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Expressing Emotions through Vibration
for Perception and Control
Shafiq ur Réhman
Department of Applied Physics and Electronics, Umeå University, Sweden.

A BSTRACT
This thesis addresses a challenging problem: “how to let the visually impaired ‘see’ others emotions”. We, human beings, are heavily dependent on facial expressions to express ourselves. A
smile shows that the person you are talking to is pleased, amused, relieved etc. People use emotional information from facial expressions to switch between conversation topics and to determine
attitudes of individuals. Missing emotional information from facial expressions and head gestures
makes the visually impaired extremely difficult to interact with others in social events. To enhance
the visually impaired’s social interactive ability, in this thesis we have been working on the scientific
topic of ‘expressing human emotions through vibrotactile patterns’.
It is quite challenging to deliver human emotions through touch since our touch channel is very
limited. We first investigated how to render emotions through a vibrator. We developed a realtime “lipless” tracking system to extract dynamic emotions from the mouth and employed mobile
phones as a platform for the visually impaired to perceive primary emotion types. Later on, we extended the system to render more general dynamic media signals: for example, render live football
games through vibration in the mobile for improving mobile user communication and entertainment
experience. To display more natural emotions (i.e. emotion type plus emotion intensity), we developed the technology to enable the visually impaired to directly interpret human emotions. This was
achieved by use of machine vision techniques and vibrotactile display. The display is comprised of
a ‘vibration actuators matrix’ mounted on the back of a chair and the actuators are sequentially activated to provide dynamic emotional information. The research focus has been on finding a global,
analytical, and semantic representation for facial expressions to replace state of the art facial action
coding systems (FACS) approach. We proposed to use the manifold of facial expressions to characterize dynamic emotions. The basic emotional expressions with increasing intensity become curves
on the manifold extended from the center. The blends of emotions lie between those curves, which
could be defined analytically by the positions of the main curves. The manifold is the “Braille
Code” of emotions.
The developed methodology and technology has been extended for building assistive wheelchair
systems to aid a specific group of disabled people, cerebral palsy or stroke patients (i.e. lacking fine
motor control skills), who don’t have ability to access and control the wheelchair with conventional
means, such as joystick or chin stick. The solution is to extract the manifold of the head or the
tongue gestures for controlling the wheelchair. The manifold is rendered by a 2D vibration array to
provide user of the wheelchair with action information from gestures and system status information,
which is very important in enhancing usability of such an assistive system. Current research work
not only provides a foundation stone for vibrotactile rendering system based on object localization
but also a concrete step to a new dimension of human-machine interaction.
Keywords: Multimodal Signal Processing, Mobile Communication, Vibrotactile Rendering, Locally Linear Embedding, Object Detection, Human Facial Expression Analysis, Lip Tracking, Object Tracking, HCI, Expectation-maximization Algorithm, Lipless Tracking, Image Analysis, Visually Impaired.
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S AMMANFATTNING
Den här avhandlingen försöker lösa det utmanande problemet: ”hur kan synskadade ’se’
känslor”. Vi människor är väldigt beroende av ansiktsuttryck för att visa hur vi känner
oss. Ett leende visar att den person som du pratar med är nöjd, road, lättad, etc. Människor
använder ansiktsuttryck för att skifta mellan konversationsämnen och för att bedöma andra människors attityd. Avsaknad av information om känslor och huvudrörelser gör det
mycket svårare för synskadade att interagera med andra i ett socialt sammanhang. För att
förbättra synskadades förmåga att delta i sociala sammanhang har vi i denna avhandling
arbetat med den vetenskapliga frågan ”att uttrycka visuella känslor genom vibrationsmönster”.
Det är en utmanande uppgift att visa mänskliga känslor via känsel eftersom den mänskliga känselkanalen är väldigt begränsad. Vi har först undersökt hur vi kan rendera
känslor genom vibratorer. Vi har utvecklat ett real-tids ”läpplöst” spårningssystem för att
extrahera dynamiska känslor från munnen och använt oss av mobiltelefoner som plattform
för synskadade att känna primära känslotyper genom. Sedan har vi utökat detta system till
att rendera mer generella mediasignaler: t.ex. rendera fotbollsmatcher genom vibrationer
i mobiltelefoner för att förbättra kommunikation och underhållningsupplevelse för mobila
användare.
För att kunna uttrycka mer naturliga känslor (i.e. känslotyp plus känslostyrka) har vi
utvecklat tekniken så att synskadade kan tolka mänskliga känslor direkt. Det har vi gjort
genom användning av datorseende och en vibrotaktil display. Denna display består av en
matris med vibrationsmotorer’ som är monterade på en stolsrygg. Vibrationsmotorerna
aktiveras sekventiellt för att ge dynamisk information. Fokuset för forskningen är att hitta
en global, analytisk och semantisk representation för ansiktsuttryck som kan ersätta det
state of the art system som finns för ansiktskodnings (FACS). Vi föreslår att man använder
sig av ansiktsuttryckens utbredning för att skapa dynamiska känslor. De grundläggande
känslorna med ökande styrka blir kurvor längs utbredningen som har sin början i mitten.
Blandningen av känslor finns mellan dessa kurvor och kan förklaras analytiskt genom
positionerna av de grundläggande kurvorna. Utbredningen är ”Braillekod” för känslor.
Den utvecklade metoden och tekniken har utökats till att användas på assisterande
rullstolssystem för att hjälpa en grupp människor med svåra handikapp; personer med
cerebral pares eller strokepatienter (i.e. patienter som saknar finmotorik), som inte kan
styra en rullstol på vanliga sätt som med joystick och hakkontroll. Lösningen är att extrahera huvud och tungrörelsernas utbredning för att kontrollera rullstolen. Utbredningen
är renderad genom ett 2D vibrationsmönster som ger rullstolens användare feedback om
hur rörelserna från huvud och tunga tolkats. Detta är något som är väldigt viktigt för användarvänligheten av ett assisterande system. Nuvarande forskning innebär inte bara en
grundsten för vibrotaktil rendering baserad på objektlokalisering utan är också ett konkret
steg till en ny dimension av interaktion mellan maskiner och människor.
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Preface

1 Introduction
1.1 Research Problem
Facial expression information allows us to switch between the conversations topics to
avoid conflicts, to track the attempts of changing emotional states or reactions of others
and to determine attitudes of individuals. Emotions have a significant importance in decision making and problem solving [1]. Missing information from facial expressions makes
the visually impaired person extremely difficult to interact with others in the social events.
They always have to rely on their hearing to get other’s emotional information since their
main information source is the voice. It is known that it is difficult to understand complex emotion from voices alone. Particularly, when a speaker is silent then no emotion
information can be detected from the voice. This implies a great loss, since more than
65% information carried out through nonverbal during face-to-face communication [2].
To enhance a visually impaired person’s social interactive ability, it is important that they
can get reliable “on-line” emotion information. This thesis work addresses a challenging
topic of ‘how to express dynamic facial expressions through vibrotactile patterns’?

1.2 Technical Challenges
All information about the world is perceived by humans through five senses: sight, hearing, touch, smell, and taste. Tactile perception is associated with the sense of touch. Touch
is perceived through the skin, which contains receptors for pressure, pain, temperature,
and kinetics receptors. The bandwidth for each sense, the rate at which the brain can process information from the sensory receptors, is largest for sight and decreases rapidly for
each sense in an order of vision 106 bits/s, hearing 104 bits/s, touch 102 bits/s [3]. From
this one can imagine that how difficult it is for the blind to interact with his environment
and with others since as much as 99% of sensory information is lost! To enhance their
ability of interaction and communication, ways have to be found for them to perceive
visual information.
There are already systems for presenting text tactilely (braille print, the Optacon [4])
or audibly (text-to-speak synthesis), but for displaying real images visually impaired people have no reliable aids. Some methods for converting visual information into sound
have been developed, e.g. the vOICe [5], but it is doubtful that an audible presentation of
1
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visual information is effective. The sense of hearing is widely used in everyday life, by
seeing as well as visually impaired persons, and this channel might be overloaded with
information from both the ordinary audible world and the synthesized visual information.
It would be better to provide the visually impaired information through a sense that is
not occupied with other activities. Thus, the tactile sense seems to be a good information
transmitter since it is usually not involved in any other information processing.
In the late 1960’s, researchers showed that subjects could identify simple objects by
getting low-resolution “images” projected on their backs [6, 7]. The subjects were seated
in a dental chair with a 20 × 20 matrix of 1 mm thick circular vibrotactile stimulators
spaced 12 mm apart. The matrix was connected to a television camera that can be freely
moved around by the subjects. Images from the camera were converted to tactual information, causing the tactile stimulators to vibrate if they were in an illuminated area
of the camera’s image. The test persons had trouble identifying objects’ form and other
features when the camera was stationary, but when they were allowed to move the camera to actively explore the scene their recognition abilities increased rapidly. When the
vibrations on their backs changed as they moved the camera around, the subjects actually experienced a sense of seeing. They perceived the consistency between their camera
movements and the changing patterns on their backs as external descriptions of the scene,
and not merely as the dental chair changing. After some training, the users were able to
identify numerous objects and persons, even when there were several objects in the scene
overlapping each other. They also got a feeling of depth, and blind persons who never
had experienced perspective could for the first time see how objects increased in size as
they approached the camera. The task that the subjects had most trouble with was to determine internal details of objects. Other approaches include vibrotactile displays for the
fingertips, as in [8] where a 12 × 4 tactile element array, suitable for three fingertips, can
be moved about a 220 × 220 mm area, thus giving a virtual resolution of 4000 elements.
The human fingertips can perceive much finer details than human back but have
smaller areas, so the environment has to be explored bit by bit. Some devices use electrotactile stimulus, and consist of elements giving small electrical charges instead of vibrations. Electric stimulations can be perceived trough the skin or the tongue, as described
in [9] where a 7 × 7 electro-tactile array is used to present simple geometric shapes. The
resolution and area is limited, but the tongue seems to be more sensitive to electro-tactile
stimulus than the skin, and it also requires less power. Way and Barner [3] have investigated which kind of images that are easiest to perceive. There are also other systems that
convert an image from a television-type camera to a matrix of electro tactile or vibrotactile
stimulators on the abdomen, forehead or fingertip, in order to enable spatial orientation
beyond the reach of a hand or long cane. Although those systems are only experimental (more examples including [10–14]), they do demonstrate the feasibility of perceiving
visual information through the tactile sense. It is also clear to see the following points
• The research on this issue is rather fragmented. To make this type of system useful
for the visually impaired, multidisciplinary and interdisciplinary research is highly
desired.
• Only static visual stimulus or forms, like text, contour of object, 3D shaped object
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Fig. 1.1: Working Principal of the Sense Mobile System.

etc were used for testing. High-level, dynamic visual form, like facial expressions,
which we are targeted for now, have not yet been tested.
• There is no straightforward way to convert visual information into tactile representation. The tactile sense is an inferior information carrier to the visual sense.
To avoid the information overload that would result from a direct translation from
visual to tactile information, the visual signals have to be simplified and reduced
in bandwidth in the order of 1:10000. This implies that difficult high-level vision
problems have to be solved.
• To make effective tactile perception of visual information, both psychological and
physiological knowledge of our touch sense is needed.

1.3 Research Goal
The goal of the research is to develop methods and techniques for
• Enriching our knowledge on sensory substitution and sensory integration;
• Investigating effective ways to express human emotions through our touch channel;
• Exploring effective and efficient ways to characterize dynamic facial expressions;
• Studying the mechanism of building an effective 2D vibrotactile display for the
back;
• Devising tests for assessing performance of the developed vibrotactile display;

1.4 Potential Impact
It is estimated that there are 30-40 million visually impaired people worldwide [3] and
these figures do not stop there. It is also predicted that these will increase to 58 million in
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Fig. 1.2: Working Principal of Facial Expression Appearance vibroTactile System.

2010 and 75 million in 2020 [15]. Lacking the sense of vision can limit a person’s daily
life. A visually impaired person usually needs the aid of a long white cane or a guide
dog to get around in his/her surroundings. These aids not only help the user, but are also
a visual cue to the people around the visually impaired person for his limited abilities to
travel independently. Therefore this limitation is probably what first comes to mind when
most people think about visually impaired persons. However, it is not the most obvious
tasks connected to the vision that visually impaired people face. Small details in everyday
life that sighted people take for granted are also missing in their lives. One of the most
important of those things is the ability to ‘see’ a person during a conversation. Sighted
humans have fine communication patterns of body language that are naturally developed
from birth. During conversations people use facial expressions and hand gestures to express emotions, underline points, change the conversation etc. Those body gestures and
especially facial features are often important cues for understanding the spoken contents
of the conversation. Facial expressions contain valuable information that the visually impaired miss. This common fact is emphasized by [16] as
“... cognitions interprets and understands the world around you, while emotions allow
you to make quick decision about it”.
Obviously, if there is a way to convert emotional information to a form that can be understood by the visually impaired, this will greatly improve their quality of life. Furthermore, the developed techniques are also extended for intelligent control of wheelchairs,
from which millions handicap will benefit. The block diagram of two examples of the
vibrotactile rendering system are shown in Fig. 1.1 and Fig. 1.2.

2 Vibrotactile Sensation and
Rendering
2.1 Vibrotactile Sensation
Human skin is composed of layers, namely, epidermis and the layer below this is
called dermis. It is a complex process how human brain receives and understands vibration stimuli. It is known that human skin employs four types of mechanoreceptor to
perceive given stimulus, i.e., Merkel Disk, Ruffini Corpuscles, Meissner Corpuscles and
Pacinian Corpuscles (see Fig. 2.1) [17]. Afferent fibber branches that form a cluster of
Merkel’s discs are located at the base of a thickened region of epidermis. Each nerve
terminal branch ends in a disc enclosed by a specialized accessory cell called a Merkel
cell (NP II). Movement of the epidermis relative to the dermis exerts a shearing force on
the Merkel cell. The Merkel cell plays a role in sensing both touch and pressure. Ruffini
Corpuscles (NP II) are spray-like dendritic endings (0.5-2 mm in length) in the dermis
hairy skin and are involved in the sensation of steady and continuous pressure applied to
the skin. Meissner Corpuscles (NPI) are found just underneath the epidermis in glabrous
skin only, e.g., fingertips.

