: None moved Kinects versus moved units
[22]

With this solution the problem of a blurred RGB image
involves. The Kinect also has a RGB camera that applies
a color texture to the computed depth map [22]. To elimi-
nate this negative side-effect the image can be deconvolved
by using the lucy-Richardson method [26]. Or a complete
elimination of the blur effect can be archived by using an
external camera [22].

4.3 Time of flight
The first disadvantage of the time of flight technique is
that most of the background light that comes from artificial
lightning or from the sun is suppressed and although each
pixel has to provide a high dynamic range. As every light
source the background light generates electrons, which have
to be stored as well. The illumination unit of a today’s ToF
camera has the power of 1 watt. However the sun illuminates
with the power of about 50 watt per square meter. Therefore,
it’s easy to see that a scene with a size of 1 square meter
is illuminated 50 times stronger by the sun than by the
modulated signal [30].

The second disadvantage is the problem of interference when
used multiple cameras at the same time, thy may disturb each
others’ measurements. On the one hand time multiplexing
can deal with this problem and on the other using different
modulation frequencies can handle it, too. Time multiplexing
can be applied by a system that starts the measurement of
the different cameras one after the other, so that only one
camera is illuminating the scene at a time. Using different
modulation frequencies means for the cameras that thy have
to use send their light signals with different modulation
frequencies, nevertheless the other cameras will still collect

this light but only as background illumination, which doesn’t
influence the distance measuring [30].

The Third disadvantage becomes apparent as a ToF camera
doesn’t illuminate one point after another. It illuminates the
whole scene at once which leads to multiple reflections. Due
to these reflections the light may reach the objects surface
at several spots, which influences the measurement. The
measured delay may be greater and with that the calculated
distance [30].

5. CONCLUSION
This paper explains how the different physical properties of
light can be used for wireless optical communication. In-
frared and ultraviolet are rather tools for the more complex
technologies than used as single technique.

Light fields measure the intensity and angle of all light-rays at
any point and finds usage for example in plenoptic cameras.
But it also has problems like the need of a lot of time, memory,
absence of occluders and a fixed illumination. Although there
already are consumer cameras available, they have a quiet
poor resolution, if this will be improved I think such kind of
devices will become more popular.

Structured light is capable of calculating a scenes surface
by emitting a light pattern and detect the corresponding
deviations to a reference pattern. The probably most famous
application using this approach is the Kinect. Also issues like
interferences have to be solved. The Kinect has a huge fan
community with many people developing own applications
or finding solutions to improve its performance. With this I
think this technique will go ahead within lots of improvements
will be made.

The time of flight approach measures the time an emitted
light beam takes to travel through a specific medium and
come back. It’s used for depth sensing like in the out-of-
position-system, which applies an airbag according the pose
and physique of an occupant. As well this technique has
many problems like disturbing light from the background or
reflected light that leads to higher delays. But here still is a
high potential, too.

It seems that the optical communication will be getting more
and more important in our daily life. It’s an upcoming
research field and has a lot of potential but also has many
problems and barriers which are addressed and will be solved
in future work. First of all devices are getting cheaper and
more powerful with smaller sized hardware parts thereby
they will revolutionize many fields of research and will have
more and more potential [16]. For example visible light
could be used for not just illuminate a room but also for
constructing a wireless optical communication system. For
such a system white LEDs are used because they offer higher
brightness, reliability and a lower power consumption system
[17]. I believe in future these technologies will detach many
of obsolete techniques and bring make new ones possible of
which we now think that they aren’t possible.
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ABSTRACT
The Web is widely used and Smartphones are established in
our everyday life. So it is important to face privacy issues
in this context. Hence, this paper introduces some possi-
ble approaches to control privacy and be aware of privacy
loss. In the Web the user should understand privacy policies.
It should be easy to configure the privacy settings in soci-
al networks. Applications often receive sensitive data from
smartphones, for example contact information. In this case
the user should control which information is used by which
application (and understand why). So in this paper some
approaches to enable the user better awareness and control
over privacy are introduced.

Keywords
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1. INTRODUCTION
Nowadays social networks are very popular. More and more
people make use of smartphones and associated applications.
In the web cookies are as normal for the user as privacy
policies. Since the user loses more and more of his privacy it
is important to protect the privacy in the web and on the
smartphone. For that reason this paper gives a summary of
existing approaches to protect the user’s privacy and to show
possible privacy loss.
After a short overview, privacy user interfaces for the web are
introduced, more precisely to protect the privacy in social
networks and to understand privacy policies. Several browser
add-ons are presented as well. Subsequently approches for
privacy user interfaces for small devices are given, especially
to realize and hamper privacy loss based on application
permissions. Finally these approches are sumed up.

2. OVERVIEW
In the following section a general view of privacy awareness
and control is given. Besides guidelines and conventions for

6th Seminar on Research Trends in Media Informatics (RTMI ’14).
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a user interface are introduced. Finally some privacy issues
which should be considered are suggested.

2.1 Privacy Awareness and Control
Computer scientists should grapple with privacy [19]. The
abilities of sensors are increasing. Also high speech and video
processing possibilities and the enhanced sensors make it
achievable that data is continuously and unobtrusively ga-
thered. So every action, utterance and movement is recorded.
Langheinrich [19] thinks that ”everything we say, do, or even
feel, could be digitized, stored, and retrieved anytime later”.
Hence it is importatnt for the user to be aware of priva-
cy lacks. More precisely he should be able to controll his
personal content and in this way don’t lose privacy.

2.2 Guidelines and Conventions for User In-
terfaces

A user interface should possess a balance between its usability
and the rights to privacy [13]. What should be possible is
a good balance of convenience and control not trying to
achieve the total security. So there are several main areas
which should be focused [19]:

1. Notice: The fundamental principle should be Openness
or Notice.

2. Choice and Consent: The user has to explicitly con-
sent data collections. It must be possible to disable
single functions without shutting down the whole sys-
tem.

3. Anonymity and Pseudonymity: One alternative to
personal data collection is the use of anonymity and
pseudonymity.

4. Proximity and Locality: One idea is that data is
simply tied to its location. So, for example, informati-
on collected in a building network would stay in this
network.

5. Adequate Security: Secure communication and sto-
rage methods have to be considered.

6. Access and Recourse: There has to be a set of re-
gulations that separate acceptable from unacceptable
behavior.

With these areas in focus a privacy relevant interface can be
implemented [19].
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2.3 Privacy Issues
On the Web we are confronted with privacy issues constantly.
We find privacy policies on websites, which we have to ac-
cept. Therefore, it would be beneficial if we understood them,
too [23]. Also the number of members in social networks
is growing every day. The most popular social network is
facebook1. Here the user has a lot of possibilities to interact,
for example he can share items (like videos and pictures)
with other users. Hence you can edit your privacy settings
in facebook. However, users often have problems with the
interface [24]. Therefore several other interfaces were develo-
ped to support the user in his behavior. There exist a lot of
browser add-ons which are implemented to protect the users’
data. Users often install third-party applications on their
smartphones. They have to give all requested permissions to
be able to install these applications [22]. Therefore several
interfaces were developed to avoid this.

3. PRIVACY USER INTERFACES FOR
THE WEB

It is often difficult for users to understand privacy policies on
websites [17]. So there are a lot of approaches which try to
simplify the complexity of such policies for the user. In the
following section some of these approaches are summarized.
In online networks (for example facebook) the user can sha-
re his content with others. To preserve his privacy, he can
edit the privacy settings in a social network. Some more
userfriendly alternative interfaces are introduced in the follo-
wing section. Furthermore a short overview of certain privacy
add-ons for web browsers is given. Finally another approach
called the ”1-Klick Software” is introduced.

3.1 Privacy Policies
Privacy policies are often difficult to understand [17]. Because
of that some approaches to simplify the understanding of
such policies are introduced in the following section.

3.1.1 Platform for Privacy Preferences
According to Olurin et al. [23] users often want to be aware
of how their personal data is managed by websites. In many
countries commercial websites have to post their privacy
policies on their websites. These are normally published in
natural language text. So users often don’t understand the
policies because they are too complex and confusing. That is
why the World Wide Web Consortium (W3C) proposed the
Platform for Privacy Preferences (P3P) project. The policies
are expressed in a machine readable XML2 format and can
be read (because of a protocol) automatically from the web
browser. For that the policy is encoded in a XML-based
syntax and vocabulary. It’s a collection of statements which
include the purpose, the retention and the recipient of each
piece of the (personal) data. A P3P user agent can auto-
matically retrieve and interpret the policy and transforms
these policies into a human-readable format. Users can define
their privacy preferences. The user agent checks whether
these policies are consistent with the user’s preferences and
gives privacy warnings. One problem with this approach is
that websites don’t have to express their policies in P3P
format. Other difficulties are the existence of not correctly

1https://www.facebook.com/
2Extensible Markup Language

constructed policies (syntax or semantic errors), that the
only supported language is english and other reasons.

3.1.2 AT&T Privacy Bird
Cranor et al.[9] introduced a Browser add-on for this plat-
form. A P3P user agent called AT&T Privacy Bird which
can compare the user’s privacy preferences against the P3P
policies. It works as a ”browser helper object”. The user
sees a bird icon in his browser which may be in the color
green, yellow, red or gray (Figure 1). A green bird represents
that the privacy policy matches the user’s preferences. An
additional red exclamation point means that the site con-
tains embedded content that doesn’t match or doesn’t have
a P3P policy. A yellow bird shows that the site doesn’t have
a policy and a red one indicates that the policies doesn’t
match the user’s preferences. If the tool is turned off a gray
icon is showed. Bubbels by the birds help users if they are
colorblind or don’t have color displays.

Figure 1: Privacy Bird icons. [9]

To access the tool’s menus the user simply clicks on the bird
icon. Here the user can e.g. set his preferences or can read the
summary of the site’s privacy policy. As the circumstances
require the policy summary also explains in which points
the policy differs from the user’s preferences. To keep the
GUI 3 for the preference configuration as simple as possible
and hereby not overwhelm the user with too many possible
combinations the number of choices was reduced to twelve.
The user can select any or all of them. There are also pre-
configured privacy settings from high to low. If the user picks
one of them the conditions are setted automatically. A user
study showed that with the AT&T Privacy Bird users began
to read privacy policies more often [9]. Also they were more
protective about their privacy. The biggest constraint is that
the usefulness of this tool is limited by the number of websites
which implemented P3P.

3.1.3 P3P - Configuration Wizard
Kolter and Pernul [18] demonstrate a novel user-friendly ge-
nerator for privacy preferences. Therefore a user-friendly P3P
based wizard to generate privacy preferences was developed.
The multi-user approach is a main feature of the interface.
The interface is splitted into three user modes and the user
can choose whether he is a beginner, an advanced user or
an expert. The user gets offered different configuration opti-
ons in each mode. A user can change the mode at all times
(also after his initial setting). Twelve categorized Internet
service types are defined: Web Mail, Online Shopping, News
and Knowledge Portals, Banking, Social Network Platforms,
Forums and User-generated Content, Online Instant Mes-
saging, Download Portals, Online Games, Health Portals,
eGovernment and eLearning. After starting the interface and
selecting the user mode the user can choose one out of the
twelve types. A configuration wizard starts to collect the
user privacy preferences. If a website doesn’t fit with the user

3Graphical User Interface
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settings the user can specify the behaviour of the privacy
agent. He can’t accept the release of additional data, he can
accept it but wants to be warned or he accepts it without
notification. Furthermore a user can choose what a provider
may use the personal data for. The most often purposes are
personalization and contacting. So a user can limit the perso-
nalization activities and adjust privacy preferences to not be
directly contacted. At last a user can control the recipients
of their personal data. Therefore three differently grouped
third-party entities are defined: third-parties following equa-
ble practices; third-parties following different practices and
public areas. A user simply chooses which options are allowed.
Finally the user gets a summary of his settings in the Privacy
Cockpit (Figure 2).

Figure 2: The Privacy Cockpit gives an overview of
the user’s privacy preferences. [18]

The service types are sorted by their impact on the user’s
privacy. For this each service type gets a privacy level and
is represented with a dynamic color scale from red to green.
Five icons emphasize the user’s settings.

3.1.4 Nutrition Label
Another approach is the design of privacy labels described
by Kelley et al. [17]. The privacy policy is pictured similar
to a nutrition label. The privacy policies of one company
is represented on a single page. In this way the user gets
represented how his personal information is collected, used
and shared. By a comparison of three formats for privacy
policies (natural language policy; PrivacyFinder, a simplified
human-readable version based on P3P policy; Expandable
Grid - using the P3P policy broken down by categories)
Kelley et al. found that none of these formats are pleasurable
or easy to comprehend. Originated from the P3P Expandable
Grid they developed the Simplified Label first. Here the user
simply sees Yes/No statements. Kelley et al. reduced the
complexity as compared with the P3P Expandable Grid. To
give more details without overwhelming the user the next
development was the Simplified Grid. Based on the Simplified
Grid, they developed their concept of privacy nutrition labels.
The user gets an overview how his data is used (Figure
3). This is implemented via four different symbols showing:
which data is used (red, exclamation point); which data is
used unless the user changes this (red, marked by ’OUT’);
which data could be used but isn’t used at the moment (blue,
marked by ’IN’); which data isn’t collected (light blue, white
stroke).

Figure 3: The Nutrition Label gives a user an over-
view how his data is used. [17]

In a user study Kelley et al. [17] evaluated the privacy awa-
reness given by the Nutrition Label by asking questions about
information-finding and policy-comparison. With the label
more people can estimate questions about their privacy more
accurately compared to existing natural language privacy
policies. Also they were finding these information faster than
in a natural language policy. On the other hand some parti-
cipants had problems with the labels.

3.2 Privacy in Social Networks
The most famous social network is facebook. A lot of data
is shared every day, for example pictures and videos [4]. A
lot of users have problems with editing their privacy settings
using the standard facebook privacy setting interface [24].
Hence, there are a lot of different suggestions how a better
interface could look like.

3.2.1 Improving the Usability of Privacy Settings in
Facebook

In social networks users often want to share information with
only a group of certain people. An alternative interface to
simpler understand and configure privacy settings on facebook
was developed by Paul et al. [24]. This interface is based on
three criteria. For a start a user should check and change his
settings with as few effort as possible. Additionally common
practices like drag and drop should be used. Furthermore
the interface provides a direct success control by showing
changes instantly (Figure 4). Therefore different colors were
used to show the share status. Red stands for total privacy
(visible to nobody), blue means that data is visible to selected
friends, yellow implies that data is visible to all friends and
green implies that it is visible to everyone. To change the
privacy settings, a user simply clicks on the configuration
button in his profile. Now he sees his privacy settings which
are visualized by the colors explained previously. If he wants
to modify his settings he can change them through colored
buttons.

In this way the user can simply change his privacy setting
for each item he wants to (typically images). To simplify the
settings a user can structure his friends in groups. In this
way he can share an item with a group of people and doesn’t
have to select them all separately. A user study yield that
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Figure 4: Adjustment of Photos in facebook - visua-
lization via colors. [24]

tasks can be solved better and faster with this interface than
without it [24]. The option to only share items with selected
friends didn’t come naturally to some users. Also the task to
find out what items are visible to a certain friend causes in
problems.

3.2.2 Privacy Interface Based on Venn Diagrams
To simplify the configuration of privacy settings Egelman et
al. [10] introduced an interface for facebook based on Venn
diagrams (Figure 5). Here a user can select whether he allows
or denies access for overlapping networks. If he allows access
the network is shown green, if not it’s red.

Figure 5: Managing permissions via the Venn dia-
gram interface. [10]

In a user study [10] the participants got four tasks. In these
tasks they had to share pictures with predefined groups of
people (for example share pictures with as many people as
possible but not a special group of people). To arise out of
the study results participants made equal or fewer errors
when using a Venn diagram interface as if using an interface
identical to facebook ’s current interface. It may be more
effective, but it’s only usable if a user has three or fewer
overlapping sets (for example two networks and a list of
friends).

3.2.3 Privacy Bubbles
Another problem users often have is based on the fact that
you cannot simply share data with only a bunch of people to
whom the user has no connection with in his social network.
To counteract that effect, Christin et al. [4] introduced the
Privacy Bubbles. With them users can share data (pictures
for example) with only a small group of foreign users (to
whom the user isn’t normally connected with in any way). In
this way it’s possible for users to share content with people
they have no social connection with but who are in their
physical vicinity at a given time. For that they create a

privacy bubble with a certain radius and duration where
the radius represents the physical distance between the user
and other people. Hence the smaller the radius and duration
the better the privacy protection. The user always keeps the
control about their bubbles and the pictures they shared in
the bubbles. Besides he can review his pictures before they
will be shared. Figure 6 a) shows the interface with its main
functions (creation of a bubble, viewing of the user’s pictures,
searching for new pictures and setting of the privacy). The
setting options of the radius is shown in Figure 6 b) and the
picture management is shown in Figure 6 c).

Figure 6: Privacy Bubbles user interface - the left one
shows the main functions of the interface (a), the
figure in the middle illustrates the possible bubble
personalization (b) and the right one represents the
picture management (c). [4]

A user study [4] showed that the majority thinks it’s easy
to comprehend Privacy bubbles. Most of participants wanted
to review the pictures before they would be shared. Only a
handful of participants don’t feel comfortable that people
can access their pictures.

3.3 Privacy Add-Ons for Browsers
There exist a lot of add-ons to protect the user’s privacy.
Most of them are assigned to three groups [1]. For a start
add-ons in order to prevent that third parties are able to
track the users movements. Furthermore add-ons to block
ads and scripts and finally add-ons which enforce good habits
by passive security tools.
The following section presents a few of each group. At this
Firefox and Chrome add-ons were of prime importance here.

3.3.1 Ghostery, Disconnect and Better Privacy
For users who care about their privacy it is important to
disable third-parties from tracking them.
One popular add-on is Ghostery. It blocks tracking cookies
and scripts. Every time a user is visiting an ad network or
tracking script the user gets a list with all its information.
It’s customizable so the user can for example only block two
networks, not all of them (see [1] and [3]). Ghostery is for
free and available for Firefox, Chrome, Safari and Internet
Explorer. It is also one of the most popular add-ons in Chrome
and Firefox (see [1] , [20] and [6]).

An Alternative for this add-on is for example Disconnect
for Firefox, Chrome, Safari and Internet Explorer or Bet-
terPrivacy for Firefox. It’s working similar to Ghostery and
protects the user’s privacy by blocking tracking cookies [1].
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3.3.2 AdBlock Plus and NoScript and NotScript
With ad and script blockers a user can kill third-party scripts
and widgets and can block ads on the website. On some sites
a tool like that is absolutely necessary because there are far
too much ads. But a user has to understand how to use such
an add-on, if the user blocks the wrong things, a site can be
unusable.
One example for an ad and script blocker is AdBlock Plus.
It is available in Firefox and Chrome. This add-on blocks
pop-up ads, banner ads, rollover ads and more. Additionally
it disables third-party tracking cookies and scripts and can
prevent that user visit known malware-hosting domains [1].
It is open source and one of the best-liked add-ons in Firefox
in the category ”Privacy and Security” [20]. In Chrome it’s
the most popular add-on [7].

Alternatives to this add-on are for example NoScript for
Firefox and NotScripts for Chrome. They disable all scripts
from running on pages. The user can enable sites he trusts by
adding them to a list. The problem is the same as previously,
the user has to know how to use these add-ons (see [1] and
[3]).

3.3.3 Web of Trust (WOT) and HTTPS Everywhere
Web of Trust (WOT) ranks the visited site by their status.
It shows the user which site hosted malware in the past or
uses tracking cookies and scripts that could result in adware
or malware [1]. It warns the user with colors (green for safe,
suspicious sites by the color amber and red if a user should
avoid to visit this site). These ratings are powered by user
feedback [16]. This add-on is available for Firefox, Chrome,
Safari and Internet Explorer. It is available for free and has
a lot of users in Firefox and Chrome (see [1], [20] and [8]).

An Alternative is HTTPS Everywhere that works like its
name. Whenever it’s possible the add-on shunts the users
connection to SSL. It tries to find secure versions of the
websites the user wants to visit. If a site breaks because it
can’t handle to work with HTTPS, the user can add this site
to a list to neglect it. It is available for Firefox and Chrome
[1].

3.3.4 Lightbeam for Firefox
Another interesting add-on is Lightbeam. It visualizes with
which first- and third-party sites the user interacts with in a
new tab (Figure 7). In this way the user understands which
sites are giving information to third-parties.

Figure 7: Visualization of site-structure in Lightbeam.
[25]

The user has different options to display thus information:
as graph based visualization, as list and optionally sorted

by time information. The user can set filters to facilitate
the view and he can block sites by clicking on them in the
list view. If the user has disabled the chronik in Firefox this
add-on is useless because in this case there is no evaluable
data. This add-on is like the others free to use (see [21] and
[25]).

3.4 Another Approach - 1-Klick Software
A possibility to deal with all relevant privacy settings is the
1-Klick Software introduced by Intel. Here you can simply
configure privacy settings for facebook, browser cookies and
more [14]. If cookies are invoked, the program shows the user
which cookie is involved, which information are contained in
it and are forwarded to websites (Figure 8 a)). Also the user
can delete the cookie. The colors indecite the level of sharing
(for example the color red indicates that a cookie has access
to something). The user also sees which content is shared
on facebook (Figure 8 b)). The colors represent the privacy
status from ’only me’ (green) through to ’public’ (red).

Figure 8: 1 Klick Software - Representation of coo-
kies (left figure (a)) and facebook privacy settings
(right figure (b)). [15]

This software is only a laboratory experiment and there exist
no officially published user studies.
With this program it would be also possible to manage things
other than facebook, for example smartphones (see Section
4.4).

3.5 Discussion
Privacy Policies: There exist several approaches to simplify
the reading and increase the comprehensibility of privacy
policies. Four approaches were introduced in Section 3.1.
Compared to the guidelines and conventions presented in
Section 2.2 all four approaches match with the first point:
a user has to notice what is happening with his personal
data. All of the four approaches are (based on) P3P. So the
usefulness is always limited by the number of websites which
implemented P3P. The P3P Configuration Wizard (Section
3.1.3) and the Nutrition Label (Section 3.1.4) try to increase
the comprehensibilty of the tool compared to other (P3P
based) approaches by color schemes etc.

Privacy in Social Networks: Privacy settings in social
networks aren’t often easy to handle. Because of that two
interfaces to facilitate this were given in Section 3.2.1 and
Section 3.2.2. Both approaches work with colors to represent
privacy settings. A combination of both of them would covor
a large area of setting possibilities. The interface Privacy
Bubbles can be used to connect the location and time with the
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possible user which can see shared pictures. This approach is
matching with the fourth bullet from Section 2.2. It’s a form
of shared data tied to its location. With this interface there
exist new possibilities of data sharing.

Privacy Add-Ons: In Section 3.3 were introduced certain
privacy add-ons. These approaches match several important
points in a good user interface (Section 2.2). With these a user
notices which personal data is affected and he can choose
whether he is approved with that. The 1-Klick Software
introduced in Section 3.4 can be evaluated similar to this.

Summary: All in all it can be said that these user interfaces
dispose of a good balance between privacy and usability.
Privacy loss is noticeable with all interfaces as well as the
prevention of unwanted privacy loss. The 1-Klick Software
(Section 3.4) is an interesting interface because it combinates
different areas of application. Sadly it isn’t published yet.
The introduced interfaces to simplify the reading of privacy
policies aren’t completely satisfying. Too many websites don’t
implement P3P.

4. PRIVACY USER INTERFACES FOR
SMALL DEVICES

Considering small devices, in this case smartphones, a lot
of applications are installed. The applications often claim
access to a lot of data and the user has no real overview of
what information will be collected, especially which rights
the application gains and how the data will be used.