Fig. 2.1: Human skin cross section labelled with mechano receptors [18].
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Pacinian Corpuscles (PC’s) are pressure receptors, located in the skin and in various
internal organs. Each is connected to a sensory neuron. It can achieve a size of 1-4 mm.
It has its private line to the CNS. Vibrotactile sensation generally means the stimulation
of skin surface at certain frequency using vibrating contactors. Pacinian Corpuscles are
considered performing a major role in vibrotactile perception with maximum sensitivity
at higher frequencies, i.e., 200 − 300 Hz.
The phenomenon of vibrotactile sensation was firstly introduced by Geldard [19].
There are four different parameters through which vibrotactile information coding can be
studied, namely, frequency, amplitude, timing and location. A vibrotactile stimulus is only
detected when the amplitude exceeds a certain threshold, known as detection threshold
(DT).
In general, DT depends on several different parameters [20–22] but mainly on the frequency (∼ 20-500 Hz) and location (fingers are most sensitive 250-300 Hz). Vibrating
stimulus up to 200 Hz results in synchronized firing of afferent nerve fibbers and considered capable of great physiological information flow, i.e., due to presence of large number
of mechanoreceptor esp. PC’s [23]. By using single detectable stimulus simple messages
can be encoded [24]. J. van Erp has given detailed information for the use of vibrotactile
displays in human computer interaction [25]. While presenting tactile coding information
a designer should consider the following principals [26–29]:
• No more than 4 intensity (magnitude) levels should be used.
• No more than 9 frequency levels should be used for coding information and the
difference between adjacent levels should be at least 20%.
• The time interval between adjacent signals should be more than 10 milli-seconds to
prevent the “saltation effect”.
• The vibration on the hand should be carefully dealt with and long durations might
make users irritated.
• Vibration intensity can be used to control threshold detection and sensory irritation
problem; similar to volume control in audio stimuli.

2.2 Vibrotactile Rendering
Normally, there are two commonly used display techniques to generate vibration: 1)
using a moving coil, usually driven by a sine wave; 2) a DC motor, which is used in most
mobile phones. Since we are using a mobile phone to deliver emotional information, the
DC motor based vibrotactile display is used in the iFeeling system.

2.2.1 Vibrotactile Actuators
In almost all commercially existing mobile phones, a vibration actuator has already built
in. It is natural to render emotion on a mobile phone with a vibration motor. The vibration
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Fig. 2.2: A mobile phone with a vibrator [24].

patterns are generated by rotating a wheel with a mounted eccentric weight as shown in
Fig. 2.2. The wheel rotates at a constant speed. Switching it on and off produces the
vibration. The advantages by using such a vibrotactile actuator are
• having light weight and small miniature size (dia ∼ 8.0 mm),
• using low operating voltage(∼ 2.7 − 3.3V),
• producing distinguishable tactile patterns,
• existing in most mobile phones and producing enough force,
• not power hungry contrary to other actuators [30–33]
Furthermore, it does not require any additional hardware to do rendering, which can result
in increase in size or weight.

2.2.2 Vibrotactile Coding
To understand the vibration stimuli produced by a mobile phone vibrator, one must consider the input voltage and response vibration produced by the vibrator. Yanagida et
al. [34] noted 100-200 msec response time of a vibration motor (see Fig. 2.3).
By properly controlling the motor response, one can create perceptively distinguishable vibrotactile patterns. Such an efficient technique is the Pulse Width Modulation
(PWM) [24, 34]. Pulse-width modulation uses a square wave whose pulse width is modulated resulting in the variation of the average value of the waveform. PWM allows us to
vary the amount of time voltage is sent to a device instead of the voltage level sent to the
device. The high latency of the vibration motor (i.e. the slow reactions to changes in the
input signal) results in a signal which resembles those created by amplitude modulation.

8
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Fig. 2.3: A vibration motor response to stepwise input voltage reported by [34].

Fig. 2.4: Perceptive magnitude against input voltage reported by [33].

By switching voltage to the load with the appropriate duty cycle, the output will approximate a voltage at the desired level. In addition, it is found that PWM also reduced power
consumption significantly compared to the analog output approach.
Thus, the vibration of an actuator can be determined by the on-off rotational patterns
through PWM. The vibration can be controlled by two types of vibration parameters: 1)
frequency; 2) magnitude. The vibration frequency is determined by the on-off patterns
while the magnitude is determined by relative duration ratio of on-off signals. A vibrotactile stimulus is only detected when the amplitude exceeds a certain threshold, i.e., DT.
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To make sure that the generated vibrotactile signals are perceptually discernible, one has
to carefully follow the principles of human’s vibrotactile perception. Jung et al. [33] has
shown a nonlinear mapping between the perceptual magnitude and input voltage. One
can see that the perceptual magnitude increase almost linearly up to 3V olts (see Fig. 2.4)
and further increase in input voltage over 3.5 Volt doesn’t guarantee in increase in perceptual magnitude. Since for most phones it is not easy to control the input voltage, a fixed
voltage is usually used and the vibration is controlled by on-off patterns of voltage.
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3 Human Emotions
3.1 Human Emotions and Facial Expressions
The major effort is focused on answering the challenging question “how to express emotional information using tactile modality”. ‘Emotion’ as its own definition can be an
intensely divisive topic; but description of emotion based on its components is generally agreed among psychologists. An extensive survey on emotion analysis can be found
in [35]. The most common and straightforward way to ‘see’ the emotion can be based
on its descriptive components, i.e., set of behaviors performed (and/or observed) with an
emotion. These behaviors are categorized into “gross body behavior” and “emotion expression”. Both are generally medicated through the muscular system. The gross body
behavior can be a complete body action such as attacking, striking, running away etc, or it
can be a non-apparent like holding finger tight together, rubbing hands etc. The emotion
expressions are facial and bodily behavior but not actions or achievement of a goal. These
facial expressions are quite distinctive in nature and recognized easily as emotional face.
The most common way is the asymmetry in facial muscles movements or actions [36]. It
is commonly agreed that certain facial expressions are associated with particular human
emotions. As early as mid ninth century, Charles Darwin considered facial expressions
based on the communication mechanism. Normally, the function of a facial display is to
communicate motives or intention to others. The smiling face indicates conciliation, association or affiliation and a ‘sad’ face signifies discomfort, unhappiness or grief. Similarly
an ‘angry’ face signals to hostile, offensive or an aggressive gesture and so forth [37, 38].

3.2 Characterizing Human Emotions
Paul Ekman and his colleagues have extensively studied human facial expressions for
human emotion analysis [40]. Their work suggests an evidence of universality in facial
expressions. In order to quantify the human emotions based on facial expressions, they
have classified them into six “universal facial expressions”: happiness, sadness, anger,
fear, surprise, and disgust. After studying facial expressions in different cultures, including preliterate cultures, Ekman and Friesen developed the Facial Action Coding System
(FACS) to code facial expressions where movements on the face are described by a set of
action units (AUs) [40, 41]. Each facial expression may be described by a combination
11
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Fig. 3.1: Examples of lower face action units based on FACS from Cohn and Kanadeś
database [39].

of AUs and each AU has some related muscular basis. FACS describes and measures
facial expressions and the movements, that is based on an anatomical analysis of facial
actions (Fig. 3.1). It illustrates appearance changes of the face using written descriptions,
still images, and digital video examples. FACS measures the visible changes of muscle
movements in the face. On the basis of anatomics FACS defines 44 units of the face, i.e.,
Action Units (AU);
• for upper face - 12 AUs
• lower face - 8 AUs for vertical movements
• lower face -2 AUs for horizontal movements
• lower face -3 AUs for oblique movements
• lower face -5 AUs for circular movments.
• 14 AUs for “mixed”.
In FACS action units are the smallest visibly discriminating changes in facial display and combinations of FACS action units can be used to describe complex emotion
expressions (for example, it is claimed that FACS can display more than 7000 facial actions) [40, 41]. For more details on FACS readers are advised to see [40–43].

3.3 Facial Image Analysis for Emotion Estimation
An automated computer system for detection and interpretation of human affective behavior is an interesting and challenging problem and it has significant impact of various
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application areas [44, 45]. In computer vision based applications, it is mostly done using
human facial expression analysis. For many years, FACS has been considered a tool for
research of human emotion analysis and it scores human emotions using basic parameters
such as duration, intensity or the symmetry. In order to detect the human affective states,
researchers have explored facial expressions for automatic emotion recognition systems
using FACS [44, 46]. FACS based automatic emotion recognition methods are in general
similar, i.e., they first extract some features from the images and label them as AUs. Then
the extracted features are fed into a classification system, and thus results in one of the
preselected emotion categories. Most automatic emotion recognition methods are based
on “facial features extraction” or “facial regions processing” [45, 47]. FACS based automatic emotion recognition methods differ mainly in the emotion signal estimation from
the feature extraction from video images or the processing of video images to classify
emotions [47].
Dittrich [48–51] studied the nature of the information used in a visual analysis and investigated when a face is moved around, whether the number of visible facial features
and their location would affect the facial expression perception. They suggested that a
small number of facial locations displayed would convey the emotional information, even
for random distribution of facial locations instead of well-defined facial features such as
eyes, nose or mouth. In other words, the full range of the facial features or the full area
of the face is not needed for effective facial analysis or the emotions even though many
facial areas might be able to convey the characteristics of specific emotional expressions.
Moreover, Bassili [52] reported that even thought a full-face yielded a higher emotional
recognition accuracy rate (i.e. 74.4%) than a lower-face (64.4%), but still the lower face
emotions are recognized more accurately as compared to upper-face (i.e. 55.1%). Furthermore, surprise (82.2%) and happiness (79.6%) are recognized more accurately than
sadness (60.8%), anger (58.9%), fear (57.6%) and disgust (49.7%). It is also suggested
that the lower-face is more useful than the upper-face for recognition of happiness, surprise and disgust whereas sadness and fear are opposite case. Both parts of a face are
equally useful in case of the anger [42, 52].
Up to now, Ekman’s FACS system is considered the state of the art system to characterize facial expressions. Accurate feature extraction is normally considered the first and
the most important step in FACS. If an explicit lip model with three states is employed and
the underlying parameters of the lip model are extracted for recognition, average recognition rates of 96.7% for lower face action units can be achieved [53]. This very encouraging
result implied that high recognition rate of human emotions can be maintained as long as
the lip parameters can be reliably extracted. Furthermore, human lip-area information
extraction and recognition is an active research topic in order to get robust results in applications such as lip reading [54], automatic audio-visual speech recognition [55, 56],
speaker identification [57] and facial expression recognition [53].
Considering the above mentioned facts, we have studied lower face based facial features (i.e. lip area) to extract the emotional information. Human lips are normally defined
as the two fleshy folds which surround the mouth and organs of speech essential to certain
articulation. According to Merriam-Webster medical dictionary lips are the pink or reddish margin of the human lip composed of non-glandular mucous membrane. Regardless
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of the considerable research since the last two decades, robust human-lip detection and
tracking is still a quite challenging task. Human lips are deformable object. There is no
exact clear border between lower lip red part and the illumination problem that starts from
the structure and shape of the lips, i.e., lower lip skin part and lighting conditions even
make it harder to extract.
To enable accurate and robust lip tracking, an intuitive solution is to find ‘good’ visual
features [58] around the lips for localization and tracking. The motion and deformation
information from tracked features are then used to deform the modelled semantic lip
contours. We adopt the strategy of an ‘indirect lip tracking’. Since it is not the semantic
lips that are being tracked but the features around the lips, we call our approach ‘lipless
tracking’.
This approach has the following unique features:
• Lip features are localized instead of semantic lip-models [59] or lip-states.
• Not dependent on large databases and heavy training [54]
• No manual operation and fully automatic tracking on a per user basis with no bad
convergence [60]
As in other types of computer vision algorithms, an important issue with lip localization and tracking algorithms is the measurement of performance. In general, lip localization and tracking system are evaluated using two methods, i.e., implicit and explicit evaluation methods. An implicit criterion is application dependent, in which the lip-localization
and tracking error is estimated considering the performance in the given application area.
An explicit criterion is mentioned in order to the lip boundary and/or state estimation
that is independent of the application (i.e., calculated result against manual detection of
contours or key-points). Both implicit and explicit methods previously proposed rely
on “application/technique dependent visual inspection”. The visual inspection method
(VIM) is the way to evaluate the results of any given techniques. It compares the expert
segmented image results in order to check how well the algorithm has determined the
position or the lip-parameter (i.e., lip-width, lip-width) and how well the lip-corner points
(i.e., left corner point or right corner point) are estimated? This problem gets even more
complicated when the various expert-segmentations produce different lip parameters for
the given images. It becomes harder to determine the performance of any given technique
and/or algorithm when the “true segmentation” or “true lip-position” varies among the
experts.
We have proposed a solution to the problem in two-steps. First determine the “Best
True Segmentation (BTS)” based on expert decision. Secondly after extracting the lipparameters produced by BTS we determine the performance of the algorithm based the
Error Estimation Rate (EER). The EER proposed here, is comprised of Localization Error
Rate (LER) and Tracking Error Rate (TER). The BTS is based on iteratively estimation
of performance measure of each expert in an EM-like algorithm.

3.4. Manifold of Facial Expressions
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3.4 Manifold of Facial Expressions
To characterize facial expressions based on FACS, we need to make explicit judgments
about contraction of specific muscles (i.e., AU in FACS) on the face. However, to enable
an intuitive display, that is, to feel facial expressions directly, one needs a semantic way
to characterize how facial expressions evolve during an emotion event. Obviously, FACS
is no longer suitable for the purpose due to
• FACS consists of 44 action units, which are too many to display tactually;
• The discrete nature of AUs is not suitable for displaying continuous emotions;
• Automatic recognition of action units is still a hard image analysis problem.
This naturally leads to a challenging question: to find some global, analytical, and semantic representation for facial expressions in 2D for touch visualization.
In the thesis we propose the use of manifold of facial expressions as a unified framework
for the description of dynamic facial expressions for vibrotactile rendering. Under the
manifold framework, an expressive facial image with N pixels can be considered as a
point in an N-dimensional image space, and the variability of facial image classes can be
represented as low dimensional manifolds embedded in this image space. Since people
change facial expressions continuously over time, it is a reasonable assumption that all
images of someone’s facial expressions make a smooth manifold in the N-dimensional
image space with the “neutral” face as the central reference point. The intrinsic dimension
of the manifold is much lower than N . On the manifold of expression, similar expressions
are points in the local neighborhood on the manifold. The basic emotional expressions
with increasing intensity become curves on the manifold extended from the center. The
blends of expressions will lie between those curves, so they can be defined analytically
by the positions of the main curves.
To extract the manifold from dynamic facial expressions, we need manifold learning
techniques to reduce high-dimensional facial expression video data to a very low dimensional description. In general, manifold learning techniques can be classified into two
major groups; group-I which only characterizes linear manifolds and group-II targets the
dimensionality reduction in nonlinear cases. Principal Component Analysis (PCA) [61],
Multidimensional Scaling (MDS) [62], Factor Analysis [63] and Independent Component Analysis (ICA) [64] are considered suitable for dimensionality reduction in linear
manifold cases. Where as kennel PCA [65, 66], Locally Linear Embedding (LLE) [67],
Laplacian Eigen Maps (LEM) [68], Self Organizing Maps (SOM) [69], Isomaps [70, 71]
and Semi Definite Embedding (SDE) [72] techniques are used for nonlinear cases in the
literature.
Locally linear embedding (LLE) is an eigenvector method proposed by Roweis et al. [67]
for nonlinear dimensionality reduction. According to LLE, information about the global
geometry of high-dimensional manifold can be analyzed by assuming that it is locally
linear, or covered with a set of locally linear patches. Using this assumption, each point
can be approximated using hyper planes and each data point can be represented by a
weighted combination of its neighbors. Coefficients of this approximation are used to
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Fig. 3.2: An Overview of LLE algorithm [67].