4.1 Privacy Interfaces to Protect Sensor Data
Christin et al. [5] designed some privacy interfaces for smart-
phones. These interfaces pertaining to mobile sensing app-
lications. The aim is to give users the possibility to select
the users whom they share sensor data with and as a result
to protect their privacy. Therefore six interfaces were imple-
mented. Two interfaces were developed to select other users
which should be able to access the user’s sensor data, such
as GPS. Another four to set the degree of granularity. A user
study [5] showed that participants prefered the so called list
interface for choosing the persons and the so called radar
interface to set the degree of granularity. Shown in Figure 9
is the final interface.

Figure 9: Combined radar and list interface. [5]

There exist three classifications which can be chosen through
buttons: groups, individuals and public (list interface). In
the individuals/groups sections the degree of granularity can
be set for each person/a group. In the public section the
degree of granularity for the public can be set. Each sensor
modality is represented by the half of a diagonal line. The

degree of granuality is represented by three radio buttons.
This is highlighted by colors, red indicates low privacy protec-
tion, yellow indicates average privacy protection and green
indicates high privacy protection.

4.2 User Interfaces for Android
Android is among the most popular operating system (OS)
for mobile devices at the moment. Users can simply install
third-party applications from the Android Market. Because of
that it’s important to protect the user’s privacy [22] and/or
to indicate possible privacy loss. In the following, two user
interfaces to increase privacy in devices using Android as
their OS are introduced.

4.2.1 Poly
Users often want to install third-party applications on their
smartphone. In Android a user can see which data is required
therefor. But it is not possible to give limited permission.
The user can only allow full permission if he wants to use
the application (all-or-nothing decision). Hence Nauman et
al. [22] present the user interface Poly embedded in a new
framework called Apex. With the interface users can selec-
tively grant permission to applications and limit the usage
of resources at install time. Also they can set constraints, for
example the time of the day in which to grant a permission.
Normally a user simply gets a list of permissions requested by
an application. Here he can click on an individual permission
in the list (Figure 10 a)) and then specify his constraints
(Figure 10 b)).

Figure 10: First the user gets a list with all permissi-
ons (left figure (a)) - afterwards he can click on one
permission and can set constraints (right figure (b)).
[22]

In this way users can use parts of the functionality of an
application and restrict other parts. Besides users can also
modify their constraints after install-time by using the same
interface which is also included in the settings application
of Android. Important is that if permissions are rejected,
the functionality of the application can be limited. At that
time users can only set simple constraints. In the future they
want to develop a fully functional desktop application. A
user study wasn’t presented in this work.

4.2.2 MockDroid
Beresford et al. [2] introduced another approach to protect
user data. They developed a modified version of the Android
operating system, called MockDroid. The basic idea is to
’mock’ an application’s access to a resource so that the app-
lication receives mock data. If an application requests data
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MockDroid checks whether or not the user has mocked the
permission. By the time data is mocked the application gets
plausible but incorrect results. So a user can use the Mocker
application to deny access to data, for example connection to
the internet and reading the phone identity. If a user needs
to allow the access to data he first mocked (for example to
submit scores in an online high score table), a notification
is shown to the user. Now the user simply clicks on this
notification and can enable the required permission. It’s also
possible to mock data at a future date if intended to.
This approach only considered a few permissions which could
appear. Also it could be a problem to show notifications (for
example if the mocked resources are used by a background
service). The developers tested MockDroid with twelve ap-
plications (including BBC News Live Stream and Yellow
Pages). A user study wasn’t presented in their work.

4.3 Privacy Badge
Gisch et al. (see [12] and [11]) introduced a privacy-awareness
user interface called Privacy Badge. It allows the user to
simply configure privacy settings. Furthermore it visualizes
privacy loss on small devices. The privacy loss is shown in
a badge in one edge of the device, so that the user can see
his privacy loss at any time (Figure 11 a)). Thereby the user
doesn’t miss new privacy loss the interface is disposed on
notifications like vibrating or blinking.

Figure 11: Privacy Badge shows some loss (Privacy
Badge is located in the edge of the device) (left image
(a)) - setting preferences for a single service (right
image (b)). [11]

If the user wants to modify the privacy settings he can tap
on the badge to get a full-screen view for a better overview
(Figure 11 b)). Here the user gets more detailed information
about the privacy loss. Additionally he can configure his
privacy preferences. If the miniature badge gets too crowded
the user can set filters to show only several data types or
data services. The closer the data is shown to the center of
the badge the more important is the data to the user. The
same concept is used for the preference settings. The nearer
a datatype is moved to the center the more important is the
data to the user. The same setting is possible for services.
The closeness to the center shows how much the user trusts
this service. A user study showed that all in all participants
conceived the badge as useful and efficient (see [12] and [11]).

4.4 Another Approach - 1-Klick Software
The already considered 1-Klick Software introduced by Intel
(Section 3.4) also provides a possibility to see the permissions
applications are having. The application runs on devices
with Android and Windows as OS. In this application the
user gets scan results where is shown which apps have which
permissions, he gets a classification of his privacy level and

he sees how many applications have permissions for what
(Figure 12). For example the user recognizes that Hangouts4

has permission to read the users contacts and that all in all
39 apps see his contacts.

Figure 12: 1 Klick Software - Representation of the
apps’ permissions [15]

4.5 Discussion
Several user interfaces were represented above. Two interfaces
are exemplary commented here.

Poly: In Poly (Section 4.2.1) a user can choose which per-
missions he wants to give an application and which not. So
this interface matches with the notice and the choice parts
from Section 2.2. The user can use applications and can give
them only partly permissions.

Privacy Badge: The Privacy Badge (Section 4.3) shows the
user if he is losing privacy (data) comparing to his privacy
preferences. So this interface matches the point Notice from
Section 2.2. Because it’s a privacy-awareness interface the
user only notices the loss but can’t really do anything.

Summary: All in all it can be said that the interfaces in
this section dispose of a good balance between privacy and
usability. With all interfaces privacy loss can be noticed and
nearly all of them give an opportunity to prevent unwanted
privacy loss from happening.

5. CONCLUSION
All in all it can be said that there are plenty possibilities to
protect the user’s personal data. Browser add-ons increase in
popularity as seen in the growing number of users (for exam-
ple AdBlock Plus). But there are various more possibilities
to protect his personal data. A complete other approach are
for example the Privacy Bubbles. With them it is possible
to share content with foreign people but limited to a small
group of them, for the first time.
User interfaces to manage privacy settings in social networks
are a good idea but should be integrated in the browser. The
presented interfaces which help the user to easier understand
privacy policies aren’t completely usable because not all web-
sites implement P3P. So some other procedures should be
focused. Some great approaches to protect personal data in
smartphones were introduced, too. One big problem is that
a lot of interfaces exist only as research. For example the
1-Klick Software isn’t available for the user. Such an interface
would be preferable because the user can not only manage
privacy settings in one area but in different ones (social net-
works, cookies, application permissions, etc.). In this case

4Hangouts is an application
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the interface should bring to mind the privacy loss and give
options to control this loss. It should be userfriendly (easy
to use) on the one hand but also give several possibilities to
set preferences and control the settings. Another problem is
that lot of users don’t want to deal with this topic or don’t
see the necessity.
In the future there have to be some new approaches to protect
the user’s privacy in wearable computing because it becomes
more and more popular.
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Ömer Şahin
Institute of Media Informatics

Ulm University
Ulm, Germany

oemer-1.sahin@uni-ulm.de

ABSTRACT
This paper focuses on error handling strategies in recognition-
based dialog systems, especially in speech recognition. It
is about the human computer interaction process, and the
aspect of error handling in a dialog with conversational meth-
ods. Therefore, system prompts and error handling strategies
are the central aspect of this paper to handle recognition
errors, together with sources of error and concrete, actual er-
ror handling concepts. The presented sources of error in this
paper are non-understanding, misunderstanding, misinterpre-
tation, ambiguity of natural language and out-of-vocabulary
errors. Furthermore human, system and environment factors
are discussed. The corresponding error handling strategies
are the automatically acquisition of attributes to solve out-
of-vocabulary errors, targeted clarification strategy to handle
non-understandings, MoveOn strategy to handle misunder-
standings, simple re-prompt, help the user strategy and
simple rejection.

Keywords
error handling, spoken dialog systems

1. INTRODUCTION
Users can interact with systems to perform several tasks. One
of the most famous systems is Apple’s Siri [6]. Siri is able to
perform a bunch of activities by interpreting user commands.
For example the command ”Schedule dinner with Lisa at
6 tonight” is making an entry into calendar appointments.
More examples are web searches, calling contacts and writing
text messages. These commands are known to Siri. Thus
Siri is a recognition-based system, respectively a recognition-
based system for speech which is also called spoken dialog
system (SDS). In this paper a recognition-based dialog system
is defined as a system, which works with input data recorded
or perceived in a defined scope of an environment between
itself and at least one other subject, to perform a task [9].
There exist several types of recognition-based systems like, for
example, speech, body gesture, handwriting, and multimodal

6th Seminar on Research Trends in Media Informatics (RTMI ’14).
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systems. In today’s world, recognition-based dialog systems
are widely spread in everyday life. They appear in different
situations and areas such as entertainment, security, safety,
and infrastructure. Another example for recognition-based
systems is Microsoft’s Kinect [1] which focuses on body
gesture recognition. Retina scanners also belong to the
group of recognition-based systems, like fingerprinters. The
recognition processes of these systems are error-prone and
therefore need an appropriate error handling strategy. In
most of the cases, this is a crucial factor, if non efficient error
handling strategies are used. An error in recognition-based
systems is occurred when the execution of a user command
fails or is not conform with the task a user intended to
perform. Error handling is the main keyword of this paper
which is defined as a process, where errors are detected,
prevented and recovered [14].

There is no general model of error handling in the output
of recognition-based systems. First of all a user interacts
with the system which represents the input. This input is
being analyzed and interpreted and that is the point where
an error can occur. The system recognizes this error and
tries to repair it or to recover from it. The system’s output
is the trial to repair an error and the followed user interac-
tion is the trial of him to repair this error. Every type of
recognition-based systems has its own strategies, because
of the different properties. For example errors in a speech
recognition system are handled totally different then errors
in body gesture recognition. Generally, error handling in
body gesture recognition is limited to repetition of gestures.
The two available possibilities are “gesture recognized” and

“non-understanding of gestures”.

This paper focuses on the human computer interaction dialog
aspects and the related error handling strategies of the par-
ticular system, more precisely on those of an SDS. Technical
processing and hardware aspects of error handling are not
part of this paper. The central point of this work is, how
a speech recognition-based dialog system can handle errors
which are, for example, caused by user utterances or system
problems. The reason why this paper focuses on SDSs is that
these systems offer a lot of strategies to handle errors caused
by user utterances and also strategies to interact correctly
with the user, as opposed to body gesture or handwriting
recognition systems. Some of these strategies even can partly
be assigned to multimodal recognition systems.
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This paper is structured as follows. The next section presents
an overview of various recognition-based dialog systems and
how each of them handle errors. Section 3 gives some essential
background information about speech recognition systems.
Section 4 shows related works to this subject. Section 5
shows important sources for errors in SDSs and section 6 the
according error handling strategies. Section 7 gives a short
conclusion of this paper and section 8 gives a future vision
for error handling strategies in recognition-based systems.

2. RECOGNITION-BASED SYSTEMS
As mentioned in section 1 a recognition-based dialog system
is defined as a system, which works with input data recorded
or perceived in a defined scope of an environment between
itself and at least one other subject, to perform a task [9].
This input data is being recorded between the system itself
and at least one other subject, in our case a user of the
system, to perform one certain task or multiple tasks. The
following subsections describe different types of recognition-
based dialog systems.

2.1 Body Gesture Recognition
Body gesture recognition dialog systems need to have some
type of visual recorder for input data. This can involve
normal cameras, depth cameras and night-vision cameras.
Furthermore, sensors can be used such as infra-red sensors,
motion sensors, pressure sensors, and light sensors. The
Kinect [1] of Microsoft is a good example for body gesture
recognition. The recorded data must be interpreted by a
program logic. Error handling in human computer interac-
tion is limited to repetition of gestures with two available
possibilities: gesture recognized and non-understanding of
gestures. There exists not really a strategy, where errors are
prevented or recovered. They are only detected.

2.2 Handwriting Recognition
Handwriting recognition dialog systems generally can be
subordinated under body gesture recognition dialog systems
but with different focuses. Handwriting focuses on fine motor
skills. The input of hand gestures is in scope and not the
whole body. Known examples are the Palm Graffiti [4] or
the Audi Touchpad [2]. Like in body gesture recognition,
errors are also handled or recovered with simple repetition of
the input. Generally, errors are monitored in a display and
serve thus as feedback for the user.

2.3 Speech Recognition
Speech recognition dialog systems get input in form of acous-
tic user utterances. An example for speech recognition is
already mentioned with Apple’s product Siri [6]. The input is
recorded and is interpreted in the system. This paper focuses
on error handling in speech recognition dialog systems which
will be explained in detail in section 6. Speech recognition is
described in section 3 .

2.4 Recognition in Multimodal
Dialog Systems

Multimodal systems consist of multiple components to rec-
ognize different interactions between system and user, e.g.
with a combination of gesture and speech recognition. The
additional components complement error-prone speech recog-
nition with more deterministic input data, for example, like

keyboard inputs or tracking of lip movement to improve the
accuracy of speech recognition [13]. Thus error handling
here is dependent on the individual component and on the
combination of all input data.

3. BACKGROUND INFORMATION
In the case of an SDS a user utterance is a command, in-
struction, question or answer which is performed by the user
to interact with the system. Utterances are analyzed, inter-
preted and processed by the system. SDSs are systems which
aim to enable people to interact with it by speech. Figure
1 shows the processing chain in an SDS. For an interaction
an SDS expects spoken language from a user as input. User
utterances are analyzed, recognized and understood by the
SDS and are answered in an acoustic way [8].

Figure 1: The processing chain in an SDS [15].

First of all the SDS takes sounds as input data in the ASR
module and transforms it to text. Natural language under-
standing (NLU) is being done by a module of an SDS, which
parses the textual form of the user utterance and generates a
semantic representation of it. This semantic representation is
being analyzed and interpreted by the dialog manager (DM)
and as a result of that task, a response in a semantic repre-
sentation is generated. This response is being transformed by
the module for the natural language generation (NLG) in a
surface representation in textual form. Afterwards, this tex-
tual form of the response is being passed to a text-to-speech
synthesis (TTS) which finally generates the acoustic output
or feedback to the user [15]. Errors can occur in the ASR and
NLU modules because the SDS may produce errors while
interpreting an utterance. Generally, the modules which are
responsible for interpreting and analyzing input data are
error prone. The output of an SDS is in the most of the
cases not erroneous.

A SDS takes speech as input data and transcribe it into
words and phrases which are part of a user utterance [12].
Thus the goal of the ASR module in a SDS is to investigate
user utterance to find out the most likely word chain in it [8].
The success of an ASR system is measured with two values:
the word error rate (WER) and the recovery rate [19].

The process of error detection is an essential process for error
handling. Many error handling strategies use confidence
measure (CM) to detect errors. CM in SDS is used to
estimate the reliability of the SDS output or rather the
recognition results. Jiang [7] divides CM into three major
categories.

The first of them is CM as a combination of predictor features.
A predictor feature can be every feature, providing that its
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probabilistic distribution of correctly recognized words is
distinct from that of misunderstood words. Thus prediction
features aim to distinguish correctly recognized results from
possible recognition errors. Predictor features are collected
during the recognition process. Some examples are the acous-
tic score per frame, acoustic stability, hypothesis density,
language model et cetera [7].

The second category of CM is, CM as a posterior probability.
SDS try during the ASR to find the most likely sequence of
words, that means the maximum posterior probability for
a chain of words, to preferably recognize the user utterance
correctly. The posterior probability is a good CM to decide,
whether the recognized sequence of words is equivalent to
the most likely sequence of words in the system. Thus an
absolute quantitative measure of the match between the
recognized sequence of words and the most likely sequence
of words in the system is generated [7].

The last category of CM is, CM as utterance verification.
In utterance verification CM is declared as a statistical hy-
pothesis testing problem. With utterance verification the
reliability of the hypothesized recognition result is investi-
gated. For example H0 is defined as the null hypothesis and
H1 as the alternative hypothesis. H0 is tested against H1 to
accept or reject the recognition result [7].

In [5] Gada et al. present CM for detecting speech recognition
errors. The CM gives information about the accuracy of the
SDS output. Thus the role of CM is to provide a value which
needs to be interpreted by a module of the SDS, for example
the dialog manager, to initiate an error handling strategy.

During error handling in an SDS some types of questions are
used to get more information about user utterance. One of
the used question types from the SDSs are wh-questions [11].
Wh-questions are questions, where an appropriate answer
with certain information is expected.

The wh-questions contain the characters “wh”, for example,
what, who, where, why, when, which, how, whom and whose
[11]. In the following examples the system is referenced with
SDS and the user with USR.

Example 1:
SDS: “Where is the car?”
USR: “In the garage.”

A SDS enables the user to interact with it, for example,
with the use of wh-questions to acquire information to work
with. User utterance are short, pregnant and precise. Wh-
replacement questions are questions, where the unknown
word is replaced by a wh-question word [3].

Example 2:
USR: “How many cars are in the ||||||||| ?”
SDS: “How many cars are where?”
USR: “In the yard.”

The system repeats the understood part of the phrase and
indicates the user to repeat the location. This is easy to
understand for a user. Another type of questions are Yes-

No questions, where the user only can answer with “yes” or
“no” [11].

Example 3:
SDS: “Has the driver a license?”
USR: “Yes.”

Alternative questions provide the user a choice between mul-
tiple answer possibilities [11]. In the best-case, the right
answer is in the choice, in the worst-case, all choices are
inappropriate.

Example 4:
SDS: “Is the car in the garage or in the yard?” (best-case)
USR: “In the garage.”

SDS: “Is the car in the pool or in the garden?” (worst-case)
USR: “No.”

If there are more than two choices, we talk about disam-
biguation. All of these question types are an important part
of error handling strategies, because they signal the user
that there has been an error while interpreting the utterance.
Thus they influence task processing, as well as user satisfac-
tion and usability of a system. It is important to emphasize
that improving a system performance, which reduces the er-
ror rate of the system itself, does not automatically implicate
an error handling strategy or the effectiveness of it. The
strategies explained in this paper are additional procedures
to explicitly handle one error or multiple errors from certain
sources of error.

4. RELATED WORK
The concept of Otsuka et al. [11] from a spoken dialog
system is capable of automatically acquiring information on
an unknown word during a dialog. This acquired information
consists of appropriate attributes for the unknown word. The
aim is to generate specific questions than simple wh-questions
to ensure that the followed user response preferably does
not vary much. From this it follows that the possibilities of
recognition errors are reduced and consequently recognition
errors do so. For further information see [11].

Stoyanchev et al. [17] go into the matter of reprise or tar-
geted clarification strategies to handle misheard or non-
understanding errors in automatic SDS. Therefore they model
human responses from a set of human clarification strategies
whenever a recognition error appears in the utterance of a
user. Human to human dialogs naturally use reprise clarifi-
cation questions. These questions contain only parts of user
utterances which are assumed to be understood correctly.
Thus parts of user utterances which are meant to be misun-
derstood are acoustically highlighted by omitting them in
the SDS’s output.

5. SOURCES OF ERROR
There are a couple of factors, which are responsible for er-
rors which are divided into three distinctive groups. One
group of factors is the group of human factors. Users’ be-
lief of the world play a central role in human factors, as
mentioned above. If a user burrs, the system has problems
to analyze the acoustic input and this will probably lead
to a non-understanding, as well as, if a user makes use of
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a word, which is OOV for the system. Furthermore it is
important which language the user uses for his utterances.
This language must be conform with the language the system
can interpret. Human generated sounds like ’aah’, ’em’, ’oh’
et cetera (speech disfluencies) can produce errors because
the SDS expects clear commands [5].

There exist system factors, which are responsible for errors,
although the user utterance is correct. One factor is that the
system does not now the natural language the user utters.
This leads probably to errors. The second group of factors
is the group of environment factors. Here are factors like
background noises, speech volume, speech clarity, hall effect,
clunks, pitch and distance to record device. All of these
factors lead to miscommunication, which is explained in the
following.

In the case of error handling strategies in SDS there are a
plenty of sources of error. One umbrella term in sources of
error is miscommunication [10]. Miscommunication enfolds
five main sources of error.

The first one is non-understanding, where either a system
totally fails to interpret a user utterance at all or if the
system is not confident enough to chose between multiple
interpretation possibilities [15]. Although the system does
not interpret the user utterance at all, however it is aware of
not to be able to interpret the content. Non-understandings
are noticed by a user if the system provides inappropriate
output or if it does not react.

Example 5:
USR:“How many cars are in the garage?” (original utterance)
SDS: |||| ||||||ar|| |||||| in ||||||||||
(interpreted utterance in form of an internal representation,
no dialog)

The second one is misunderstanding, where a system inter-
prets a user utterance in such a way, so that this interpreta-
tion is not conform with the information the user intended
to utter [10]. Misunderstandings are much more challenging
then non-understandings because misunderstandings may
not be identified in one dialog step or may be identified in a
later state of the dialog or may never be identified [15]. The
reason for that is the dialog processing, which is theoretically
still possible in the case of a misunderstanding as opposed to
a case in non-understanding, because from the SDS’s view
there is no error occurred, but the user notices the error and
reacts to recover from it. The challenge is to detect the error
and the error recovery afterwards. If a user does not notice
the error because the system either does not noticed and
signaled it to the user, the dialog will probably go into a
wrong direction and will end in a completely different context.
Therefore, error detection is a main task before handling and
recovering from errors.

Example 6:
USR:“How many cars are in the garage?” (original utterance)
SDS: How Mary course are in the carriage
(interpreted utterance, internal representation)

Example 6 shows an example for misunderstanding. The
user asks a question but the SDS interprets some parts of

the user utterance completely wrong, but only from the view
of the user. From the view of the SDS there is no error in
this interpretation.

The third source of error is ambiguity of natural language,
where a user utters ambiguous informations, which are not
sufficient enough to clarify the user’s intend to the system.
Thus the system has less information to choose the meant
one among a couple of interpretation possibilities [10].

Example 7:
USR: “Show me the way to the next bank.”
(original utterance)

SDS: Show me the way to the next bank to withdraw money.
(possible interpretation 1)

SDS: Show me the way to the next bank to sit down.
(possible interpretation 2)

In Example 7 the user intends to withdraw money from the
bank but he does not know where the next bank is. So he
asks the SDS for the way to the next bank. The SDS has no
information about the purpose of the user. The user might
want to sit down on a bank in a park or he may want to
withdraw money. To avoid an error because of the ambiguity
of the word ’bank’ the SDS proposes two possible options.
The user chooses the intended one (we assume in this case
that the SDS always has the intended task of the user under
the options it offers).

Another source of error is misinterpretation, where a user has
a different belief of the world than the SDS [14]. That means
a user interprets or understands certain words or phrases
completely different than the SDS or vice versa.

Example 8:
USR: “Open the ashtray.” (original intend)
USR: “Open the cigarette holder.” (real utterance)

In Example 8 the user misinterprets the name of the object he
wants to open. So he commands to open the ’cigarette holder’
which is known to the SDS as the ’ashtray’. Dependent on
the availability of the inappropriate word ’cigarette holder’
in the SDS, there will be either an error because there cannot
be a cigarette holder found the SDS knows or can control, or
a completely other action is performed, which is not conform
with the user’s original intend.

Some errors are caused due to out-of-vocabulary (OOV) terms.
This means a certain word or multiple words in a phrase of a
user utterance are not available in the vocabulary of the SDS,
so that these words cannot be understood or interpreted by
it.