Formally, if V is DxN matrix of N data item each with D dimensions; then
1. Neighborhood association of V[b,c] space
f or i := 1 → N
di := distance(Vi , Vj )
if di < dk
dk := di
N eighbor [Vi (d)] ←− Vj
end
end
2. Reconstruction of Weight W
f or i := 1 → N
M atrix Z := ∀ N eighborVi [d]
M atrix Z(:, i) := Z(:, i) − Vi
LocalCoveriance C := Z 0 ∗ Z[e]
Solve linear system C ∗ w = 1 for w[f ]
if Vj isnot N eighbor Vi
Wij = 0
else
Wij := w/sum(w)
end
end
3. Computation for embedding coordinates B
Create Sparse M atrixM := (I − W )0 ∗ (I − W )
f ind bottom d + 1 eigenvectors of M (corresponding to the d +
1 smallest eigen − values)
set q − th ROW of B to be the q+1 smallest eigenvector
(discard the bottom eigenvector [1, 1, 1, 1...] with eigenvalue zero)

find the low-dimensional embedding preserving the geometry in a single global coordinate
system.
According to [67], the Locally Linear Embedding (LLE) algorithm can be summarized in three main steps namely neighborhood association, weight reconstruction and
computation of embedded coordinated based on weights. An overview of LLE is given in
Fig. 3.2. The most attractive feature of the LLE algorithm is that one has to set few free
parameters and can find non iterative solution while avoiding convergence to a local minimum [73]. To enhance the performance of LLE many extensions have been introduced
such as Laplacian Eigenmap (LEM) [68], Kernelised LLE (KLLE) [74] and Hessian LLE
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(HLLE) [75]. For more details see [73]. LLE has been used to solve some computer
vision problems, for example, Chang et al. has proposed [76] that the nonlinear dimensionality reduction technique LLE is suitable for the purpose of visualizing manifolds of
facial expressions. We have extended the LLE algorithm for vibrotactile rendering of
dynamic facial expressions.
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4 Vibrotactile Rendering of
Human Emotions
The main problem addressed in this thesis is ‘how to express emotion information using vibrotactile displays’? The simple strategy to solve the problem is to extract visual
parameters and then code these parameters into vibrotactile patterns. For the visual parameters extraction step, firstly one has to decide which parameters should be considered.
Either these parameters should be the placement and movement of certain points of the
face (e.g., eyes and mouth corners based on FACS [41]) or these should be some higher
level information about the complete emotional-face, like a pattern based on the shape of
the mouth and eyes collectively. Secondly, in both cases, it should also be evaluated how
effective this information is when presented through a vibrotactile display?
In our approach human back is used for perceiving vibrotactile patterns. Although
fingers are the most suitable and sensitive part of human body for tactile perception, we
have used the human-back for presenting vibrotactile patterns as once the subjects are
trained for vibrotactile patterns recognition on the back; they can almost immediately
recognize the same pattern to other part of body. This phenomenon is also true for fingers
to some extent but not so immediate [77].

Video
Sensor

Parameters
Extraction

Emotion
Estimation

Vibrotactile
Display

Fig. 4.1: Block diagram of the TEARS.

A bottom-up approach is used to build the facial expression recognition system for
visually impaired persons. First of all it is determined how much information that can
be perceived through the human skin effectively via vibrotactile display. To evaluate the
vibration patterns for future development, we have performed usability experiments. In
our experiments, a vibrotactile signal is controlled by two parameters of vibration: 1)
19
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frequency; 2) magnitude, where the magnitude is determined by relative duration ratio of
on-off signals.
During the thesis work two types of vibrotactile rendering systems have been developed.

4.1 TEARS
Our first prototype system, i.e., Tactile facial Expression Appearance Recognition System
(TEARS), is based on the idea to perform calculations on the given video and estimate
the parameters based on Facial Action Coding System (FACS) [41]. These estimated
parameters are then rendered using developed vibrotactile patterns (in Fig. 4.1). More
precisely, the parameters extracted from the video module are used to estimate facial
expressions of the given face and send these compact parameters to the tactile device
for rendering. Here we experimented with estimation of six basic emotions based on
human facial expression categorized by Paul Ekman [41]. But the usability tests show
shortcoming regarding training cost of the system.
Two versions of TEARS have been developed, one is mobile phone version and another is a chair version. By the end of 2006, we had successfully demonstrated our
TEARS system [78]. Thanks to our careful user test, a number of weak points have
been exposed in this technical approach:
• only six prototypic expressions can be displayed, i.e. only emotion types without any emotion intensity information; contrary to, human beings have much rich
emotion spectrum.
• the user has to associate ‘designed vibrotactile patterns’ with six emotions.
This leads to a more deep technical investigation how to build an intuitive display of
dynamic (rich) facial expressions on the back. This also motivates us to develop a new
type of human emotion rendering system.

4.2 FEATS
The second version of the system, Facial Expression for Appearance vibroTactile System (FEATS), works on the idea to present user with some higher level information (with
reduced dimension) about the complete emotional-face. Some “raw” parameters of the
facial expression are presented on the vibrotactile device instead of computing the facial
expression based on Facial Action Coding System (FACS) [41]. In FEATS, the Locally
Linear Embedding (LLE) algorithm is used to reduce high dimensional facial expression
data into a low dimensional description, manifold of facial expressions. The manifold
extracted from a facial expression video are passed through the conversion module with
modifications and the user “see” certain key vibrotactile patterns associated with the emotional face. It is expected that this method will give the user more details and freedom
than the first method. Note here we have removed the emotion estimation block which
previously categorizes all the emotions into six basic emotions based on FACS, as is illustrated in Fig. 4.2. It lets the user to build own complex cognitive map of human emotions
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Fig. 4.2: Block diagram of FEATS.

from the vibrational patterns presented by the system. It also reduces the risk of erroneous
expression estimation in the conversion process. It is assumed that the user is probably
much better at interpreting facial expressions than the computer does. Experimental results indicate the proposed system (i.e., FEATS) have gained much improvements over
previous version (i.e., TEARS).
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5 Outline and Summary of
Contributions
The research of this thesis is related to facial image analysis, human emotion understanding and vibrotactile rendering. Here is the outline and summary of my contributions.

5.1 Key Publications
Paper I and IV
Vibrotactile rendering of dynamic media, a live football game or facial expressions, on
mobile phones.
Shafiq ur Réhman, Jiong Sun, Li Liu, and Haibo Li, “Turn Your Mobile into the Football: Rendering Live Football Game by Vibration,” IEEE Transactions on Multimec 2008 IEEE
dia, 10(6):1022-1033, 2008. °
Shafiq ur Réhman and Li Liu, “iFeeling: Vibrotactile Rendering of Human Emotions on Mobile Phones,” in Mobile Multimedia Processing: Fundamentals, Methods,
and Applications, by Springer in the LNCS State-of-the-Art Surveys Subseries, 2009.
c 2009 Springer-Verlag
°
Contribution:
Vibrotactile sensations to sight and sound cues on mobile handsets make content more
realistic, fun and operation more intuitive. In this work, we propose a new method of
rendering live information on mobile phones by vibration, which offers better and more
entertaining user communications and/or interaction by focusing on the vibrotactile functionality of mobile phones. The mobile phone is “synchronized” with video contents in
the real-time scenario. By holding the phone, users will be able to experience dynamic
information rendering. We examine possible vibrotactile communication using mobile
vibration as a medium alone. User studies are performed and results are discussed. The
main contribution of these papers is to show that vibration can be used as means of render23
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ing live dynamic information on mobile phones. We demonstrate that our touch channel
can receive rather rich tactile information, more than 1 bit altering information. Through
experiments we want to emphasize that
• the development of vibrotactile signals which are perceptually discernible.
• the effective vibrotactile rendering design of live information with a mobile phone.
• usability guidelines for vibrotactile displays. Proposed vibrotactile coding schemes
for reliable discriminating patterns for vibrotactile coding.
• new research directions in human centered interface, i.e. how to integrate tactile
displays with visual and/or audio information?
Paper II
An innovative algorithm for human lip localization and tracking.
Shafiq ur Réhman, Li Liu, and Haibo Li, “Lipless Tracking for Emotion Estimation,”
in Proceedings of IEEE 3rd International Conference on Signal Image Technology & Inc 2007 IEEE
ternet based Systems, pp. 717-722, Shanghai, China, 2007. °
Contribution:
Human lip tracking is one of key components to many facial image analysis tasks, like,
lipreading and emotions from lips. It is a classical image analysis problem. In this work,
tracking of a semantic lip is performed on contour segments around the mouth rather than
real lip contour itself. To achieve real-time, accurate and robust lip tracking we propose an
indirect lip tracking strategy: lipless tracking. The strategy is simply to select and follow
stable lip segments. In this paper, we show how to use deformable contours to model lip
features and how dynamic programming techniques are used to localize and dynamically
track lips for emotion estimation. Real video experimental results demonstrate robustness
of our proposed lip tracking technique. Since it is not the semantic lips that are tracked
but the segment contours or lip features around the lips, we called our approach lipless
tracking. Our approach has the following unique features:
• trackable good lip features instead of the lips themselves are modelled and tracked.
• not dependent on large databases and heavy training.
• no initial manual operation and fully automatic tracking on a per user basis.
Paper III
How to evaluate the performance of lip localization and tracking algorithms? Can we
trust the markers given by human operators?
Shafiq ur Réhman, Li Liu, and Haibo Li, “How to Use Manual Labelers in Evaluation
of Lip Analysis Systems?” in Shilin W. & Alan Liew (ed.), Visual Speech Recognition:
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c 2009 IGI Global
Lip Segmentation and Mapping, IGI Global, pp. 239-259, 2009. °
Contribution:
Lip image analysis (lip detection, localization and segmentation) plays an important role
in many real world tasks, particularly in visual speech analysis/synthesis applications.
Although impressive achievement has been made in the field, from an engineering viewpoint, automatic lip analysis today still presents a significant challenge to current capabilities in computer vision and pattern recognition. To expect an order-of-magnitude
improvement with lip analysis technologies, an urgent issue is to establish performance
benchmarks for lip analysis, in order to assess the advancement in the state-of-the-art in
the technology, and identify the most promising approaches for further development.
Currently positive activities in the establishment of common test databases are in
progress. However, the evaluation criteria are not agreed on common ground yet. Lack
of well accepted evaluation protocols makes it impossible even for experts in the field to
have a clear picture of the state of the art lip analysis technology. A common practice in
the (quantitative) evaluation of a lip analysis technology is to collect reference examples
with manual labeling by having the human operators examine a lip image on the computer
screen and then use a mouse to indicate where they think the lips or the key points are.
These manual labeling-marks of the lip area are used as the “ground truth” for the training
and evaluation of lip analysis systems.
In this paper we arise a critical question is: Can the manual labelers be served as
the ground truth?, and also question a common implication in the evaluation that human
will perform (much) better than the algorithms. Based on this we suggest a new way of
using manual labeling to evaluate lip analysis systems. The key points are to
• measure the quality of human operators as well as manual labels;
• infer the “ground truth” from the manual labels weighted by the quality;
• replace manual labels with the inferred ground truth for the training and evaluation
of lip analysis algorithms.
Paper V
What is the “Braille Code” of facial expressions for the visually impaired?
Shafiq ur Réhman, and Li Liu, “Vibrotactile Rendering of Human Emotions on the
Manifold of Facial Expressions,” Journal of Multimedia, 3(3):18-25, 2008.
c 2008 Academy Publisher
°
Contribution:
The human face contains a lot of emotional information presented through facial expressions. We heavily employ facial expressions to communicate. A smile shows that the
person you are talking to is pleased, amused, relieved etc. People use facial expression
information to switch between conversation topics to avoid conflicts, to track their attempts to change emotional states or reactions of others, and to determine attitudes of
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individuals. Missing information from facial expressions makes it extremely difficult for
the visually impaired persons to interact with normal people in social events. The visually impaired persons always have to rely on hearing to get other’s emotional information
since their main information source is the voice. It is known that it is difficult to understand complex emotion from voices alone, particularly, when the speaker is silent no any
emotion information can be detected from the voice. To enhance the visually impaired’s
social interactive ability, it makes sense if they can get reliable, “on-line” emotion information. This paper is targeted on providing the visually impaired with on-line emotion
information by means of advanced biomedical engineering and computer vision technologies. The main goal of our research is to develop a realistic tactile emotion recognition
system based on facial expressions for visually impaired persons. This paper introduces
our vibrotactile chair, tactile facial expression appearance recognition system. It acts as a
social interface for visually impaired. The main contributions are
• using the manifold of facial expressions as a compact and natural way to rendering
human emotions.
• development of Facial Expression Appearance vibroTactile System based on Locally Linear Embedding (LLE) algorithm; the developed system provides the user
an intuitive access to emotional information.
Paper VI
An intuitive way to use the manifold of head gestures to control wheelchairs.
Shafiq ur Réhman, Bisser Raytchev, Ikushi YODA, and Li Liu, “Vibrotactile Rendering
of Head Gestures for Controlling Electric Wheelchair,” in Proceedings of IEEE International Conference on Systems, Man & Cybernetics, pp. 413-417, San Antonio, Texas,
c 2009 IEEE
USA, 2009. °
Contribution:
Assistive devices help or allow the persons with certain disability to perform specific
activities that can not be performed or difficult to perform without the assistive devices.
An assistive wheelchair system is currently being developed to aid disabled people who
are unable to drive a standard powered wheelchair with joystick. The target users are
cerebral palsy or stroke patients (i.e., lacking fine motor control skills). They don’t have
ability to access and control the robotic wheelchair using conventional methods, such as
joystick or chin stick. For the specific group of users being able to move around freely
is immensely important to their quality of life. Attempts have therefore been made to
make things more convenient with a system that uses non-contact, non-constraining image
sensing instead. For efficiency of any assistive system, it is important to consider how
a user will be aware of the response or current state of the system before an action is
performed by the assistive system. Regardless of the vision methods used in assistive
wheelchairs for navigation and control, these systems can only be useful if they interact
effectively with users. The assistive system must have adaptable user interface and while
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navigating in outdoor environment it must take care the cognitive workload of the specific
group of users.
Our head gesture recognition system consists of three technical modules: estimating
the face orientation angle, face orientation direction in still images, and recognizing head
gestures in moving images. Recognition errors can occur due to incorrect estimation. It is
extremely important that the user is informed what it is going on so that he can correct the
error by re-pose his/her head. To do so a real-time feedback system has to be equipped.
It is important to develop an intuitive state awareness or response for such systems. To
reduce physical and cognitive workload for operating wheelchairs, it is important to develop an intuitive response method. In this paper, we have tested an assistive wheelchair
response system with three different methods to inform the user about the current state
of the system; i.e. using audio messages only, vibrotactile messages only and audio plus
vibrotactile messages. We have investigated the following research questions:
• which response method improves navigation performance best?
• does a ‘vibrational plus audio stimuli’ response method increase the effectiveness
of wheelchair?
• which stimuli interface response technique is more efficient for the user to control
the wheelchair system and reduce the cognitive workload?
Paper VII
Using tongue facial gesture to operate an electric wheelchair.
Shafiq ur Réhman , Sven Rönnbäck, and Li Liu, “Tongue Operated Electric Wheelchair,”
manuscript to be submitted.
Contribution:
Tongue operated wheelchair project is amid to benefit severely disabled person in order to
improve their mobility. The target user group is tetraplegia patients who have no ability
to access and to control an electric wheelchair using conventional methods, such as joystick or chin stick. There is quite a lot of research on applying different technologies as
using voice controlled, head gesture. Very few works can be found in exploring the use
of explicit tongue gestures for control. Researchers, who have employed tongue as input
device, used complex system by instrumenting the tongue with metallic piercings or magnetic attachments. These tongue augmentations are obtrusive and marginally acceptable
to the disabled people.
Our electric wheelchair system is equipped with a video camera, a laser scanner, and
vibrotactile rendering module. Human tongue facial gestures are estimated from facial
images to direction/control parameters. Errors can occur due to incorrect recognition, in
practice it is very important that the user is informed of the selected action so that he/she
can correct the error by repositioning his tongue gesture. To do so the wheelchair is
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equipped with a real-time feedback vibrotactile system. Local navigation intelligence is
provided to the user by using a laser scanner. This navigation aid is provided by using an
obstacle avoidance algorithm based on a laser scanner. Our system provides an intuitive
navigation aid for severely disabled person. Preliminary results are relatively promising
suggesting that our non-contact vision based approach makes tongue feasible for natural
man-machine interaction.
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6 Concluding Remarks
Our current Facial Expression Appearance vibroTactile System (FEATS) is a prototype
system, which can be improved in many ways. The vision module of the system is using a
normal CCD camera and it works well in indoor environment only. In FEATS our lipless
tracking algorithm is used. By dealing with pose variations this algorithm would produce
better results. Similarly, currently lip segmented templates per user are modelled off-line,
an automatic template modelling would save a lot of training time. Currently the system
only uses lower face features (i.e., lip tracking). Upper face features (e.g., eye shape
tracking etc.) will be added in a future version.
The FEATS use the Locally Linear Embedding (LLE), which reduces the high dimensional emotional data into low-dimensional description. The system architecture works
fine for off-line personal mimic gallery (PMG). A fully automatic method with online
classification of data would be considered in future. In addition, more human factors will
also be considered to enhance the usability and design of the proposed system.
The work presented here is a part of Tactile Video Project. The Tactile Video Project
deals with intelligent assistance systems for the visually impaired. The current results
have a high potential to be integrated into everyday life products for the visually impaired.
The research results can be extended to other applications such as virtual reality interfaces
and computer games. In summery, the current work makes the following contributions in
the dynamic vision field, i.e.,
• Lipless tracking algorithm for emotion understanding; the algorithm can also be
used for other real world applications, such as automatic lip reading, automatic
audio-visual speech recognition, speaker identification, model based coding system, liveness verification of audio-video speaker authentication, facial expression
recognition and facial animation of talking heads.
• Lip localization evaluation; a new thinking of how to evaluate lip tracking techniques. It provides a protocol for evaluation of lip tracking algorithms.
• Design guidelines for vibrotactile coding patterns; the experimental results show almost 100% recognition of the vibrotactile patterns presented to the subjects. These
vibrotactile patterns can be customized for a range of haptic and force feed-back
interfaces.
29
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• Development of Facial Expression Appearance vibroTactile System based on Locally Linear Embedding (LLE) algorithm; the developed system provides an intuitive assess to emotional information to the users.