Example 9:
USR: “Show me the number of my fan belts in the garage.”
SDS: Show me the number of *unknown* *unknown* in the
garage. (interpreted utterance, internal representation)
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6. ERROR HANDLING STRATEGIES
IN SPEECH RECOGNITION

Error handling strategies in speech recognition-based dialog
systems are indispensable, because these systems are error
prone [15]. There are several sources of errors as shown in
the previous section, which needs to be handled by SDS to
improve its usability and effectiveness.

6.1 Simple Rejection
One of the oldest error handling strategies is simple rejec-
tion. Here misunderstandings or non-understandings are not
distinguished. If an error occurs the system automatically
rejects the user utterance [17].

Example 10: simple rejection
SDS: “Hello! How can I help you?”
USR: “How many cars are in the garage?”
SDS: “I am sorry for that. I did not understand you.
USR: “How many cars are in the garage?”
SDS: “I am sorry for that. I did not understand you.
USR: “How many cars are in the garage?”
SDS: “The garage is empty.”

In Example 10 the user wants to know how many cars are
in the garage. There is an error happened in the SDS while
analyzing and interpreting the utterance, so the utterance
is rejected. The user repeats his utterance three times until
the SDS recognizes the command. Simple rejection in very
inefficient because the SDS does not handle the error in
such a way, so that a user can quickly recover from it. The
SDS rather rejects the utterance and listens for a known
one than trying to detect the error. Even if the utterance is
known to the SDS and could not be interpreted respectively,
the SDS rejects the utterance. The user must repeat his
utterance, in the last resort even multiple times. This leads
to user frustration and discontent. This strategy is easy to
implement but inefficient in practice.

6.2 Re-prompt Question Strategy
This strategy is also an old strategy for error handling in
speech recognition. The user utterance is acoustically con-
firmed by the system after every step. In case of a mis-
understanding or non-understanding the system does not
react or interfere. It is the user who has to interfere, if the
confirmation is not conform with that, what he intended
to say [19]. Typically therefore some signal words are used,
which are known to the system, for example, ’Yes’, ’No’,
’Right’, ’Wrong’, ’True’, ’False’, ’Continue’, ’Stop’, ’Ok’ and
’Cancel’.

Example 11: re-prompt question
SDS: “Hello! How can I help you?”
USR: “How many cars are in the garage?”
SDS: “How Mary cars are in the carriage?”
USR: “No.”
SDS: “I am sorry for that. How can I help you?”

In Example 11 the user wants to know how many cars are
in the garage. The SDS misunderstands the utterance but
does not detecting the error. The user has to interfere and
reject the confirmation of the SDS. Thus he need to repeat
his utterance. Although this strategy is old and inefficient,

it is still used in SDS. The reason for that is that in some
cases it might be faster to repeat an utterance, than passing
several error handling attempts. Re-prompt can be efficient
in cases of ambiguity, for example, when there are a lot
of options available. On the other hand, re-prompting can
be very inefficient if there are background noises, if there
are OOV words or in the case of misunderstandings, non-
understandings and misinterpretations.

6.3 Strategy: Help The User
This strategy is very similar to the previous one with the
difference that instead of only a single re-prompt the system
additionally shows the user a help dialog with a list of all
necessary information for this step [19].

Example 12: help the user
SDS: “Hello! How can I help you?”
USR: “How many cars are in the garage?”
SDS: “How Mary cars are in the carriage?”
USR: “No.”
SDS: “I am sorry for that. Do you meant one of these

questions?:
1) ’How many cars are in the carriage?’
2) ’How many cars are in the garage?’
3) ’How mary cars are in the carriage?’
If your question is listed here than say the appropriate
number. Otherwise say ’No’ to leave the dialog and
repeat the question.”

USR: “Two.”
SDS: “The garage is empty.”

In Example 12 the user wants to know again, how many cars
are in the garage. The SDS misunderstands the utterance
and, different from the previous example, detects the error.
The user has to interact to choose the intended action. Thus
he does probably not need to repeat his utterance. The re-
prompt with a list of options can also be efficient in cases of
ambiguity. Additionally the user gets a couple of suggestions
from the SDS which eventually facilitates the error handling
process a little bit. As opposed to plain re-prompt, mis-
understandings, non-understandings and misinterpretations
can be detected and handled. This strategy is mainly used
in multimodal systems, for example a teleprompter which
displays the options visually as a list.

6.4 MoveOn Strategy
In [14] Skantze presents a modified MoveOn strategy for
misunderstandings. A SDS ignores the uncertainty about a
recognized or partly recognized user utterance and asks a
different topic, but related question to the user. The anomaly
of this concept is that none of the misunderstandings or non-
understandings is shown to the user. That means there is no
feedback for the user in case of an error to prevent disturbing
or confusion issues which affect the user’s utterance [19].
If the user thinks the system works well although there
is actually an error handling process or error recovery on
process, this disturbing and confusion issues can be avoided.
An example for MoveOn strategy is shown below.

Example 13: MoveOn Strategy according to [19]
USR: “I want to create a new list.”
SDS: “What is the title of the list?”
USR: “’Checklist before driving a car’.”
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SDS: “List ’Checklist before driving a car’ created.
What would you like to add to the list?”
USR: “Driving license.”
SDS: “Whats else? Say ’finish’ to save and quit.”
USR: “Enough fuel.”
SDS: “Whats else? Say ’finish’ to save and quit.”
USR: “Glasses.”
SDS: “Whats else? Say ’finish’ to save and quit.”
USR: “Finish.”
SDS: “The list contains now: Driving license, enough fuel
and classes. Is that correct?”
USR: “No.”
SDS: “There is another option. The list contains then:
Driving license, enough fuel and glasses. Is that correct?”
USR: “Yes.”
SDS: “Saved changes!”

In Example 13 the user wants to create a list and adds list-
elements to it. After he added the last element, he confirms
the end of the list with the word ’finish’. The SDS recorded
the interpreted utterances and repeats them, so that the user
can confirm the correctness of the list. The misunderstood
word ’classes’ is not part of the user’s utterance, so he declines
the confirmation. But the SDS has an idea of where the
error could be and generated an optional list which is in fact
correct. The user confirms the optional list and the error
handling process is finished. The crucial point in this strategy
is, that the system waits for user decision and confirmation.
The error handling process is executed at runtime but the
user is not aware of it. Thus he also is not confused or
disturbed by the error handling process of the SDS. The
MoveOn strategy is a good strategy for misunderstandings or
ambiguity, but non-understandings, misinterpretations and
OOV errors cannot be detected or handled.

6.5 Targeted Clarification Strategy
Stoyanchev et al. [17] model human-like responses from an
SDS to handle errors, more precisely to handle OOV and
misunderstandings. They employ self-learning techniques
to study two basic decisions which are shown in form of a
decision tree in Figure 2. Stoyanchev et al. further use self-
learning techniques with the weka machine learning frame-
work [18] to find out when to stop and ask a clarification
question or continue without a clarification question as well
as when to ask a targeted clarification question or a more
generic one. This techniques are supported by using linguistic
features to predict the human clarification decisions.

Targeted clarification questions focus on the part of a user
utterance, which was not recognized by the system. They are
based on the natural human error handling process and are
therefore very intuitive and easy to understand and usable,
as it can be seen in Example 14.

Example 14: targeted clarification question
USR: “Give me a list of certified tuning-workshops in Ulm.”
SDS: “Certified?”
USR: “Tuning-workshops.”

This targeted clarification question is also called reprise
question. Reprise questions are questions, where a portion of
a phrase in the user utterance is repeated, which is thought
to be recognized correctly by the system, to emphasize and

misunderstanding

stop & ask clarifi-
cation question

continue dialog 
without clarification

targeted clarifi-
cation question

more generic 
question

Figure 2: Basic decision tree to generate targeted
clarification questions according to [17].

clarify the certain word or part of the utterance which was
not recognized or was misheard (Example 14) [16]. Thus
parts of user utterance which are meant to be not recognized
are highlighted. As opposed to reprise questions there are
non-reprise or generic questions, which simply and generally
request a repetition or rephrase of user utterance, eventually
with the use of a Wh-question like“Sorry I did not understand
you. What did you say?”. With the system’s use of reprise
questions, a user can easily correct an error by repeating only
the not recognized part of his utterance. To handle this kind
of errors, the system first has to identify non-understandings
or non-recognized words, then determine the type of the
question to ask and finally formulate the question.

In Example 14 the user wants a list of certified tuning-
workshops in Ulm. The word ’tuning-workshops’ is unknown
(OOV) to the SDS or it was a case of non-understanding.
To highlight the unrecognized part of the utterance only a
portion of it is repeated, which is in this case the previous
word ’certified’.

Targeted clarification questions are short, clear, efficient,
easy to understand and intuitively usable. They use the
error handling strategy in human to human dialog situa-
tions as a pattern and are therefore intuitive and easy to
understand. The implementation of this strategy is easy
and the effect is enormous. Furthermore the SDS might
be able to learn new vocabularies which have been OOV
before. This strategy is effective in handling of misunder-
standings, non-understandings and eventually OOV errors.
Misinterpretations and ambiguity errors cannot be handled.

6.6 Automatically Acquiring Attributes
To Solve OOV Errors

In [11] Otsuka et al. present a concept, in which an SDS
can automatically acquire information on an unknown word.
They define unknown words as “those whose attributes neces-
sary for generating responses were not defined by the system
developer”. This means if there is a OOV word in the utter-
ance of the user, the system automatically starts to acquire
information about it, to learn the word in form of a self-
learning process with the use of more specific questions. The
acquired information about the unknown word, consists of
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appropriate attributes to it. Generating more specific ques-
tions than simple wh-questions is the goal of this strategy,
because this reduces the variety of user response to the ques-
tion. Therefore, following errors caused by inappropriate and
insufficient user response as well as the risk of new unknown
words in the user response is minimized [11]. This can also be
seen as a form of error prevention. The following examples
show the difference between simple and specific questions
and are similar to those in [11].

Example 15: simple Wh-question
USR: “Tell me about Fornasari.”
SDS: “I do not know this auto brand. What kind of auto
brand is it?”
USR: “It is an Italian auto brand.”
SDS: “I do not know this auto brand. What kind of auto
brand is it?”

Example 16: specific Yes-No-question
USR: “Tell me about Fornasari.”
SDS: “I do not know this auto brand. Is it an Italian auto
brand?”
USR: “Yes.”
SDS: “Fornasari is a . . . .”

Instead of asking just a simple wh-question, the system
generates a more specific question, which might be related
to the unknown word to gather information about it in form
of attributes. To generate related words together with more
specific questions, CM is used. The CM is high, if the systems
seems to be right with the auto brand and the CM is low if the
estimation seems to be difficult. Figure 3 shows the process
of generating the final CM in Otsuka et al.’s [11] concept.
They used restaurant names as input in their examples.

Figure 3: Process of generating the final CM [11].

There are two types of CM defined. One of them uses infor-
mation available in a database and the other one finds out the
frequency of occurrence of character and word distributions
on the Internet. The final CM results from the complement
of each other. The auto brand is estimated with the help of
its name. The assumption is that the system already knows
that the input is a auto brand and the ASR components
work without errors. The specific questions are generated on
basis of the CM. Otsuka et al. [11] further order the question
types by their specificity rate which results from the number
of present objects, i.e. the auto brands, used in the specific
questions (table 1). The parameter Num is the number of
auto brands in the systems specific question.

Is there only one auto brand, the system asks a Yes-No-
question. In the best-case the used attribute in the asked

num Question Type Specificity Rate

1 Yes-No-questions Most specific question
2 Alternaive questions Specific question
3 Disambiguation ques-

tions
Less specific question

≥4 Wh-questions No specific question

Table 1: Question types according to the number
of auto brands (num) in the systems specific ques-
tion [11].

question is suitable to the searched auto brand of the user,
like it is shown in Example 11. The higher a CM is, a more
specific question is asked, respectively if the CM has the
maximum rate, the question asked from the system here is
the most specific one.

Automatically acquiring attributes about an unknown word
is an excellent strategy to solve OOV errors. The SDS can
learn new vocabularies and expand it’s vocabulary to reduce
the rate of OOV words and thus the rate of OOV errors.
Misunderstandings, non-understandings, ambiguity errors
and misinterpretations cannot be handled.