We have demonstrated that our touch channel could receive rather rich tactile information,
more than 1 bit altering information. Through experiments we want to emphasize that
1. Vibrotactile rendering of live information with a mobile phone is highly desirable
but also very challenging. This is because of the fact that quite often the live information could last for a long period, e.g. 90 minutes in the football game case.
It is difficult to use visual displays (e.g. textual information) while walking since
reading on-line text demands an intensive, continuous visual attention. Of course,
audio could be an option when textual information is transferred to voices (through
a text-to-speech engine). However, we have to realize that an audio display is either
publicly audible or visually noticeable when an earphone is used. In contrast, a
vibrotactile display can be a reasonable solution in certain situations since it can be
directly presented to the user’s hand or to other body parts. Touch provides us with
unobtrusive interaction with live information.
2. To design a usable tactile display, one has to be very careful with designing the coding scheme of vibrotactile signals. The analysis of the overall experimental results
indicated that the coding scheme had a significant effect on both effectiveness and
efficiency. The analysis also demonstrated that the proposed coding schemes (i.e.
combination of frequency and intensity of signal) produce reliable discriminating
patterns for vibrotactile coding.
3. Our experiment has shown that one has to be careful when adopting a training
process (see results from the mean questionnaire scores). The analysis indicates
that the training had a significant effect on effectiveness but not on efficiency. There
will be a risk of users being confused by training. We observed that after training
the users tended to take more time to make a decision although users themselves
considered the training a very helpful procedure.
4. Rendering rich information by vibration on mobile phones is rather new for both
researchers and mobile users. Most participants found our system very interesting
and accepted the concept of vibrotactile rendering of live game information. However, it is also understandable that only a test prototype was not enough to convince
the users to buy the developed vibrotactile interfaces.
5. Both visual and audio displays have been commonly used for interaction with users.
In contrast, the use of vibration has just started. How to integrate tactile display with
visual and audio information is an important topic for future studies. We believe
that through integrating stimulation of our three basic senses: touch, hearing and
sight, the sense of cognition is engaged more fully and it will give users richer
emotional experience.
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In future studies, it will be interesting to examine the issues regarding hardware design
and more compact software solution for mobile phone application. This research also
highlights that vibrotactile feedback is acceptable for social interfaces in the designed
form, which means creative cross-modal applications can be developed based on the presented vibrotactile coding guidelines. The experimental studies provide straightforward
and simple guidelines for designing new applications on exiting mobile phones. It can
also be seen that the current mobile phone technology is capable of vibrotactile information communication without any major hardware modifications. We believe that the
platform will promote not only existing mobile usage but also be beneficial for the visually disabled. Our results already showed that today’s mobile phones could be used to
render more than one bit information.
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Turn Your Mobile into the Football:
rendering live football game using vibration
Abstract — Vibration offers many potential benefits for the use of mobile phones. In
this paper, we propose a new method of rendering live football game on mobile phones
using vibration. A mobile phone is “synchronized” with the ball in the real field. By
holding the phone, users are able to experience dynamic movements of the ball, to know
attacking directions and which team is leading the attack. The usability test of our system
shows that vibrotactile display is suitable for rendering live football information on mobile
phones by adopting designed coding schemes with a right training process.
Keywords — vibrotactile coding, mobile communication, video coding, football game,
dynamic content analysis, usability, tactile rendering.

I.1 Introduction
Mobile phones are becoming part of everyday life and their prevalence makes them ideal
not only for communication but also for entertainment and games. For example, with
the rapid growth of 2.5G and 3G mobile networks [79] and DVB-H [80], we have a new
option to enjoy a football game: watching it on mobile phones. Different from traditional means, such as watching football on TV, mobile TV services are rather hungry for
power [30, 32]. It is unlikely that users are willing to stream an entire game (at least 90
minutes). An alternative is to only stream the most exciting parts, such as goal events.
This requires service providers to offer mobile users live game progress information so
that they are aware of the game events in real-time. On-line video and audio information
over a long period consumes too much power. A feasible way can be to use on-line textual
information: exciting or important events during the game are reported in the text with
all key information such as time, players, teams, actions, etc. Today, such semantic textual information is available on many sports web-sites [81, 82]. The problem of rendering
of text on a mobile phone is that reading text from the small screen of mobile phones
demands much visual attention, which will make the user distracted while on the walk.
A natural but not well explored way is using vibration. Mobile vibration has been
commonly used in most mobile phones to inform users incoming calls and messages. As
a communication channel, our sense of touch is often considered inferior to sight and
hearing. Only two discernible stimuli, i.e. 1-bit (0 and 1) information, are employed
in mobile phones as vibration signals. Nevertheless, it has been shown if the information is properly presented, human can process touch information at the rate of 2 − 56
bits/sec [83]. Furthermore, different from other types of rendering, vibration could provide for ‘unobtrusive device interaction through our ‘private’ medium touch’, which can
be highly desirable in certain situations [84].
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Fig. I.1: Block diagram of vibrotactile football rendering system.

In this paper we investigate how to use vibration to render live football information.
From the literature we found that effects of touch had been examined extensively in a wide
variety of virtual environments, such as entertainment and computer gaming. However,
very few works had been carried out about streaming media applications. Two exceptions
are ComTouch [85] and TouchTV [86]. In ComTouch, Chang et al. demonstrated the
potential of using tactile channel to enhance existing voice communication. In TouchTV,
O’Modhrain and Oakley explored how haptic content might be created and delivered
within the context of broadcasting programs.
In this work, we propose a method of rendering live football game information using
the vibrator in mobile phones. The key of our idea is to take a mobile phone as the
football being played in a real football field. Different vibration signals corresponding
to the ball’s states and positions can provide the user a physical experience of the ball.
We have built an experimental system and carried out user tests for the proposed method.
The paper is organized into the following sections. In section I.2, design guidelines along
with necessary human touch perception issues are discussed. In section I.3, vibrotactile
coding schemes for a football game are described. After explaining the experimental
platform along with system evaluation parameters in section I.4, user studies are presented
in section I.5. Detailed user test results are discussed in section I.6. Finally, the paper is
concluded with some remarks.

I.2 Designing Football Experience with A Vibrator
To offer users a live experience of a football game, it is necessary to render the dynamic
real-time game information. In a ball sport, the ball is the focus of the most attention.
From a live TV broadcasting, it can be seen clearly how the ball “steers” the broadcasting
camera. In our system, a mobile phone was “turned” into a dynamic football, which
means it acted as a ball in a live football game. The phone vibrated when the ball was
kicked. By holding the phone, the user was aware of the real-time game situation, such as
where the ball was, when it was kicked and the possessing team. Our vibrotactile football
system is shown in Fig. I.1. The key components in our system are: 1) football video
analysis; 2) vibrotactile coding of visual information; 3) vibrotactile display.
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Fig. I.2: A mobile with a vibrator.

I.2.1 Vibrotactile Display and Sensation
Vibrotactile sensation is generally produced by using tactically active sites stimulation to
stimulate the skin surface at certain frequency using vibrating contactors. Two commonly
used display techniques to generate vibration are [25]: 1) using a moving coil, usually
driven by a sine wave; 2) a DC motor, which is used in most of mobile phones. Other
less common actuators are based on piezoelectric benders, air puffs or electrodes. A DC
motor based vibrotactile display was used in our system. The vibration patterns were
generated by rotating a wheel with a mounted eccentric weight as shown in Fig. IV.4. The
wheel rotated at a constant speed. Switching it on and off produced the vibration and the
vibration frequency was determined by the on-off patterns.
In our system, a vibrotactile signal was controlled by two parameters of vibration:
1) frequency; 2) magnitude. The magnitude was determined by relative duration ratio of
on-off signals. A vibrotactile stimulus was only detected when the amplitude exceeds a
certain threshold, known as Detection Threshold (DT). In general, DT depends on several
different parameters but mainly on frequency (20-500 Hz) and location (threshold on the
trunk 4 micron at 200 Hz) [17, 20–22].
To make sure that the generated vibrotactile signals are perceptually discernible, we carefully followed the principles of human’s vibrotactile perception. Some guidelines for
designing vibrotactile displays are [26–28]:
• No more than 4 intensity (magnitude) levels should be used.
• No more than 9 frequency levels should be used for coding information and difference between adjacent levels should be at least 20%.
• The time interval between adjacent signals should be more than 10 milli-seconds to
prevent the “saltation effect”.
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Fig. I.3: Distribution of interval length between two kicks of the ball.

• The vibration on the hand should be carefully dealt with and long durations might
make users irritated [29].
J. van Erp has given more detailed information for the use of vibrotactile displays in
human computer interaction [25].

I.2.2 Football Video Analysis
Annotation of football videos based on video analysis technologies has been studied recently [87, 88]. Some hot research topics are:
• football tracking [89, 90];
• player identification [87, 91];
• team identification [92];
• highlights (e.g., goal event) recognition [93, 94]
In our system, the following information of a football game was required: Where is the
ball? When is the ball kicked? Which team possesses it? Is it a goal event? We assumed
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that all information could be obtained by automatic football video analysis techniques. In
the worst case, the information of the game progress could be obtained by either manual
work (as did in some commercial sports web-sites [81]) or an active solution. “Active”
means that the semantics of football video is obtained with the power to access meta-data
directly from production devices, or by asking players to carry motion sensor equipments.
The annotation of a football game in our experiments was done manually.

I.3 Vibrotactile Rendering of A Football Game
In this section, we study different types of information and coding possibilities suitable
for a live football game representation and how to render them in a vibrotactile way.

I.3.1 Classes of Dynamic Game Information
It is important to ensure comfort over long periods of time since the mobile will be vibrating in direct contact with the user’s skin. It will be annoying or even painful to have
vibration all the time. Moreover, a mobile phone’s battery limits the vibration time. With
these constraints, it is acceptable to display main events of a game only.
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Fig. I.6: Divided football field areas for Coding 1.

Most of semantic events in a football game happen when a player kicks the ball. The
position of the ball is also important to the interpretation of the game. The level of interests
increases rapidly when the ball approaches the goal.
We considered the following classes of information:
• Position Information. The football’s position in the field is the most important
information to be rendered. The change of the ball’s position is an indicator to
major events in the field. Because of the limitations of human touch channels, we
could only provide limited distinct field positions. In this paper, a football field
is divided into different areas, as shown in Fig. I.6; distinctive colors stand for
different areas, e.g., Area 1 is mid-field. Area 4 and Area 5 are attempted goal and
successful goal, respectively.
• Team Information. When the ball is kicked, the knowledge of which team controls
over the ball is also important. The team information, Team 1 or Team 2, needs to
be explicitly specified.
• Goal Information. The goal event is the spirit of football. It is a must-have information and often a trigger for the mobile user to switch to streaming video to enjoy
the shooting moment.
For a ten-minute football video ( a recorded game between Manchester United and Arsenal), we gave a time stamp and team stamp to each kick of the ball manually. The football
video was carefully selected so that it had all the major game-events, i.e. the change
of ownership of football during the game, various football positions according to court,
goal-kicks, free kicks missing the goal-post, corner-kicks etc.
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Fig. I.7: Vibration modes for Coding 1.

Fig. I.3 shows the distribution of intervals between two kicks in the sample video.
As it can be seen from the figure, short intervals, e.g., from 1 to 3 seconds, have most
percentages. The number of kicks that happen in different areas is shown in Fig. I.4. One
can see that Area 1 has the most number of kicks. A more intuitive view of the game is
given in Fig. I.5 where one can read how the ball is switched between two teams. One
interesting observation is that the switching of the ball can occur in a short time interval.

I.3.2 Vibrotactile Coding
Here we discuss two issues regarding vibrotactile coding of a football game: 1) the representation of three types of game information; 2) the design of vibration signals accordingly.
We studied the following two coding schemes:
• Coding 1: Where is the ball?
• Coding 2: Where is the ball and which team has it?
In case 1 (coding 1), the focus was providing the user a “global” position information
of the football in the field. Therefore, we divided the football field into different areas
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as illustrated in Fig. I.6. A kick of the ball was the trigger of vibration. In this case,
users were notified if the ball was approaching the goal, in which most of people were
interested in. Because of human’s limited touch channels and recognition capabilities,
it was not feasible to provide more information of which side of the goal the ball was
approaching in coding 1. By delivering the changes of the ball’s position it was expected
that the mobile users would be able to know the excitement level of the game and what
major events were. In case 2 (coding 2), the information of not only the ball’s position
but its possession team was provided. To reduce the mental workload of mobile users,
the football field was divided into less areas comparing to case 1, as shown in Fig. I.8. In
this case, it was possible to distinguish which team was in which area. Area 5 and Area
50 stood for successful goal by corresponding teams. Hence, we had a one-dimensional
(1-D) coding of live football information in case 1 (position) while a two-dimensional
(2-D) coding (position and team) for case 2. For both coding schemes we provided an
additional information: ‘goal information’.
Through local subjective tests, we found it suitable to choose 5 vibration modes for display because of human’s limited touch recognition and memorizing capabilities. This was
also the reason that the football field was not divided into more areas in Case 1 and Case 2.
It was also found that it was much easer to distinguish low vibrations (i.e. low frequency
and intensity) than consecutive high vibrations.
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Fig. I.9: Vibration modes for Coding 2.

In the design of vibrotactile coding of football information, we followed the tip, “making tactile messages self-explaining” [25]. In our system, the position of the ball led to
the interpretation of the game. The level of interests increases rapidly when the ball
approaches the goal. Therefore, goal-approaching was represented by an increment of
vibrotactile signal’s period (1/frequency) and intensity. In general, the vibration was designed as: when the ball passed in the mid-field, a light and short vibration was given to
the user. When a goal was made, a strong and long vibration was sent so that the user
would notice the very highlight of the game.
We customized different vibration modes of the motor by adjusting its frequency and
intensity. The latter controlled the magnitude of the vibration. By combining different
frequencies and intensities, five vibration modes were generates (i.e stimuli patterns).
Fig. I.7 shows the five vibration modes for Area 1 to 5 in coding 1. From the figure, it
can be seen that the period increases from Area 1 to 4. The intensity increases from Area
4 to 5 though they share the same period, which generates a larger magnitude for Area 5.
With increased intensities from Area 1 to 5, users were able to differentiate these modes
from each other. Thus, when the ball was approaching the goal, which means users’s level
of interests increased rapidly, the football movement was represented by the increment of
vibration signal’s period and intensity. Similarly, Fig. I.9 shows different modes used in
coding 2. Increment of periods and intensities was provided from Area 1 to 3 and from
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Area 10 to 30. Area 5 and 50 shared the same parameters because a goal’s owner could
be recognized by its context (i.e. previous vibration patterns).

I.4 System Evaluation
I.4.1 Experimental platform
Our system consisted of a self-designed printed circuit board (PCB) and a mockup of
a mobile phone was attached with a vibration motor, as shown in Fig. I.11. The PCB
board was a single printed circuit board with 12.5cm x 20cm in dimension, based on a
ATmega8L-8PI micro controller. It was programmed to generate Pulse Width Modulation
(PWM) at one of the pins and send signals to the vibration motor. It could generate variable voltages ranging from 0 to 5.0V (DC). The PCB board was connected to a computer
installed with GUI applications. The computer used the video semantics extracted from
the football game to generate vibrotactile signals and then sent them to the PCB board.
The weight of the mockup of the mobile phone (Nokia 1100) was about 100 grams. A
standard mobile phone vibration motor (model No. C1026B200F produced by JinLong
Machinery) was attached to the mobile phone. The vibration motor’s operating voltage
range was 2.5 to 4.0V (DC). It rotated at a speed of 10000 RPM. By adjusting PCB board’s
output to switch it on or off, the vibration motor could rotate at a variety of frequencies and
intensities. With our self-designed PCB board, a vibration motor (attached to mobile), and
a GUI application for simulation, we were able to design customized vibrotactile signals
for each type of the movements of the football in a game.

I.4.2 Usability evaluation
According to ISO recommendations [95], usability is defined as the effectiveness, efficiency and satisfaction with which specified users can achieve specified goals in particular
environments. Therefore, our experiments considered these three aspects of usability.
Effectiveness is about whether or not a task could be accomplished with the specified
system. A simple indicator of effectiveness is the success to failure ratio in completing
the task [95]. In our experiments, each user was presented a vibrotactile sequence and
was asked to click on the corresponding area of the football field based on his perception
of vibrotactile signals. The clicking time and position were recorded and compared with
original time and position stamps. The error rate was then calculated as a measure for
effectiveness.
Efficiency is about how much effort is required in order to accomplish the task. An efficient system ought to require as little effort as possible [95]. In the experiments, we used
the reaction time of a user as an indicator of efficiency. The reaction time was measured
by computing the delay between the time when a vibration signal was triggered and the
time when the user clicked an area on the screen. The delay time contained two parts: cognitive time and move-and-click time. Since the move-and-click time was approximately
constant, we assumed that the delay time was a reliable indicator of cognitive time.
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Fig. I.11: A mockup of a mobile phone with the vibration motor driven by our self-designed PCB
board.

Satisfaction refers to the comfort and acceptability of the system to its users and other
people affected by its use [95]. A useful measure of user satisfaction can be made if the
evaluation team’s measure is based on observations of user attitudes towards the system.
Thus, it is possible to measure user attitudes using a questionnaire, e.g., “Is this application interesting? 1=very boring (negative) to 7=very interesting (positive).” The satisfaction levels of our experiments were measured by giving participants questionnaires that
uses likert style 7-point rating scales [96].

I.4.3 Trainability
Learning to use a system should be easy for users so that it can be used as effective as
possible. Our system used five vibrotactile signals to render live football game information. For a user without any knowledge of our system, it took certain amount of time
to learn and build the cognitive mapping between individual vibration signals and their
corresponding field information. We designed a graphical user interface (GUI) to help
users to learn the use of our system (see Fig. I.10). In the learning phase, when the user
clicked on an areas in GUI, the associated vibrational signal was presented to the user.
This provided the users with a possibility to explore the system by an active touch [97].
To help users to use the system we also designed an additional training process: we
synthesized a vibrotactile data stream which stimulated a football game for a short period.
The data stream was sent to drive the system and at the same time an image of a football
appeared in the area. When seeing the image, the user experienced the vibration and was
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asked to click on the area on the screen. Different from the learning phase and the later
application phase, users were provided with both tactile and visual stimuli. We expected
it helpful for users’ better understanding of the abstract football field and users’ further
usability improvement of the system.

I.5 The User Studies
I.5.1 Participants
Participants were recruited in the campus of Umeå University, Sweden, including both
students and staff members. There were 26 people aging from 20 to 50 in total involved
in the experiments, while 63% were from 26 to 35. All the participants had mobile phones.
Nearly 50% of them had watched videos on a mobile phone but none had ever watched a
football match on it. More than 70% of the participants had used mobile phone’s vibration
function at least everyday. The motivation of our user test had been clearly explained to
all the participants.

I.5.2 Stimuli
For technical reasons, e.g. we did not have real-time, fully automatic video annotation
tools at hand for football video analysis, no live-football-game video was used in our
experiments (In fact there is no difference by either using live videos or recorded videos
in testing the proposed system. All assumptions made in this paper are valid for both live
videos and recorded videos). A recorded video of one football game was used: a game
between Manchester United and Arsenal, Premier League, Feb. 1, 2005. The 10-min
video segments containing major game-events were taken for our experiments. The ball
was tracked frame by frame. Time stamp and team stamp of the position of each kick of
the ball were recorded and used for the stimuli.

I.5.3 Procedure
First, we introduced the purpose of our experiments to the participants and explained
how to use the GUI system. Each participant held the mobile phone with the vibration
motor in one hand and a computer mouse in the other. To obtain sufficient experimental
data, all participants were asked to perform two experiments with an order of coding 1
first, and then coding 2. To avoid that participants were biased by the first experiment
on coding 1, the participants were asked to perform the second experiment at least one
week later. In both experiments, a vibrotactile sequence was given to the participant
twice and the subjects were asked to mark the position of the ball in the GUI (as shown
in fig. I.10). The first round was before the additional training process described above
and the second round started after the training session. When the participants finished the
first experiment and started to performed the second one, they might be considered to be
more experienced (because they had been trained by the first experiment). However, due
to different coding schemes, this did not affect the study of the effect of training process in
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Fig. I.12: Sample user: Case 1 before training.

the second experiment. In the end, each participant was given a questionnaire to measure
levels of satisfaction and main effects. Each question was elaborated and discussed with
the participants if required.

I.6 Experimental Results
I.6.1 Effectiveness
The error rate was calculated by comparison between users’ inputs and original data.
When the ball was kicked in the field, let’s say, in Area 1, a vibrotactile signal was sent
to drive the vibration motor. The user who experienced vibration was asked to use a
computer mouse to click the area where he/she thought the ball was. GUI application
recorded the time and area when a mouse button was clicked. For example, the straight
line in Fig. I.12 represents where and when a vibrotactile signal is generated. The dashed
line represents where the user thinks the ball when there is a vibration. For coding 2
the team information was automatically obtained when the area was specified. Fig. I.12
shows the results from a user before training and in Fig. I.13 after training. Visually one
can see improvements after training. Measured effectiveness (Error Rate) for Coding 1
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and Coding 2 are shown in table IV.1 and table I.2, respectively. One can see that training
played an important role in error control. The overall error rate was decreased by 35.9%
after training in Coding 1, and 60.9% in Coding 2, after training.
Table I.1: Measured effectiveness in Coding 1.

Mean
Overall error rate
Area1 error rate

Before
training
0.2302
0.1927

After
training
0.1475
0.1211

Table I.2: Measured effectiveness in Coding 2.

Mean
Overall error rate
Area1 error rate
Area10 error rate

Before
training
0.5249
0.3420
0.3252

After
training
0.2050
0.1227
0.1167

Effects of coding and training on effectiveness
Our experiments were carried out in two cases. Coding 1 was a 1-D coding of live football
information while Coding 2 was a 2-D coding of information. In addition we had a new
dimension in our experiments: training process. For deep understanding of the effects of
these factors on effectiveness, we conducted analysis of variance (one-way ANOVA and
two-way ANOVA) on experimental results.
From the results of one-way ANOVA, one can see that there were significant effects
of coding and training on effectiveness (error rate), as shown in Tab. I.3. The results of
two-way ANOVA, Tab. I.4, shows a significant two-way interaction between coding and
2
2
training. The effect size η̂partial
in this table shows that training (η̂partial
= 0.448) had
a larger effect than coding for error rate. The estimated marginal means of error rate
Table I.3: Effects on effectiveness (error rate)

Source
Coding
Training
Mobile video exp.
Football interests
Use of vibration
Age

F
8.909
12.801
10.702
2.135
0.125
0.829

P-value
0.006
0.001
0.021
0.239
0.886
0.489
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Table I.4: Tests of between-subjects effects on effectiveness (error rate)

Source
Coding
Training
Coding & Training

F
17.414
22.746
7.894

P-value
0.0003
0.0001
0.009

2
η̂partial
0.383
0.448
0.220

Table I.5: Measured efficiency in Coding 1.

Mean (s)
overall delay
Area1 overall delay
Area1 overall delay (correct)

Before
training
0.7230
0.6823
0.7112

After
training
0.6202
0.7134
0.6190

depicted (Fig. I.14) also confirm the significant interaction between coding and training.
The 2-D coding had larger error rates than 1-D coding in both cases of before and after
training. Although the means of error rate decrease in both coding schemes, 2-D coding
error rate decreases more rapidly after training (Fig. I.14). An explanation was that 2-D
coding carried a bit more complex live football information so that the training greatly
helped users to understand how the system worked.
Tab. I.3 also shows that there was a significant effect of mobile video experience on effectiveness. The mobile video experience here was referred to if the user had ever watched
videos on mobile phones. There was no significant effect of user’s football interest, use
of vibration on user’s own mobile, or user’s age on effectiveness.

I.6.2 Efficiency
Measured efficiency (delay time) results for Coding 1 and Coding 2 are shown in Tab. IV.2
and Tab. IV.3. From the table one can see that for both cases, the overall delay decreased
by 14.2% and 4.0%, while Area1 and Area10 (in the case of Coding 2) overall delay
increased. After a careful examination of the delay results, we found that there was no
stable pattern in delay time when a user made mistakes. Sometimes a user took quite
long time to give a result and too short time in other cases. To get a real picture of the
duration of time a user needed to react to the stimuli, we picked up the delay time when
the user made a right decision. The delay in the case with correct results in both coding
schemes decreased. It implies that after training, users tended to take less time to make
correct decisions but the training might had also confused users and users tended to use
more time to make mistakes.
Effects of coding and training on efficiency
We conducted both one-way and two-way ANOVA analysis of the effects of coding and
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Fig. I.14: Significant interactions between coding and training.

Table I.6: Measured efficiency in Coding 2.

Mean (s)
overall delay
Area1 overall delay
Area1 overall delay (correct)
Area10 overall delay
Area10 overall delay (correct)

Before
training
0.8404
0.6838
0.7387
0.7232
0.8858

Table I.7: Effects on Efficiency (delay)

Source
Coding
Training

F
5.618
0.984

P-value
0.024
0.329

After
training
0.8069
0.7534
0.6909
0.7693
0.6921
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Table I.8: Tests of between-subjects effects on Efficiency (delay)

Source
Coding
Training
Coding & Training

F
5.505
1.108
0.285

P-value
0.026
0.302
0.597

2
η̂partial
0.164
0.038
0.010

training on efficiency. The results of one-way ANOVA are shown in Tab. I.7. One can see
that only coding had a significant effect on efficiency but not training. The results from
two-way ANOVA in Tab. I.8 show no significant interaction between coding and training.
2
The largest effect size indicated by η̂partial
was coding. The two lines corresponding to
the cases of 1-D and 2-D coding (as shown in Fig. I.15) are approximately parallel to each
other. This once again illustrated the non-significance of training over efficiency of the
proposed coding patterns and our system.
Table I.9: Effects of user’s football interests

Source
Application interests
Willingness to buy

F
9.952
8.526

P-value
0.025
0.037

I.6.3 User Satisfaction
Our subjective questionnaire used likert style 7-point rating system [96], which scales
from 1 to 7. Its values represent strong disagreement (negative) and strong agreement
(positive) respectively. Fig. I.16 shows mean questionnaire responses to questionnaire
questions. Each label on the x axis in the figure represents a question where we used the
following notation:
• Interests - Is this application interesting?
• Accept - Is this application acceptable?
• Comfort - Is this application comfortable to use?
• FInterests - Are you interested in football?
• Willingness - Are you willing to buy such a product?
• Trainability - Is the training helpful?
• GUI - Is the graphical user interface easy to use?
Experimental results indicated a high interest level for our application, mean score 5.4.
Participants gave an average score 3.5 indicating the difficulty-easiness to recognize the
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Fig. I.16: Mean Questionnaire Scores.

vibration signals before training and an average score 5.1 after training. They considered the training a very helpful procedure, score 6.3. It proves from another angle that
the training is necessary and useful to the system. An average rating 4.9 was given by
participants to consider it is a good application.
We also ran ANOVA [96] analysis on the questionnaire. We found that user’s mobile
experience had a significant effect on learnability, with F = 8.00 and P −value = 0.030.
There was also a significant effect of user’s football interests on interests in application
and willingness to buy the product, as shown in Tab. V.1.
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Table I.10: Partial correlations between different measures corrected for the independent variables.