7. CONCLUSION
This paper focuses on error handling strategies in speech
recognition because among recognition-based dialog systems,
speech recognition-based systems offer much more possibil-
ities to handle errors. In section 2 the limited possibilities
of error handling strategies in other dialog system than SDS
have been shown and as opposed to that error handling
speech recognition is miscellaneous. It is important to pay
attention on the user’s utterance and usability of the system.
If a user gets confused or disturbed during an error handling
process, recovering from an error will probably fail. An error
handling process is dependent on error detection. Therefore
the process of error detection must be assured to implement
techniques to recover from errors. SDS with human-like
responses or questions facilitate the interaction between user
and the system. Furthermore, this kind of questions are
natural and easy to learn and intuitively to use. Especially
targeted clarification or reprise questions are very efficient
and intuitive during a dialog when an error has occurred. In
addition to that a MoveOn strategy can be combined with
reprise questions to increase the efficiency of the error han-
dling process. The MoveOn strategy hides the error handling
process from the user as long as it is possible to not confuse
or disturb him. The SDS tries to repair misunderstandings
until it really needs the information in a correct manner from
the user.

8. FUTURE WORK AND VISION
Speech recognition systems will be more present in future
in every day’s life. Smarthomes which can be controlled by
speech and which contain ASR, will have to implement error
handling strategies to avoid user frustration. Inefficient error
handling in SDS also cause user distraction, for example, in
modern cars or background noises which cause misunder-
standings or non-understandings and therefore need effective
error handling.

Proceedings RTMI ’14, Ulm, 14th February 2014

73



9. REFERENCES
[1] Kinect for windows | voice, movement & gesture

recognition technology, 2013. Retrieved at
http://www.microsoft.com/en-us/kinectforwindows/, 03.
Nov 2013.

[2] A. Blattner, K. Bengler, and W. Hamberger.
Optimized combination of operating modalities and
menu tasks for the interaction between driver and
infotainment-system using a touchpad with haptic
feedback. Advances in Human Aspects of Road and Rail
Transportation, pages 13–19, 2012.

[3] D. Bohus. Error awareness and recovery in
task-oriented spoken dialogue systems. Carnegie Mellon
University, page 49, 2004. Ph.D. Thesis Proposal.

[4] M. D. Fleetwood, M. D. Byrne, P. Centgraf,
K. Dudziak, B. Lin, and D. Mogilev. An evaluation of
text-entry in palm os–graffiti and the virtual keyboard.
In Proceedings of the Human Factors and Ergonomics
Society Annual Meeting, pages 617–621. SAGE
Publications, 2002.

[5] J. Gada, P. Rao, and K. Samudravijaya. Confidence
measures for detecting speech recognition errors. In
Communications (NCC), 2013 National Conference on,
pages 1–5, 2013.

[6] T. Geller. Talking to machines. Commun. ACM,
55(4):14–16, Apr. 2012.

[7] H. Jiang. Confidence measures for speech recognition:
A survey. Speech communication, 45(4):455–470, 2005.

[8] R. Justo, O. Saz, A. Miguel, M. I. Torres, and
E. Lleida. Improving language models in speech-based
human-machine interaction. INTERNATIONAL
JOURNAL OF ADVANCED ROBOTIC SYSTEMS,
10, 2013.

[9] J. Mankoff, G. D. Abowd, and S. E. Hudson. Oops: a
toolkit supporting mediation techniques for resolving
ambiguity in recognition-based interfaces. Computers
and Graphics, 24(6):819 – 834, 2000.

[10] M. Marge and A. I. Rudnicky. Towards overcoming
miscommunication in situated dialogue by asking
questions. In AAAI Fall Symposium Series-Building
Representations of Common Ground with Intelligent
Agents, Washington, DC, volume 3, pages 2–1, 2011.

[11] T. Otsuka, K. Komatani, S. Sato, and M. Nakano.
Generating more specific questions for acquiring
attributes of unknown concepts from users. In
Proceedings of the SIGDIAL 2013 Conference, pages
70–77. Association for Computational Linguistics,
August 2013.

[12] R. Pieraccini. The Voice in the Machine: Building
Computers that Understand Speech. MIT Press, 2012.

[13] A. Rudnicky. Multimodal dialogue systems. In
W. Minker, D. Bühler, and L. Dybkjær, editors, Spoken
Multimodal Human-Computer Dialogue in Mobile
Environments, volume 28 of Text, Speech and Language
Technology, pages 3–11. Springer Netherlands, 2005.

[14] G. Skantze. Exploring human error recovery strategies:
Implications for spoken dialogue systems. Speech
Communication, 45(3):325–341, 2005.

[15] G. Skantze. Error Handling in Spoken Dialogue
Systems-Managing Uncertainty, Grounding and
Miscommunication. Gabriel Skantze, 2007.

[16] S. Stoyanchev, A. Liu, and J. Hirschberg. Clarification

questions with feedback. In Feedback Behaviors in
Dialog, 2012.

[17] S. Stoyanchev, A. Liu, and J. Hirschberg. Modelling
human clarification strategies. In Proceedings of the
SIGDIAL 2013 Conference, pages 137–141. Association
for Computational Linguistics, August 2013.

[18] I. H. Witten and E. Frank. Data Mining: Practical
machine learning tools and techniques. Morgan
Kaufmann, 2005.

[19] A. Zgorzelski, A. Schmitt, T. Heinroth, and W. Minker.
Repair strategies on trial: which error recovery do users
like best?. In INTERSPEECH, pages 1938–1941, 2010.

Proceedings RTMI ’14, Ulm, 14th February 2014

74



Interaction Issues during Autonomous Driving

Tamino P.S.M. Hartmann
Institute of Media Informatics

Ulm University
Ulm, Germany

tamino.hartmann@uni-ulm.de

ABSTRACT
This paper represents a short overview over control hand
off issues for automated automotive applications – meaning
self driving cars. We will shortly take a look at existing
autonomous systems and knowledge thereof and then extrap-
olate problems and solutions. This will include autonomous
systems that are considered off-domain of self driving cars,
such as autopilot systems in shipping and flight. We also
present some areas for future work and research with concrete
proposals based on existing preliminary work. We will con-
clude with a call for more research due to a lack of publicly
available work.

Keywords
autonomous vehicle, self driving car, driver automation in-
teraction, control hand off

1. INTRODUCTION
Autonomous vehicles have a comparatively long history, even
though they have only recently become technologically feasi-
ble thanks to the advance of computation capabilities. First
widely proposed by Norman Bel Geddes in his book Magic
Motorways [4] and at the World Fair in 1939, driverless cars
were first thought to be cars that were controlled by tech-
nology within the road. Only in the 1980’s did the steering
control move from the road into the car itself. There it has
stayed for now, although due to the significant adoption
of ubiquitous networking, the first systems have now been
proposed where individual cars communicate with each other
to further improve congestion and transport flow – effectively
moving control back to an external shared server system.

While the first estimates concerning the adoption of autono-
mous vehicles proved to be widely optimistic, we have now
come into a time where the technology is capable of fulfilling
this science fiction dream. Google’s self driving car has been
widely reported on [1], although by far not the first project
within the field. First large steps were made by the intro-
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duction of the DARPA-funded Autonomous Land Vehicle
project in the United States of America.

Indeed the first cars with partial autonomous capabilities
have entered commercial production and are publicly avail-
able, as can be seen in section 2.2. These capabilities include
systems that keep a car traveling within its lane, park the car,
and systems that react to emergency situations, for example
by beginning breaking the vehicle even before the driver has
had a chance to react.

As these systems continue to increase in modern cars, the
role of the driver is transforming from the single controlling
entity to a more copilot-like role. However the current state
of affairs hints that some interaction will always be required
by the driver, for example when the autonomous drive system
is confronted with a situation it cannot handle. This is where
a potential massive problem exists: the hand off of control
from the vehicle to the driver.

We will therefore in the following take a closer look at the
current state of the technology, how working prototypes han-
dle the issue, and what might be future solutions to arising
problems. Our reasoning will be based on own contributions
and existing work done in automation, such as airplane and
train automation, where we will study whether findings can
be transferred to autonomous cars.

1.1 Preamble
Due to the secretory nature of automotive manufacturers,
only inconclusive knowledge is accessible to the general public.
This paper is therefore based mostly on presumptions and
extrapolations from published videos and articles. As the
University of Ulm has no self driving car, research for this
topic was also beyond the scope of the seminar for which
this paper was written.

1.2 Content of this Paper
In this paper we will first give an overview over the current
state of the technology to the best of our current abilities.
This will include a section on autonomous technology in
non-automotive fields, labeled as off-domain, and a section
on existing and available technology already deployed in
purchasable cars.

We will then come to the main topic of this paper and provide
a discussion of the hand off problem and possible solutions.
Finally, we will conclude the paper with an overview and
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ideas for future research.

2. CURRENT TECHNOLOGICAL STATE
In this section we will take a look at existing work on the
topic of interaction issues between autonomous vehicles and
their operators. We will begin by briefly looking at alterna-
tive fields where automation is already actively in use, mainly
aircraft and trains, henceforth labeled as off-domain automa-
tion. Then we will give a brief topic-specific general overview
of existing technology and solutions in the automotive field
by functionality, from single systems up to comprehensive
fully automated vehicles.

2.1 Existing Research
Little research work in the form of public papers exists at
the time of writing. We believe this to be because of two
reasons: the relatively young age of the technology and the
commercial secrecy of vehicle manufactures.

The National Highway Traffic Safety Administration has
published a press release [10] that partially handles the top-
ics that we will discuss. The policy includes proposals for
human factor research into the hand off situation, although
no specifics are given. Notably the policy also includes pro-
posals for creating government issued tests that automated
vehicles should pass to be allowed on the market that test
the various capabilities that the vehicle would be required to
display. Another important proposal that we take from the
policy is the recommendation for specific training of drivers
for automated vehicles. The takeaway of this press release
is that an official body is aware of the hand-off issue and
the future impact of automated vehicles on existing driving
culture.

An article in the Huffington Post [2] brought the work of
Clifford Nass to our attention who has begun working on
interaction issues. However no published work has yet been
publicly been made available. From the article, we can deduct
that Clifford Nass is aware of the hand off issue, stating
that the issue is the most dangerous for level 4 automated
vehicles and the least studied. His work will in the future
include research on driver concentration, attention, emotional
state, and performance during various autonomous vehicle
operation situations.

A draft also exists that parallels our work in this paper, but
to our knowledge has not been finished yet [3]. The draft is
however not fully fledged out yet, and thus only of specific
use. It shows at least that some public research work is
being done. We have tried to offer a more in-depth look at
the topic compared to the draft, which takes a more general
approach.

For the commercial work, some research showed a multitude
of marketing videos and articles exist that show the various
features that have been developed and integrated into existing
cars. However, these publications concentrate mainly on
selling the technology, and are therefore not very informative
from a technical view and biased as they hide advantages
and difficulties.

2.2 Current Technology

Although most companies that have begun developing au-
tonomous car technology remain relatively secretive, some
information is publicly available. Therefore we will take a
look at some systems of interest that are known to exist at
this time, including the few systems already commercially
available. We will briefly highlight their technological stand-
ing and what can be deduced for interaction issues from how
they have implemented the technology. We will begin by
taking a look at off-domain work done for automation, as
some of our later points will be based on these.

2.2.1 Off-Domain
Automation for vehicles is not constrained only to the car.
Airplanes have routinely been flying with the so-called autopi-
lot since its widespread adoption around the 1950’s. In 1947
a military aircraft made a transatlantic flight completely
on autopilot, including landing and starting, for the first
time [17]. Since then the usage of autopilots in commercial
and military aircraft has become part of our everyday lives.
Notably, autopilots were developed to decrease the need of
constant vigilance by pilots on long flights.

A more simple use-case can be found in self-steering gear for
ships. Here too the human operators of the ships face long
monotone traveling where little input is required but constant
vigilance. The self-steering gear allows the operators to
transfer the task of keeping the ship on course to a mechanical
automation, allowing them to relax.