Interests
Willingness
Interests
Trainability
Error rate

0.215

Learnability
0.293
0.414

Error
Rate
0.297
-0.554
-0.835

Delay
-0.045
0.451
-0.263
0.145

I.6.4 Correlations between Measures
The degree of correlation between different measures gives us a hint to their complementarity. Tab. I.10 presents the partial correlations between the dependent variables corrected
for the independent variables. From this table, we can see that Error rate (effectiveness)
was strongly related to Trainability and had some correlation with interests.

I.7 Concluding Remarks
The main contribution of this paper is to show that vibration could be used as means of
rendering live dynamic information for mobile phones. We demonstrated that our touch
channel could receive rather rich tactile information, more than 1 bit altering information.
Through experiments we want to emphasize that
1. Vibrotactile rendering of live information with a mobile phone is highly desirable
but also very challenging (see sec. I.6.3). This is because of the fact that quite often
the live information could last for a long period, e.g. 90 minutes in the football game
case. It is difficult to use visual display (e.g. textual information) while walking
since reading on-line text demands an intensive, continuous visual attention. Of
course, audio could be an option when textual information was transferred to voices
(through a text-to-speech engine). However, we have to realize that audio display is
either publicly audible or visually noticeable when an earphone is used. In contrast,
vibrotactile display can be a reasonable solution in certain situations since it can be
directly presented to user’s hand or to other body parts. Touch provides us with
unobtrusive interaction with live information.
2. To design a usable tactile display, one has to be very careful with designing the
coding scheme of vibrotactile signals(sec. I.3.2). The analysis of the overall experimental results indicates that the coding scheme had a significant effect on both
effectiveness and efficiency (sec.I.6). The analysis demonstrated also that the proposed coding schemes (i.e. combination of frequency and intensity of signal) produce reliable discriminating patterns for vibrotactile coding.
3. Our experiment has shown that one has to be careful when adopting a training process (see results from the mean questionnaire scores I.6.1). The analysis indicates
that the training had a significant effect on effectiveness but not on efficiency. There
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will be a risk of users being confused by training. We observed that after training
users tended to take more time to make a decision although users themselves considered the training a very helpful procedure.
4. Rendering rich information by vibration on mobile phones is rather new for both
researchers and mobile users. Most participants found our system very interesting
and accepted the concept of vibrotactile rendering of live game information. However, it is also understandable that only a test prototype was not enough to convince
the users to buy (willingness to buy see sec. I.6.3).
5. Both visual and audio displays have been commonly used for interaction with users.
In contrast, the use of vibration has just started. How to integrate tactile display with
visual and audio information is an important topic for future studies. We believe
that by integrated stimulation of our three basic senses: touch, hearing and sight,
the sense of cognition is engaged more fully and it will give users richer emotional
experience.
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Lipless Tracking for Emotion Estimation
Abstract —Automatic human lip tracking is one of the key components to many facial image analysis tasks, such as, lip-reading and emotion from lips. It has been a classical hard image analysis problem over decades. In this paper, we propose an indirect
lip tracking strategy: ‘lipless tracking’. It is based on the observation that many of us
don’t have clear lips and some even don’t have visible lips. The strategy is to select and
localize stable lip features around the mouth for tracking. For this purpose deformable
contour-segments are modelled based on lip features and tracking is done using dynamic
programming and viterbi algorithm. The strength of proposed algorithm is demonstrated
in emotion estimation domain. Finally, real-time video experiments performed on private
and publicly available data sets (MMI face database) have shown the robustness of our
proposed lipless tracking technique.
Keywords — lipless tracking, dynamic programming, deformable template, lip tracking, facial expression.

II.1 Introduction
The visual information from human lips can be used for multiple purposes, for instance
computer vision based lip-reading [54], automatic audio-visual speech recognition [55]
and facial expression recognition [53]. Accurate lip features extraction is normally considered the first and the most important step in all above mentioned application areas.
It is also a fact that lips localization and tracking from image sequences have been researched worldwide over decades; nevertheless it is today still very challenging to achieve
robust lip tracking [54, 98, 99]. The technical mainstream has not been able to address the
problem completely yet. The attempt to track explicit lips is based on the assumption that
we all have distinct lips which separate lips from the face. In fact, many of us don’t have
clear lips and some even don’t have visible lips. That is why it is often reported that ...“the
snake [60] and active contour methods [100] often converge to the wrong result when the
lip edges are indistinct or when lip color is very close to face color ...” [101].
This paper addresses an important research topic: the localization and tracking of the
human lips [53] and the application of proposed technique is demonstrated in emotion
estimation domain. If an explicit lip model with lip states is employed and the underlying
parameters of the lip model are extracted for recognition, average recognition rates of
96.7% for lower face action units can be achieved [53]. This very encouraging result
implies that high recognition rate of human emotions can be maintained as long as the lip
parameters can be reliably extracted. Thus, the problem of estimating human emotions
from lips is transferred into the problem of how to accurately and robustly track lips in
image sequences. Human emotions can be classified into six classes: happy, sad, surprise,
anger, fear and disgust [41]. The shape of the lips reflects the emotion associated with it.
By examining the dynamics of lip contours, one can estimate certain types of emotions.
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Four types of emotion happiness, surprise, disgust and sadness are of high interest, since
they are closely related to quite dissimilar shapes of the lips. To enable an accurate and
robust lip tracking, an intuitive solution is to find ‘good’ visual features [58] around the
lips for localization and tracking. The motion and deformation from tracked features are
then used to deform the modelled semantic lip contours. We adopt the strategy of an
indirect lip tracking. Since it is not the semantic lips that should be tracked but the lip
features around the lips, we call the approach lipless tracking. This approach has the
following unique features:
• Lip features are localized instead of semantic lip-model [59] or lip-states [53].
• Non-dependent on large databases and heavy training [54].
• No initial manual operation and fully automatic tracking on a per user basis with
no bad convergence [60].
In section II.2, the extraction and representation of lipless visual features are explained.
The indirect modelling of lipless template contour based on lip features and lipless tracking are described in section II.3. To show the robustness of the lipless tracking method,
its application is demonstrated in emotion estimation domain in section II.4. The results
on both publicly available face database and private video collections are presented in
section II.5.

II.2 Lipless Visual Features
To achieve robust tracking, the key lies in whether or not there exist stable visual features
around lips for tracking. Applying the classical edge detector on the images one can notice
that there are no distinct lips appearing all the time but a set of stable visual features do
exist, like contour segments around the mouth area. It is those features, called ‘lipless’
visual features that are considered for robust localization and tracking. Fig. II.1 provides
the overview of lipless visual feature selection. Two important issues regarding the lipless
visual features have to be addressed for selection and tracking:
Selection. A major requirement for the lipless features is that they must be stable. A good
choice is to use natural boundaries around lips. A natural boundary is a contour representing a change in pixel ownership from one object or surface to another. In contrast,
an ‘edge’ is most defined as an abrupt change in some low-level image feature such as
brightness or color. An important feature with natural boundaries is its irrelevancy to the
lighting condition. We employ fragmented segments around the mouth for localization
instead of hard continuous edges [102].
Extraction. To enable tracking one has to model the contour from segments. This needs
to extract the segments from images. How to extract natural segments itself is a hard
research topic [103]. Extraction can be done off-line, which allows manual operation of
extracting contour segments from static images. It is also to be noted that the segments are
not of fixed shapes and will be varying across poses and facial expressions. Furthermore,
they are also highly individual. There are no universal contours fitting well to all mouths.
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Fig. II.1: Lipless visual feature selection. (a) Key frame from which the lipless features are selected,
(b-c) Lower part of the key frame and its edge image respectively, (d)Edge image region of interest
(ROI) of Lip Area, (e)Edge image of ROI with mapped selected lip features, (f) Key frame with
mapped Lipless features, (g) Key frame with semantic lip contour based on lipless features.

Our technique can tolerate 20% modelled contour variation caused by pose or illumination
problem.
In this work, 1D deformable template is used to represent the dynamic contours segments
based on lip features similar to [104]. Considering the lipless features, the personal lipless
templates contours based on four emotional lip shapes per subject (natural, happy, sad
and surprise) are modelled manually off-line. These lipless templates serve as look-ups
during lipless tracking process. Whereas the current approach is not dependent on it once
initialized. It is worth mentioning that when once the lip localization is done in the start
of algorithm, then these are replaced by previous frame ‘modelled lipless templates’.

II.3 Lipless Tracking
In lipless tracking method, the Lipless Template Contours (LTCs) are modelled, and fitted
to the edges extracted from individual video frames. Due to inter-frame motion, including
facial expressions and head movement, the LTCs have to be deformable and flexible to
match the target image. This flexibility is achieved here by dividing each template into
smaller segments. These segments can be split apart and allows the template to be deformed into a shape more similar to the features in video frames. The search over the
edges using lipless tracking finds the optimal location of the segmented templates.

II.3.1 Lipless Template Contour (LTC) Modelling
The 2D template contours based on lipless features are extracted from key frames showing the specific lip shapes and converted into a 1D sequence. Now after conversion, it
is termed as Lipless Template Contour (LTC). The order in which the contour pixels are
placed in the sequence is defined by the minimal drawing principle; i.e. imagine there is
a pen visiting all pixels, the minimal drawing would be drawn in such way so the total
movement of this pen, including when it is lifted, is as small as possible. Following [104],
the 1D sequence is termed as ‘site-sequence’. The site-sequence is denoted by m1 , m2 , ...
mk , where k is the total number of lipless contour pixels and mt = (xmt , ymt ), is the co-
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Fig. II.2: A sample modelled lipless template contour of human lip (1st from the left) and its
possible variations based on segment deformation. Each segment is equal to or less than 5-pixel.

ordinates of pixel number t. To model dynamics of the LTCs, the site-sequence is divided
into segments and allows certain displacement between two neighboring segments.
Formally, the site-sequence is divided into n segments. For i = 1, .., n; ti denotes the index to the first ‘site’ in the ith segment. The ith segment contains the sites mti , ..., mti+1 −1 .
To fix the length of the each segment to approximately 5 pixels, ti is defined by t1 = 1
when i = 1, and for i = 2... n, i.e.
ti ∼
= min{j = ti−1 , .., k : |mj − mti−1 | ≥ 5}

(II.1)

where |mj − mti−1 | denotes the Euclidean distance between the two sites. When
allowing one pixel of gap or overlapping, the overall deformation is around (-/+) 51 = 20%
of the original LTC size. It is, thus, possible to get the deformable version of the LTC with
certain deformation range. Fig. II.2 shows an example of possible deformations from one
LTC. If the size of the contour in the target image has big difference with given LTC,
say, over -/+ 20% deformation, one straight way to solve this is simply to scale the target
image into the versions with different sizes and then perform the ‘lipless tracking’, or to
extend the single LTC to multi-LTCs to cover relevant facial expressions (lip-shapes in
current case).

II.3.2 Tracking by LTC Matching
Lipless tracking is the fitting of the LTC to individual input frames. For each target frame
standard edge detection is carried out and edges are kept. The fitting is to find the optimal
position of the modelled LTC in edge-image. Obviously, it is a hard problem since one
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might not find a hard copy of the template rather a deformed version due to the inter-frame
motion including facial expressions. To specify how to find the deformed LTC, we first
define how the LTC is deformed to match the lipless contours in target image. A pixel in
the translation of the ‘site-sequence’ in the deformed LTC is called the state of the pixel.
The state tells how pixel number t in the site-sequence is translated in the deformed LTC.
Here st = (xst , yst ) ∈ S, t = 1...k is used to denote the ‘states’. If ut = (xut , yut )
denotes the location of the deformed pixel in the target frame that corresponds to pixel
number t of LTC, then a ‘state-sequence’, s1 , s2 ...sk , is called true state sequence at t;
if
ut = mt + st
(II.2)
Furthermore, a state-sequence, s1 , s2 , ..., sk is allowable if the state only changes at
the spatial instances t1 , t2 , ... , tn ; and if the distance to the previous state satisfies the
relation.
1
|sti−1 − sti | ≤ |mti−1 − mti |
(II.3)
5

Fig. II.3: An illustration of the trellis. Each node is only connected to the states within a specified
distance in the nearby columns.

The matching is done by finding the true state sequence. Fitting the LTC is done efficiently
through a dynamic programming procedure, based on the Viterbi algorithm. A framework
structure, a trellis, is created to store all possible state-sequences. The trellis in Fig. II.3
illustrates the allowed state-sequence. The distinct rows correspond to the distinct states
and column represents a spatial instance where the state may change. Each row allows
state-sequence corresponds to the path through the trellis. A path passing through a node
(s, i) receives a so called award, A(s, i), equal to the number of edge pixel that are
covered by the ith segment if st = s for ti ≤ t ≤ ti+1 , i.e.
ti+1 −1

A(s, i) ≡

X

I(xmt + xst , ymt + yst )

(II.4)

t=ti

where I(x, y) = 1 if the site (x, y) in the target-image is matched and zero otherwise.
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Next objective is to find the most rewarding path, as the corresponding state-sequence
encodes the deformed LTC covering the largest number of the matched pixels. The Viterbi
algorithm is based on Dijkstra’s optimality principle: If the best path terminates at a node
(s, i) passes the node (s0 , i − 1), then its preamble must be the best path that terminates at
(s0 , i − 1). To find the optimal path Viterbi algorithm therefore works through the trellis
from left to right. At each node it calculates the accumulate reward so-called 0 score0
of the best path terminating at the node. This 0 score0 , denoted W (s, i), is calculated as
follows:
W (s, i) = A(s, i) + 0 max {W (s0 , i − 1)}
s ∈S(s,i)

(II.5)

where the maximization is done over all possible preceding states, i.e., according to
previous equations.
S(s, i) ≡ {s0 ∈ S : |s0 − s| ≤

1
|mti−1 − mti |}
5

(II.6)

To simplify the back tracking to come, the algorithm stores the best preceding states,
s0 ∈ S(s, i), in each node (s, i). When the score have been calculated for the right
most column in the trellis, the algorithm starts at the best terminating node and traces
the optimal path backwards. After the template matching, the best matched template
is selected. From the previous description of the algorithm, it can be understood that,
when the LTC and the target contour are exactly the same, the true state sequence will
shrink into one point. If the LTC and the contour are similar, the true state sequence is a
relatively compact curve. If the matching is not good, the true state sequence should be
a larger irregular curve. Based on the observation, we thus choose to measure the “mass
density" of the curve to distinguish them i.e.
P
M=

t (xst

− x̄st )2 + (yst − ȳst )2
n

(II.7)

where s̄t = (x̄st , ȳst ) is the center point of the state sequence.