In the locomotive area, fully autonomous train systems al-
ready exist. However, it is important to note that this is
mainly due to the fact that unlike airplanes and ships, trains
run on predefined given routes. Also helpful for the automa-
tion of trains is that from the start, strong coordination
was required to keep trains from running into each other,
as they have no capability to avoid a collision by moving
out of the way. Generally speaking, autonomous systems for
trains make strong usage of the comprehensive right-of-way
systems already in place.

Taking a closer look at the capabilities of these systems allows
us to grant some insights into the requirements of automotive
automation. From a human resource point of view, pilots,
helmsmen, and engineers are for the most part highly trained
specialists. Most of the cars on the road nowadays are driven
by operators who have not undergone comparable training.
From a more technological view, cars pose a unique challenge.
A right-of-way systems exists, however it is not as static
as for trains but a highly dynamic system. Furthermore,
because cars operate mainly in highly populated areas, a
multitude of factors need to be considered for navigation and
collision avoidance. Just the number of freely moving vehicles
increases the difficulty of successive automation by a large
margin. Add to that that cars share their operational space
with people, bicyclists, trucks, and more, and you receive an
environment not really suited for automation. Concerning
their operational environment another point needs to be
considered; the fact that the road system on which cars
travel is extremely extensive, with a wide range of conditions
that need to be considered.

Another problem can be found in the spontaneous operation;
unlike trains, and to some extent airplanes, no schedule exists
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that coordinates their travels. Given human nature, this also
seems nonviable to implement, as humans would generally
consider these limiting factors. This can be found in the
social and cultural believe that owning a car is considered to
be the ultimate freedom, as it allows one to travel when and
where one wants.

Compared to the above three fields, cars also have a few
advantages. For one, their response time can be significantly
faster due to high acceleration and deceleration values. Iner-
tia and vehicle size are also significantly more manageable
than say, trains or ships. As cars operate on ground level
in a very open environment, they are also capable of avoid-
ing obstacles much better than trains, possibly simply by
safely moving off the road to avoid an impending collision.
The market diversity of automobile manufacturing is also
higher than in other vehicle fields. As can be seen today, a
multitude of companies are already developing independent
systems. That would decrease the risk of a single point of
failure, increasing the safety of traffic in general.

2.2.2 Singular Systems
In this section, we will take a look at systems that handle
single aspects of driving for the driver. These include for
example systems for automatic parking, lane assistants, or
collision avoidance systems. An overview of interaction solu-
tions that are used by these is given at the end of this section,
as these will be relevant for hand off considerations later.

An interesting system is the Distronic system from Mercedes
Benz [8]. This system is in essence an adaptive cruise control
that is aware of vehicles in front of the car. The information
on vehicles in front of the car is captured via three radar
systems; two short range that also cover adjacent lanes and
a single long range radar for vehicles further away in the
same lane. Normally, this system automatically adjusts the
speed of the cruise control to remain within the flow of
traffic, as given by the vehicle in front. However, should
the vehicle in front suddenly break, the system can also
initiate a full breaking maneuver. During these tasks, it
continuously gives the driver feedback to what is happening.
This also includes a gauge that tells the driver how far the
vehicle in front is away. Notably, the system waits as long as
possible before intervening in emergency situations, allowing
the driver to take over control. If a collision is imminent
however, the system will slow the car whether or not the
driver breaks. Such systems are already available from a
multitude of companies; see also the similar system from
Toyota here [13].

Such fully adaptive cruise control allows drivers to let the car
handle long voyages on highways or even the stop-and-go of a
congested road. Notably however, the system will not move
the car from a standstill in most cases, or only if the vehicle
ahead starts moving again within a set, short time (three to
four seconds in most implementations). This is due to safety
concerns and to ensure that the driver is still in control of
the vehicle. It also does not handle steering, although land
assist systems exist that can cooperate with such an adaptive
cruise control. Driver interaction is however always required,
and the responsibility remains with him too.

Lane assist, such as the system developed by Volkswagen

[16] is a system that keeps a car oriented within a lane,
for example when driving on the highway. The system by
Volkswagen works upwards of 65km/h. It detects the lane
markings via a camera mounted on the rear mirror and
adjusts the steering of the vehicle by itself, within certain
bounds. If the correction necessary lies outside the limits,
the steering wheel vibrates to signal the driver that he has
to control the steering. If the system detects that the driver
has taken his hands from the steering wheel, it gives warning
and automatically deactivates after a set time.

Automation is also available for specific tasks, such as parking
a car. Toyota has developed and produced the Intelligent
Park Assist system [12]. This system can measure a parking
slot while driving by and then control the steering. Notably,
control of the speed remains with the driver; it is up to him
to break when the park location has been reached. A video
presentation of the system can be found here [14].

Apart from handling the steering of parking, systems have
long been in development for parking a car remotely and or
completely by itself. Most systems nowadays still require
the driver to stand nearby and oversee the maneuver, but
systems that would in effect eliminate the need for valets
and allow the car to truly park itself and later on pick its
driver up again have also been in development for a while
now.

Another such system that we will take a look at is the At-
tention Assist system from Mercedes Benz [9]. Here, the
car company has developed a system that can detect when
a driver is fatigued and alert him to take a break. While
primarily not an automation system, it has a range of impli-
cations for autonomous driving. As long as a driver will still
be required to be present and available to control the car, a
system must be in place that can control for these variables.
The Attention Assist presents a possible system that might
be incorporated into a suite of sensors for monitoring the
driver. More on this topic can be found in section 3.3.

In general one notices that all of the systems have been
produced and are publicly available require the driver to
be actively in control at all times – either by keeping his
hands on the control mechanisms of the vehicle or by being
physically near it. This is due to the current legislation which
enforces that a human driver must always be there to take
over and who is responsible for the safety of the vehicle. The
next logical step then is to take the driver out of the loop
and to combine all these systems into a fully autonomous
vehicle, as seen in the next section.

2.2.3 Comprehensive Systems
Here, we take a look at the limited knowledge available on the
continuous development of fully autonomous cars. Mainly
we will concentrate on the work done by Google, due to their
comparatively high yield of information compared to other
companies.

Figure 1 shows one of Google’s fully autonomous vehicles.
To note is the LIDAR1 sensor on the roof and the odometer
visible on the back wheel. Google has a fleet of vehicles – a

1LIDAR: LIght raDAR system.
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Figure 1: An image of one of Google’s self driving
cars [20].

Figure 2: A screenshot of the digital representation
shown to the vehicles’ occupants for debugging pur-
poses [19]. This is a live view of the field of view of
all the sensors of the vehicle rendered from a point
of view behind and above the vehicle.

dozen on the road at any given time – and has driven almost
500,000 kilometers with them in total [15].

The vehicle takes in its surroundings with a range of sensors
and creates a digital representation of its surroundings. This
representation includes information of pedestrians and other
vehicles, moving obstacles, the surroundings, information on
the road, and the course that the vehicle plans on taking.
This digital representation is also available for the developers
in the vehicle via a large screen that renders it, updating in
real-time as the vehicle drives. While primarily meant for
debugging purposes, such a view would by itself already be
nice to have in any modern vehicle, as there are no blind
spots and it gives a nice overview of the road situation. The
problem with such a display would then be that it distracts
the driver from the road. Figure 2 shows a screenshot of the
display.

Google’s self driving car is currently only capable of driv-
ing under almost ideal situations. If the car encounters a
construction cite for example, it gives an auditory warning
that the driver will have to take over control within the next
mile, for example [1]. The above citation is the only mention
we found of how Google’s vehicles handle the hand off. Of
course, given advanced warning only works if the vehicle has

a chance of detecting the imminent hand off early enough to
give the driver ample time to adjust and take over control
from the automation. Ideally of course, the vehicle would
never have to hand control to its driver – but the technology
is still a good bit away from that level of intelligence. One
must always keep in mind that computers have difficulties
handling a task in an open system, such as driving a vehicle
through a highly variable environment.

Google is not the only company working on developing self
driving cars. Mercedes-Benz also has a prototype in the
works which has already successfully driven some distance
[7]. From the video it is however clear that the car navigates
on a predefined and mapped route that has been prepared
for it. To our knowledge, Google’s cars do not require pre-
pared courses. However unlike Google, the vehicle uses only
standard sensors commonly available – the LIDAR system
is currently still relatively expensive and thus unsuited for
mass production. We have no knowledge on how the vehicle
from Mercedes-Benz handles hand off.

3. CONTROL INTERACTION ISSUES
This section explains interactions for controlling autonomous
vehicles that already exist and issues that might and or will
arise. Most of the following content is however not based on
hard research; consider it a proposal and extrapolation from
available information without research backing it.

3.1 General Assumptions
Here we will briefly highlight what assumptions we make
concerning autonomous vehicles. One assumption we make
is that the system will never actively cause an accident
(due to fail-safe behavior), as has already been implemented
in many robotic systems. This is technically feasible and
to our knowledge already implemented in the autonomous
vehicles on the road today. Note that a car rear-ending an
autonomous vehicle is a passive accident, as the autonomous
vehicle had no role in causing it.

The time frame in which hand off issues exist is also presumed
to be constrained. It will begin with the first autonomous
vehicles, possibly before 2020, and end once all vehicles are
autonomous and or networked together with a proven safety
record. Once such vehicles are the majority of vehicles on
public roads, it seems logical to transfer control from the
driver to a networked intelligence that is always in full control,
as that allows the system to bypass the problem of human
error. Such advanced systems that can be fully trusted are
however still many years away. Even should a first world
country have a fully autonomous vehicle network, less devel-
oped countries might not, meaning that automation might
not work there because of a lack of required infrastructure.
Ideally of course the perfect autonomous vehicle would be
fully capable of handling all situations safely by itself without
driver interaction, but be capable of networking with other
vehicles when required or when available to increase safety
and efficiency.

3.2 Vehicle Automation Interaction
To better understand hand off issues, one must understand
the basic interaction between machine and controller – in
this case, vehicle and driver. On the subject of sharing and
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trading control between automation and operator a subset
of work exists which is relevant to the hand off issue for
autonomous driving.

A general approach to the issue of sharing and trading control
is to be found in the paper by Toshiyuki Inagaki [6]. In it,
the author puts forth the notion that the sharing of control
can be distinguished into three types: extension, relief, and
partitioning. Extension of control for example means that
the computer simply assists the driver’s task, of which power
steering is a concrete example. The second type, relief of
control, is where most systems from section 2.2.2 are located;
they relieve some tasks from the driver, such as controlling
vehicle speed. Partitioning of control is then where the
comprehensive systems as in section 2.2.3 are located. The
self driving car allows the driver to hand over the task of
driving completely to the automation. The driver’s only
remaining role would be to tell the vehicle where to drive to,
effectively partitioning the task of traveling somewhere into
two tasks that are divided between the automation and the
driver.

For the topic of this paper, the third type of sharing control is
the more important one. The prototype self driving vehicles
nowadays automatically execute actions, but allow the driver
to veto all decisions by taking over control – which means
that the driver actively steers and controls acceleration. On
the level of automation proposed by Sheridan and Verplanck
[11], such automation is on the sixth level out of ten, where
the first level means that the human has full control and the
tenth that the automation is fully in control.

However we must consider what happens when the vehicle,
likely due to safety concerns, cannot decide on an automatic
course of action in the case that it might endanger the life of
its occupants. This might be the case when an autonomous
vehicle comes upon unknown road conditions – such as a
section of road work – or when the vehicle suddenly cannot
sense its surroundings – for example when a road has been
snowed over. The first example is easy to counter, due to
the high probability that the vehicle can warn the driver
well in advance that he will be required to take over control,
possibly even long before the driver becomes aware of the
obstruction. The Google self driving car already does this;
when it senses an upcoming construction site, it will warn
the driver via auditory alarms and a notification on a display
on the dashboard, compelling the driver to take over manual
control [1].