II.4 Emotion Estimation
To estimate complete emotion information from a given facial image, two parameters are
extracted; namely ‘emotion type’ and ‘emotion intensity’. The ‘emotion type’ describes
the type of emotion from six basic emotions categorized by FACS [41]. The ‘emotion
intensity’ is used to calculate the degree of emotions. Currently, to cover lip-shape variation four personal LTC per subject are applied to the input frames. The verification step
is used to get the final result. The LTC matching and verification provides the ‘emotion
type’. The ‘emotions type’ is directly estimated based on matched LTC. To quantitatively
characterize facial expressions (i.e ‘emotion intensity’) from the lips, one requires parametric description of lips [54]. This is also achieved through an indirect way: a semantic
lip is drawn overlapping the sample images where the LTCs are extracted. Since both the
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Fig. II.4: Demonstration of affine transform. lipless modelled template mapping (top row) and
semantic lip contour mapping on (bottom row). Left column shows the key frame from training
data-set (i.e. frame used for off line lipless template modelling).

original lip contour and the lipless modelled template are from the lower part of the face,
it is assumed that they undergo the same motion; an affine transform is used to model it.
u1 , u2 , ..., ut = f(m1 , m2 , ..., mt )

(II.8)

Where ut is the location of the contour pixel in the input frame and mt is the site of
the LTC. The affine transform is defined as f(x) = ax + b and the parameters (a, b) is
calculated from equation. The estimated affine transform (Fig. II.4) is used to deform the
semantic lip lt = (xlt , ylt ) overlay it to the new frame.
l1 , l2 , ..., lt = f(l1 , l2 , ..., lt )

(II.9)

After performing the template matching and verification technique, the affine transformation is performed to map the semantic lip contour. The deformation of semantic lip
contour results in two parameters namely deformation height and deformation width.
Fig. IV.7 shows the video synthesis data based on semantic lip contour deformation parameters (i.e. height and width) of live video sequence for emotion estimation. These
parameters are used to estimate the ‘emotion intensity’ information. The certain ‘emotion
type’ is estimated based on matched LTC and ‘emotion intensity’ is estimated based on
how much the semantic lip contour is deformed from its original shape within allowed deformation. Fig. II.6 illustrates the mapping of lipless modelled template and semantic lip
contour mapping. Finally, the ‘emotion type’ and ‘emotion intensity’ are used to estimate
the complete emotion information.

II.5 Experimental Results
To investigate the strength of lipless tracking, it is tested over both publicly available face
database [105] and private video sequences taken in the clustered office environment.
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Fig. II.5: Video synthesis based on semantic lip contour deformation. From semantic lip contour
deformation, the ‘emotion intensity’ is estimated.

Fig. II.6: Lip detection based on lipless modelled template, semantic lip contour mapping and
lipless tracking for emotion estimation in consecutive frames. Top row presents the lipless modelled
template and bottom row shows the semantic lip contour mapping. 1, 3, 5-columns are from key
video frame taken off-line (i.e. from training data-set); whereas 2, 4, 6-columns show the frames
from test video sequence of private video collection.

Fig. II.6 shows lipless tracking and emotion estimation from our real-time video collections. Fig. II.7 shows results from the publicly available MMI face database [105]. The
only parameter needed to be set is the threshold of edge detection module (i.e. canny
detector in our case) which will affect how detailed (or noisy) edge images will be gen-
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Fig. II.7: The result of consecutive frames showing lipless tracking for emotion estimation form
publicly available MMI [105] Face Database.

Normal
Happy
Smile
Happy
Laugh
Surprise
Sad

Normal
Smile
94%
3%

Happy
laugh
3%
91%

Happy

Sad

0
3%

Surprise
0
0

0%

3%

87%

10%

0

0

0

10%

90%

0

3%

3%

0

0

94%

3%
3%

Table II.1: Lipless tracking based results in emotion confusion matrix of private collection video
(three sequences with each 600-800 frames).

erated. The results show that the performance is not sensitive to the threshold since the
deformable template can tolerate fragmented contours. Currently, the algorithm processes
30-frames per second on Intel Pentium 4, CPU 3GHz PC with 1GB RAM.
Table II.1 shows the emotion confusion matrix based on lipless tracking algorithm from
private collection of video. The visual inspection criteria is used to construct the emotion confusion matrix based on lipless tracking; i.e., human experts are asked to mark
the lip-area and emotion, this information is matched against the lipless tracking results.
The error in lip tracking is only noticed during the sudden changes in the lip-shapes from
Happy-laugh to surprise lip-shape. The erroneous lipless tracking is seen up to 2 frames
max in continues video frames. With the MMI face database [105] video sequences the
error is reduced greatly (as can be seen in table II.2). It is due to fact that each video
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Happy
Smile
Happy
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95%
2%

Happy
Smile
2%
98%

Happy
laugh
1%
0

Surprise
1%
0

Disgust
1%
0

1%

0

99%

0

0

1%

0

0

99%

0

1%

0

0

0

99%

Table II.2: Confusion matrix results after emotion estimation based on lipless tracking technique
from video sequence from MMI [105] face database with randomly selected subject videos(20 subject videos; each having 30-50 frames ). All the video sequences display the emotion transition from
normal to peak and then back to normal.

sequence have only transition of only two lip-shapes; i.e. from normal to the peak of
specific emotion and then back to normal. But in our private video collection, the sudden
change in the lip-shape is also included during experiments. The over all emotion recognition rate of 94 − 96% is noted for private video sequences showing various lip-shapes
with sudden state change. The emotion estimation accuracy of 97 − 98% is observed with
MMI face database [105].

II.6 Concluding Remarks
This work proposed the ‘lipless tracking 0 algorithm for emotion estimation. Intensive
experiments on private as well as publicly available data-set have shown the robustness of
our indirect lip tracking approach. It is the reliable visual features and contours segments
which lead to robust tracking. Multiple templates could be used to handle large size
variation and rather big range of deformation. Another advantage of our approach is that
it does not rely much on any front end processing and the matching result is globally
optimal. Of course, in practice if a front end such as a face detection module is available
the processing could be greatly speeded up given the shrink of searching area.
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How to Use Manual Labelers
in the Evaluation of Lip Analysis Systems?
Abstract — The purpose of this chapter is not to describe any lip analysis algorithms
but rather to discuss some of the issues involved in evaluating and calibrating labeled lip
features from human operators. In the chapter we question the common practice in the
field: using manual lip labels directly as the ground truth for the evaluation of lip analysis
algorithms. Our empirical results using an Expectation-Maximization procedure show
that subjective noise in manual labelers can be quite significant in terms of quantifying
both human and algorithm extraction performance. To train and evaluate a lip analysis
system one can measure the performance of human operators and infer the “ground truth”
from the manual labelers, simultaneously.
Keywords — Ground Truth, Lip Analysis, Expectation Maximization Algorithm, Performance Evaluation, Subjective Noise, Manual labeler, Human Performance, Sensitivity,
Specificity, Conditional Probability.

III.1 Introduction
Lip image analysis (lip detection, localization and segmentation) plays an important role
in many real world tasks, particularly in visual speech analysis/synthesis applications (e.g.
application area mentioned by [54, 55, 57, 106–113]). Although impressive achievement
has been made in the field [114, 115](e.g. it is reported that the maximum mean lip
tracking error has been reached to 4% of the mouth width [98]); from an engineering
viewpoint, automatic lip analysis today still presents a significant challenge to current
capabilities in computer vision and pattern recognition. An important research problem is
how to boost the technology development of lip analysis to achieve an order-of-magnitude
improvement? An order-of-magnitude improvement in the performance of lip analysis
will reach usual mean human performance: lip tracking with an accuracy of one-pixel for
CIF lip images (position error around 0.5% of the mouth width).
Researchers from lip image analysis (especially lip-tracking and localization) should consider lessons from the work of face recognition vendor test (FRVT) [116], which is a series of U.S. Government sponsored face recognition technology evaluations. Under its
impressive effort in thirteen years, face recognition performance has improved by two orders of magnitude. To expect a similar order-of-magnitude improvement with lip analysis
technologies, an urgent issue is to establish performance benchmarks for lip analysis,
assess the advancement in the state-of-the-art in the technology, and identify the most
promising approaches for further development.
Currently positive activities in the establishment of common test databases are in progress.
Examples of publicly available databases include, e.g. TULIPS 1.0 [117], BioID [118],
(X)M2VTS [119], BANCA [120], and JAFFE [121]. However, the evaluation criteria are
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not agreed on common ground yet. Lack of well accepted evaluation protocols makes it
impossible even for experts in the field to have a clear picture of the state of the art lip
analysis technology.
A common practice in the (quantitative) evaluation of a lip analysis technology is to collect reference examples with manual labeling by having the human operators examine a
lip image on the computer screen and then use a mouse to indicate where they think the
lips or the key points are. These manual labeling-marks of the lip area are used as the
“ground truth” for the training and evaluation of lip analysis systems.
A critical question is: Can the manual labelers be served as the ground truth?
We suggest that one should not directly use the manual labelers for evaluation because:
• There can be considerable ambiguity in lip labeling: for the same lip image, individual operators can produce different labels, and even the same person can produce
different labels over time.
• Ignoring subjective uncertainty in human lip labeling can lead to significant overconfidence in terms of performance estimation for both humans and computers.
• Most lip analysis algorithms are learning based and heavily relied on the training
data (reference). Inherent ambiguity in lip labelers will significantly lower the performance of the trained algorithms.
We further question a common implication in the evaluation that human will perform
(much) better than the algorithms. In fact, it has been shown in the FRVT 2006 [122] that
it is not always human outperforms better than image analysis algorithms, and it was the
first time that measuring human face recognition capability was integrated into evaluation.
From experiments, it has found that algorithms are capable of human performance levels,
and that at false accept rates in the range of 0.05, the algorithms even can out-perform
humans [122]. Similar claims can be found in lip analysis literatures that some algorithms
are comparable to human performance [98] or even better than human in the detection of
certain feature points [123].
In this chapter we introduce a new way of using manual labeling to evaluate lip analysis
systems. The key points are to
• measure the quality of human operators as well as manual labels;
• infer the “ ground truth” from the manual labels weighted by the quality;
• replace manual labels with the inferred ground truth for the training and evaluation
of lip analysis algorithms.
In present work BioID database [118] is used as a show case of our new evaluation
paradigm. We demonstrate how to generate a consensus ground truth for assessment
of how well human operators are performing based on the fact that they cannot label the
lip features with 100% correction. Our empirical results by an Expectation-Maximization
procedure show that subjective noise from manual labelers can be quite significant in
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terms of quantifying both human and algorithm lip detection performance. Measuring
the quality of human operators and manual labeling is a key step to achieve an unbiased
evaluation.

III.2 Manual Lip Labelling
Typically, manual lip labeling, used in the evaluation of lip analysis algorithms is performed by asking human operators (more often, students or researchers) to mark some
semantic feature points around the mouth, e.g., left and right corners of the mouth, middle points of upper and lower lips. The spatial positions of the marked feature points are
used directly as the “ground truth” for the evaluation of algorithms. One can see some
problems here, first the definition of the feature points itself may be fuzzy and quite often
no distinct positions exist in images. Depending on the quality of lip images, performance
of the operators will be varying (this is called intra-person variation); second the labeling
is person dependent, which will generate so-called inter-person variation. Therefore, it is
necessary to handle both intra- and inter-person variations. To do so, we have to measure
the performance (quality) of individual operators.
To measure the performance of each operator, we have to know the ground truth of
the feature points. Although physical or digital phantoms of the lips can provide a level
of known “ground truth”, as noted in [124]); they have so far been unable to reproduce
the full range of imaging characteristics. One alternative is to infer the “ground truth”
from manual labelers. In the medical image segmentation area Warfield et al. developed
a technique to simultaneously estimate both ground true of image segmentation and operator quality based on an EM algorithm [124]. Here we reformulate the lip localization
problem into a segmentation problem so that the algorithm proposed by Warfield et al.
can be applied. More specifically, when feature points are marked, a closed contour is
formed from the feature points. The contours from feature points labeled by 4 operators
around the mouth of a sample lip image are shown in Fig. III.1.
Operator 1
Operator 2
Operator 3
Operator 4

Fig. III.1: Example of human labelling given on the BioID database. One can see that lips drawn
from manual labels from four human operators (experts) vary. It is easy to see that the four operators perform differently.
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One can see that the four human labelers performed differently. The mouth area can
be segmented by taking interior of the closed lip contour. Here we assume that the quality
of segmentation of the mouth is a measure of the quality of the feature points. If the
ground truth of the mouth region is known, the performance of individual operators can
be assessed by measuring the quality of their segmentation.
Following [124], the performance of operators is specified by two terms: sensitivity
and specificity. The sensitivity is defined as how well the operator marked the true area
under consideration, and specificity is how well the operator differentiated the rest of the
image area from the true mouth area. The performance parameter p represents the “true
negative fraction” or specificity, and q represents the “true positive fraction” or sensitivity.
This is summarized in table III.1.
Table III.1: A 2 × 2 Conditional Probability for j-th labeler

D/T
0 non-mouth
1 mouth
Marginal Total

0 (non-mouth)
p
1−p
1

1 (mouth)
1−q
q
1

These two parameters are the classification probabilities {p, q} and are assumed to be
person specific. For any segmentation D and the ground true T, {p, q} can be calculated
as (see Fig. III.2).
D̄ − D̄ ∩ T
T̄
T∩D
q=
T
The key is how to get the ground truth T and further assess performance of individual
operator given the segmentation D.
p=

Fig. III.2: Segmentation D and ground truth T.
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III.3 Inferring Ground truth from Human Data
Since the “ground truth” of segmentation is not known (or missing) we have to figure
out how to estimate the “ground truth” from the segmentation made by the operators.
One solution is to use the Expectation-Maximization (EM) technique to infer the ground
truth [125]. For our purpose, we extend the algorithm STAPLE developed by Warfield et
al. [124] so that it could handle annotated images from a database.
Formally, let D be the N × M × J matrix representing the binary decisions of J operators on M mouth areas. The number of pixels in a lip image is N . T be the N × M
matrix representing M binary “truth" mouth regions in which 10 s are for mouth-pixels
and 00 s for non-mouth pixels. Let (D, T) be the complete data and the probability mass
function of the complete data is given as f (D,T|Θ), where the performance parameters
θj = (pj , qj ), j = J. The log likelihood function of the complete data is expressed as

lnLcomplete (Θ) = lnf (D, T|Θ)
In theory the operator parameters Θ = {θ1 , θ2 , ...}T could be estimated by maximizing
the the log likelihood function of the complete data. i.e.