The more difficult situation is then the second example –
mainly because it is time critical and involves handing over
control when the driver might not have the required situa-
tional awareness. Currently, self driving cars immediately
fall down to the first level of automation, leaving all control
to the driver. For now this approach is sufficient, due to
the nature of the projects and the careful use of the au-
tomation by people fully aware of the problems – mainly
the engineers developing the systems. Once self driving cars
become publicly available, drivers will quickly come to trust
the automation beyond what it is capable of doing due to
a lack of understanding. This is not a fault of the drivers
– automation is meant to relieve humans of tasks – but a
problem that requires a user friendly solution that can be

readily implemented.

Beyond technical hurdles, psychological and driver experience
issues must also be considered. At some point in time after
the mass introduction of autonomous vehicles, not being in
direct control of the car at all times will become routine for
most drivers, as such systems will have no trouble handling
the majority of a drive by itself. Even relatively easy tasks
that the autonomous system can’t handle might not be a
problem when a driver has to intervene. For the small per-
centage of critical situations however, implications of lacking
experience could have large implications. While autonomous
cars already have a proven safety record, humans excel at
handling situations where computers simply cannot function
correctly, such as extraordinary situations for which the com-
puter has no program to follow. However human drivers
require experience to correctly handle critical situations, or
at least training that covers these situations. If a vehicle can
drive itself safely for the majority of a trip, driver skill will
degrade over time. This might well become a large problem
in the future. Overall, it is to assume that driving in general
will become less accident-prone, but when critical situations
do occur where driver interaction is required and time critical,
errors that lead to accidents might actually increase.

Interaction issues will also become apparent in fringe cases
where the driver is physically or mentally incapable of as-
suming control. An example for this can be found in the
promotional video by Google where a blind person is driven
around by a self driving vehicle [5]. Even the case of road
construction where the car requires manual control becomes
impossible to solve if the human can not or may not take
control of the vehicle. Also to be considered are situations
where the car might realize that the driver is incapable of
manually controlling the vehicle – be the driver drunk or too
fatigued. Even if they can safely move out of the way and
await input from a qualified driver, this presents a significant
usage hurdle for the technology.

Given such a possibility, it might even be generally better
if the vehicle simply tries the best course of action it can,
instead of trying to hand over control to a driver that might
not be capable of offering any help to the situation at hand.
In that case the hand off becomes an even more serious risk,
as the driver would then loose any chance of controlling
the vehicle. The question here is: can we allow the vehicle
to forcibly retain control when the driver might make the
situation worse?

We have now shown that the interaction between driver
and autonomous vehicle in hand off situations can have
serious implications for the utilization of autonomous vehicles.
While it seems likely that autonomous vehicles will function
correctly and drive generally safer even today, the fringe cases
where accidents can still happen should not be negated.

3.3 Solutions
Now that we have looked at the issue at hand, we will take
a look at possible solutions, based off of existing systems
and off domain work. However we cannot, for previously
stated reasons, offer up conclusively proven solutions. For
the most part the solutions are also not complete solutions
to the problems at hand, but should decrease the risk of
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catastrophic failure in hand off situations at least.

A solution to the problem where the driver might not be
capable or allowed to take manual control of the car lies
in the levels of automation. As stated previously, current
autonomous vehicles drop to the first level of automation
when human control is required. This works from a tech-
nical viewpoint as long as the person is authorized to take
direct control. We propose an alternative system, where the
computer would choose the level of control to drop down to
depending on the circumstances.

To better visualize the proposal, we will explain it based on
the example of a construction zone that the self driving car
deems beyond its capabilities. Instead of simply alerting the
driver that manual control will be required to continue, the
computer controlling the car might instead offer up alter-
native routes that take it around the obstacle. The person
in control of the car could then either allow the vehicle to
pick the best alternative route or give it another destination.
By simply disallowing the car to traverse into a situation
that would make manual control mandatory, the vehicle can
remain in direct control and make manual override by the
driver unnecessary. In essence, we propose that if required
or preferred, autonomous vehicles wouldn’t drop to the first
level of automation. Instead, it would simply switch one
down to the fifth level of automation, where the vehicle
makes suggestions based on the information at hand, lets
the human choose one, and then continues automatically by
executing the selected one. If the vehicle can network with
others, another way around the issue would be to allow the
autonomous vehicle to slave itself to a manual controlled car
for the duration of the unknown situation. This might actu-
ally be preferable in construction zones where pilot cars are
utilized to allow vehicles to traverse the zone; self driving cars
might simply create a chain of control. Of course, the vehicle
must still be aware of its surroundings and actively try to
avoid collisions to the best of its abilities – it shouldn’t trust
the master vehicle fully. That might mean that the chain
of control is broken, in which case the car would effectively
become stuck.

If the above solution is utilized to allow people to control a
car without a license, it would allow them to interact with the
vehicle in an abstracted way that would avoid giving them
manual control. It should work for the most cases where a
not time critical hand off is required, meaning where enough
time is available that the car can avoid the situation under
its own control. However for critical situations, the speed at
which the vehicle can inform the occupants of a situation and
receive instructions on how to avoid it becomes a significant
bottleneck. The car might not even be able to offer any
solutions, effectively rendering this solution inadequate. At
that point, it might be of more use to use the vehicles’ sensors
to prepare the car for an imminent collision, for example by
preparing seat-belts, airbags, and warning lights.

Another approach to the interaction issue comes from the
driver side. If the drivers remain capable of taking over
control within the required time span, the problem can be
decreased. However, this requires two things: one, the driver
is capable of handling the situation, and two, the driver can
take over manual control quickly enough.

The first point is a matter of training and or experience.
As stated before, it is probable that without any outside
motivation, driver experience will rapidly decrease for drivers
controlling autonomous vehicles. There is a range of options
to prevent that from happening, or at the least to decrease
the negative effects. One option might be adapting the
content and nature of attaining a driver’s license. Apart from
learning the manual control of the vehicle, lessons might be
mandatory for readying a driver to react correctly and fast
enough in critical hand off situations. This might include a
range of situations, either simulated or on a prepared test
course. To make such special training effective, it should be
required to test for, and if necessary, repeat it to allow drivers
to keep their license active. This would go hand in hand
with the current trend of making driver’s licenses limited
for a specific time span, forcing drivers to continually prove
that they are capable of safely controlling a vehicle. Apart
from forcing drivers to continuously remain trained, a better
approach might be a more practical one: require drivers to
drive a certain amount of their distance manually. In the
beginning, this might actually work nicely with gradually
introducing autonomous vehicles to the general population.
It might be practical, for example, to allow autonomous
control only on highways first. This would serve four points
rather nicely: one, highways are better suited as controlled
environments, with a decreased risk of critical situations
where the computer could not react better than a human
driver. Two, a significant percentage of people are loath to
hand control of their vehicle to a computer [18] – except
for long voyages or instances where not the act of driving
is the primary goal, but reaching the destination is. Third,
it would allow drivers to acquire and retain experience, as
they would still be in manual control whenever driving on
rural roads (with the added benefit that drivers could relax
on long voyages and be better suited to driving when leaving
the highway). And fourth, the on and off ramps of highways
can easily be used as controlled and viable hand off zones,
without endangering other traffic.

The second problem, making sure that the driver is alert and
always ready to take over, is a matter of feedback and alerts.
This is where the attention assist system could come into
play. By reading readily available sensor information from
inside the vehicle – movement, volume, and gaze tracking –
the vehicle can be aware of how aware the driver is. This
information can be used to enable the car to alert the driver
when the computer determines him unfit to continue the
voyage, offering to stop for a rest for example. Such a system,
if correctly implemented, should allow the vehicle to enforce
alertness by the driver. To supplement any passive sensors,
one could also implement a dead man’s switch as an active
sensor. This could be touch detection on the steering wheel
or a switch the driver has to press in random intervals.

But even should the driver be alert and readily able to take
over manual control, he might not immediately recognize a
critical situation where the computer cannot remain in full
control. Such a situation might be ice rain, which might
suddenly decrease the efficiency of the sensors used to drive
enough that the computer cannot safely predict a path, while
the driver could easily continue following the road. Therefore,
a good system for alerting the driver to take over must be
in place. To secure that the alarm reached the driver, we
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propose that such a system include not only visual, but
also auditory and haptic feedback mechanism. Visually, a
prominent warning light within the vehicle should serve its
purpose; accompany that with a warning alarm while the
car also silences any entertainment systems should secure
the undivided attention of the driver. Add to that haptic
feedback, for example rumbling the steering wheel or softly
shaking the seat, and we have a system that uses three of
the five senses of humans to alert the driver.

Even when the hand off is successful (implying that the driver
is in full control of the vehicle and aware of the fact), he will
take a moment to understand the situation – moments he
might not have. Even alerted the driver might lack informa-
tion to behave correctly in a critical situation and be unable
to process it quickly enough even if he has it. To counter
this, we propose making the overview view of what the car
senses as seen for example in figure 2 standard within all au-
tonomous vehicles. By reducing visual clutter, such a display
should give an excellent overview of the cars surroundings,
including the blind spots that drivers usually cannot perceive.
It should even be able to implement a system that highlights
the problem the car encountered, allowing the driver to cor-
rectly assess the situation with a glance. Beyond that, a
heads-up-display that can display warnings and alerts on the
windshield could also be of significant help. Of course, any
display would have to offer up a filtered view that is best
suited to the capabilities of the driver.

Always remaining ready is however not a task that many
humans can easily do – however they will still have a need of
transportation for the foreseeable future. To solve this, we
propose a system for labeling automation systems in respect
to driver capabilities. Fully autonomous vehicles that would
always drive so that no driver interaction is required would be
free to use for everyone. These might however be limited in
where they drive and how fast they drive. This would serve to
allow the automation to drive in a safe environment that has
the least amount of distractions possible, effectively rendering
the need for a manual override to zero. On the other side of
the spectrum would be cars that can act fully autonomous
when the computers deem it safe, but allow or even require
the driver to take over when the situation warrants it. These
would only be available to drivers that have been certified for
the safe operation of a fully autonomous vehicle. This might
be required when crossing into a new country where the laws
governing driving are substantially different, rendering the
automation incapable of functioning safely.

4. FUTURE RESEARCH
Here we will offer a future outlook and where further work
should and can be done. These proposals are mainly based on
the previous section, which offer up a range of questions and
uncertainties that we will now highlight and use to suggest
further work.

One topic that is worthy of research is how to warn the driver
in critical hand off situations that he now has control – via
auditory, visual, and or haptic feedback mechanisms. Finding
the right stimuli that alert the driver to the situation without
distracting him from it will require studies and further work,
with strong links to the psychological aspects of human
information processing. Such research might prove to be

of the more immediate importance once fully autonomous
vehicles become widely available. Parallels could also be
found in already existing systems from off domain fields,
such as trains and airplanes.

Another interesting question is how to present the informa-
tion the car continually gathers of its surroundings to the
driver. Again, making sufficient information available fast
enough and easy to understand is not a trivial task. One
could consider for example that utilizing some artificial in-
telligence algorithms, the autonomous vehicle might decide
by itself what range of information to present a driver and
how to best present it. This might lend itself to the topic
because it allows the system to react adaptively to the needs
and capabilities of the intended recipient – the driver.

To enable sound research, the autonomous vehicle field cur-
rently lacks a shared, public pool of raw data. Therefore
we would like to encourage companies and universities that
have such data to make it publicly available, as it is essential
for the safe development of interoperable self driving cars.
As in other domains where automation has been introduced,
standards must be found that are strictly adhered to, based
on common ground.

Apart form technical points or research that directly applies
to the vehicles, more work can also be done for preparing
and understanding human drivers in control of autonomous
vehicles. Studies into how to best prepare drivers for hand
off situations under critical situations might be of further
interest.

5. CONCLUSION
In this paper we have given an overview of the current state
of automation technology in the automotive domain and off
domain. Based on this information, we have highlighted the
problem of human-automation interaction for automotive
applications. Furthermore we have offered up points where
solutions might be viable and formulated some concrete
examples, although we lack any proof that they could be
viable. Therefore we have proposed some areas that could
use some serious research work if non yet exists.
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