Θ̂ = argmax lnf (D, T|Θ)
Θ

Unfortunately it doesn’t work here simply because the “ground truth” of the mouth
region is unknown. One strategy to overcome the difficulty is to compute the conditional
expectation of the complete-data log-likelihood function instead [125],

Θ̂ = argmax ET {lnf (D, T|Θ)|D}
Θ

The EM (expectation-maximization) algorithm can be applied to estimate the operator
performance parameters Θ. The conditional expectation of log likelihood function can be
further written as
Θ̂ = argmax ET {lnf (D, T|Θ)|D}
Θ

= argmax ET [ln
Θ

= argmax ET [ln
Θ

f (D, T, Θ)
| D]
f (Θ)

f (D, T, Θ)f (T, Θ)
| D]
f (Θ)f (T, Θ)

Since the ground true T is independent of the performance parameters f (T, Θ) = f (T)f (Θ).
Hence we have
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Θ̂ = argmax ET [ln f (D|T, Θ)f (T) | D]

(III.1)

Θ̂ = argmax ET [ln f (D|T, Θ) | D]

(III.2)

Θ

Omitting T, we have
Θ

Let Θ0 be initial value for parameter Θ and assuming the operator decisions are conditionally independent given operator performance parameters and the ground truth.
The E-Step calculates
Q(Θ|Θ0 ) ≡ P
ET [ln f (D|T, Θ) | D, Θ0 ]
= T f (T|D, Θ0 ) ln f (D|T, Θ)
and M-step requires the maximization of Q(Θ|Θ0 ) over the parameter space of Θ. i.e
choosing Θ1 such that
Q(Θ1 |Θ0 ) ≥ Q(Θ|Θ0 )
For each iteration k the current estimate of Θk and segmentation decision D are used
to calculate the conditional expectation of the complete-data log-likelihood function and
then the estimate of Θk+1 , which is found by the maximization of Q(Θ|Θk ).
The E- and M- steps are iterated until convergence. Local convergence is guaranteed
when likelihood has an upper bound.
The ground truth and performance parameters can be estimated iteratively:

III.3.1 Estimation of the ground truth given operator performance
parameters
The ground truth can be estimated by
f (T|D, Θk ) =
=

f (D,T|Θk )
f (D|Θk )
k
(T)
Pf (D|T,Θ )f
k
T f (D|T,Θ )f (T)

where f (T) is the priori probability of the ground true T. The weight Wri indicates the
probability of the ground truth at pixel i of image r equal to one:
Wri = f (Tri = 1|Dri , Θk )

III.3.2

Estimation of the performance parameters of the operators

Given Drij decision of the jth-operator for rth image and ground true Tri , the operator
performance parameters sensitivity and specificity {pj , qj } are
pj = Σir Ψ(Drij = 1|Tri = 1),
qj = Σir Ψ(Drij = 0|Tri = 0);
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where Ψ is the conditional probability of the segmentation when the ground truth is
known.
It is assumed that segmentation decisions are all conditionally independent given the
“ground truth" (i.e.Tri ) and the performance parameter pj , qj ∈ [0, 1], that is,
(Drj |Tr , θj )⊥(Drĵ |Tr , θĵ ); ∀j 6= ĵ
If pk−1
, qjk−1 are the previous estimate of the operator performance parameters, according
j
to equation III.2 then we have
(pkj , qjk ) =
=

argmax ET [ln f (D|T, p, q)f (T) | D, pk−1
, qjk−1 ]
j
p,q

argmax
p,q

X X
r

(III.3)

, qjk−1 ] (III.4)
E[ln f (Drij |Tri , pj , qj )|Drij , pk−1
j

i

III.4 An Experiment on Comparing Human and Algorithm Performance
To demonstrate the concept proposed in this chapter we select the database BioID [118]
as a case study. The BioID Face Database is used within the FGnet project of the European
Working Group on face and gesture recognition [126]. The BioID Face Database has been
recorded and was published to give all researchers working in the area of face detection the
possibility to compare the quality of their face detection algorithms with others. During
the recording special emphasis has been laid on “real world” conditions. Therefore the test
set features a large variety of illumination, background and face size. The dataset consists
of 1521 gray level images with a resolution of 384 × 286 pixel. Each one shows the
frontal view of a face of one out of 23 different test persons. For comparison purposes the
set contains manually set facial features points. Two PhD students from the department
of Imaging Science and Biomedical Engineering at the University of Manchester marked
up the images from the BioID Face Database. They selected important feature points (as
shown in Fig. III.3-a), which are very useful for facial analysis and gesture recognition.
There are four points around the mouth are marked:
• No. 2 = right mouth corner
• No. 3 = left mouth corner
• No. 17 = center point on outer edge of upper lip
• No. 18 = center point on outer edge of lower lip
To compare the quality of different face detection algorithms on the test set, the following distance based quality measure is suggested: Estimate the facial feature (eye or
lip) positions with the test algorithm and calculate the absolute pixel distance from the
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Fig. III.3: (a) Example of human labelling points given on the BioID database. (b) Lipsegmentation points asked to mark from human labellers.

manually set positions so that two distance values will be received. The distances will be
used to measure the performance of the algorithm.
Here we challenge the manual annotation as the “ground truth” to evaluate the algorithms by questing the quality of the annotation. To do so we invited three students from
our university to mark the four points around the mouth for all face images (as shown in
Fig. III.3-b). To form a nice mouth region, two additional points are interpolated from
the corner and center points for all lips. In this way we have total six points and a closed
lip contour can be formed by spline curves. We overlay lip contours over face images as
shown in Fig. III.4). One can see that the decision on mouth regions varies from person
to person (Fig. III.5).

Fig. III.4: Face image and estimated Lip Area after EM-like algorithm based on performance
parameters.

To quantitatively assess the performance of individual operators we calculate the performance parameters. The interior of the lip contour is segmented and used for estimation of ground truth. The initial values of performance parameters were set to 0.9
and initialization probabilities of being mouth pixel and non-mouth pixel were 0.5, i.e.
pj = qj = 0.9 and Pr (Ti = 1) = Pr (Ti = 0) = 0.5. The algorithm converges quite fast
as shown in Fig. III.6. The converged result is listed in table III.2.
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Fig. III.5: Lip Area marked by Operator-1, Operator-2, Operator-3, Operator-4, respectively.

It can be seen from table III.2, that the performance parameters, sensitivity and specificity
differ from person to person. It is very interesting to notice that the annotation provided
with the BioID face database don’t do the top job. They are just ranked No. 3. It is questionable to use a bad annotation which has been known a prior to judge the performance
of computer algorithms. One can see also that there is a space to improve the quality of
manual annotation for evaluation.
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Fig. III.6: a) Human Operator sensitivity after each iteration. b) Human Operator specificity after
each iteration.

It is worth mentioning that in our formulae we show how to estimate the ground true for
mouth segmentation but not how to estimate the ground true of the feature points.

Table III.2: The quality of human operators is specified by tow parameters: sensitivity(p̂) and
specificity (p̂), which are calculated from the EM algorithm.

Operator
1
2
3
4

p̂
0,9583509
0,939260
0,9740195
0,9463833

q̂
0,9778526
0,9910173
0,9775210
0,9545102
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III.5 Concluding Remarks
To speed up the development of human lip analysis technology, it is extremely important to have a fair and objective evaluation protocol. The purpose of this chapter is not
to come up with such evaluation protocols. Instead, it is a discussion of the problem of
using manual labels as the ground truth. Our intention is to remind researchers particular
the researchers new in the field of 1) being aware of subjective noise existing in manual
labellers and there are ways to reduce the noise; 2) recognizing that technical progress has
made computer programs close to and even better than human for some lip analysis tasks.
Very soon it might be not valid to use the results from human to validate computer programs. It is important from now to think about how to build a common and fair evaluation
platform where both program and human can be treated equally.

III.6 Further Readings
We highly recommend readers to learn more from the following research areas:
(1)Face Recognition Vendor Test (FRVT) [116, 122, 127–129] which is a series of
U.S. Government sponsored face recognition technology evaluations. One can see how
“standardization" or evaluation process to boost significantly technical progress.
(2) Automatic Eye Detection and Validation [118, 130–132]. Technically this is
quite similar to the problem of automatic lip localization. Noticeably, kind of standard
databases, XM2VTS [119] and BioID [118] have been widely used in the area and the
ROC curve over the databases is commonly adopted. This greatly facilities the comparison between different techniques. However, as in the lip analysis area, manual labellers
are used as the ground true. The problem of subjective noise in manual labellers has not
been addressed.
(3) Evaluation in Medical Image Analysis [124, 133, 134]. The work of Warfield et
al. on evaluation in the medical image segmentation area is very inspired. One can see
how manual labellers given by medical experts are treated and evaluated.
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III.7 Appendix A
The calculation is based on the STAPLE-algorithm [133]:

III.7.1 E-Step : Estimation of ground Truth
The E-step drives the estimation for unobserved true segmentation based of following
steps :
1. Compute the conditional probability density function of the true segmentation (TS)
for each pixel given human operator decisions (observed segmentation) and previous estimate of the human operator performance parameters.
2. label each pixel accordingly.
Let f (T ) be the priori probability of T , then derived estimator of TS is
f (T r |Dr , Θk )

=
=
=

k−1
)f (T )
P f (D|T,Θ k−1
f
(D|T,Θ
)f (T 0 )
0
T
Q Q
k−1
r
r
[
f
(D
)]f (Tir )
ij |Ti ,Θj
i
j
P
P
Q Q
k−1
r
r
)]f (Tir )
r 0 ...
Tr
i[
j f (Dij |Ti ,Θj
T1
N
Q Q
r
r k−1 k−1
r
,qj
)]f (Ti )
i[
j f (Dij |Ti ,pj
Q P
Q
r
r k−1 ,q k−1 )]f (T r )
i[
Tr
j f (Dij |Ti ,pj
j
i
i

Now for each pixel i per image r, we have
Q

f (Tir |Dir , pk−1 , q k−1 )

r
r k−1 k−1
, qj )f (Tir )
j f (Dij |Ti , pj
Q
r
r 0 k−1 , q k−1 )f (T r 0 )
j
i
T0
j f (Dij |Ti , pj

=P

(III.5)

i

Considering the TS as the binary random variable, if the estimate of probability of the
TS at each pixel i in image r Tir = 1 ; then probability that Tir = 0 is nothing but
1 − f (Tir = 1|Dir , Θk−1 ). As pj is the sensitivity i.e. “True positive fraction" and qj is
specificity i.e “True negative fraction" of j-th operator then from equation III.5
Q
r
|Tir = 1, pkj , qjk )
αk ≡ f (Tir = 1) j f (Dij
Q
Q
(III.6)
= f (Tir = 1) j:Dr =1 pkj j:Dr =0 (1 − pkj )
ij

ij

Similarly, there is
βk

Q
r
|Tir = 0, pkj , qjk )
≡ f (Tir = 0) j f (Dij
Q
Q
r
= f (Ti = 0) j:Dr =0 qjk j:Dr =1 (1 − qjk )
ij

(III.7)

ij

where j : Dij = 1 represents the set of indices for which operator j marked pixel i as 1
and similarly j : Dij = 0 represents the set of indices for which operator j valued pixel
i as 0. After estimation of the prior-probability labelling of the probability map of all the
pixels for the r-th image is done using the Wir ; which is given as
[Wir ]k−1

≡ f (Tir = 1|Dir , pk−1 , q k−1 )
=

αk−1
i
k−1
αi
+βik−1

(III.8)

III.7. Appendix A

85

The equation III.8 represents the normalized prior probability of Ti = 1, and [Wir ]k−1 is
the probability of the true segmentation (i.e. TS) for rth-image at pixel i being equal to
one. For complete E-step, the expression for the conditional expectation of the completedata log-likelihood function mentioned in equation III.2 is needed. The complete-data
log-likelihood function is derived in M-Step.

III.7.2 M-step: Estimation of performance parameters
Now considering the conditional probability of the true segmentation for each rth-image
calculated from equation III.8 (i.e. [Wir ]k−1 ), the operator performance parameters pk , q k
are derived which maximize the conditional expectation of complete-data log-likelihood
function. Considering the equation III.4, for each operator j,
(pkj , qjk )

P P
r
= argmaxpj ,qj
E[ln f (Dij
|Tir , pj , qj )|D, pk−1 , q k−1 ]
Pr Pi
r
r k−1
ln f (Dij
|Tir = 1, pj , qj )
= argmaxpj ,qj
r
i ([Wi ]
r k−1
r
r
+(1 − [Wi ] P) ln P
f (Dij |Ti = 0, pj , qj ))
r k−1
ln pj
= argmaxpj ,qj
(
r
i:Dij =1 [Wi ]
P
r k−1
+ i:Dij =1 (1 − [Wi ]
) ln(1 − qj )
P
+ i:Dij =0 [Wir ]k−1 ln(1 − pj )
P
+ i:Dij =0 (1 − [Wir ]k−1 ) ln qj )

Here at maximum the first derivative w.r.t pj of the above expression is equal to zero.
Differentiating Q(Θ|Θk ) w.r.t. pj and equating to zero yields the values of the operator
parameters that maximizes the expectation of the log likelihood function as
pkj

P

≡

P

=

r k−1
=1 [Wi ]
ij
r
k−1
+Σi:Dr =0 [Wir ]k−1
i:D r =1 [Wi ]
ij
ij
r k−1
Σi:Dr =1 [Wi ]
ij
Σi Wir

r( Σ
r(

Σi:Dr

)

(III.9)

)

Similarly,
qjk

≡
=

P

r ( Σi:Dr

P

r(

Σi:Dr

ij

r k−1
)
=0 (1−[Wi ]

r k−1 )+Σ
=1 (1−[Wi ]
i:D r

ij
Σi:Dr =0 (1−[Wir ]k−1 )
ij
Σi (1−Wir )
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r k−1 )
=0 (1−[Wi ]

)

(III.10)

)

where r is total no of image in the data-set. Each iteration represent the belief in estimated true segmentation.The EM-like Algorithm estimates true best segmentation the
true segmentation (TS) based on the human operator performance parameters iteratively.
In first step the TS is estimated from equation III.8 and the operator quality parameters
from equation III.9+III.10.The true segmentation (TS) is achieved when the algorithm is
converged. The convergence condition is pkj = pk−1
for jth-operator.
j

86

III. Lip Tracking Analysis Systems

IV
iFeeling:Vibrotactile Rendering of
Human Emotions on Mobile Phones 1
Shafiq ur Réhman and Li Liu
Department of Applied Physics and Electronics (TFE),
Umeå University, 901-87 Umeå, Sweden.

Published in Mobile Multimedia Processing: Fundamentals, Methods, and Applications,
c 2009 Springer.
LNCS State-of-the-Art Surveys subseries, 2009. °

1 A preliminary version of this paper has been presented at 1st International Workshop on Mobile Multimedia
Processing In conjunction with 19th International Conference on Pattern Recognition (ICPR 2008), 2008, USA.

IV. Vibrotactile Emotions on Phone

88

iFeeling:Vibrotactile Rendering of
Human Emotions on Mobile Phones
Abstract —Today, the mobile phone technology is mature enough to enable us to effectively interact with mobile phones using our three major senses namely, vision, hearing
and touch. Similar to the camera, which adds interest and utility to mobile experience, the
vibration motor in a mobile phone could give us a new possibility to improve interactivity
and usability of mobile phones. In this chapter, we show that by carefully controlling
vibration patterns, more than 1-bit information can be rendered with a vibration motor.
We demonstrate how to turn a mobile phone into a social interface for the blind so that
they can sense emotional information of others. The technical details are given on how
to extract emotional information, design vibrotactile coding schemes, render vibrotactile
patterns, as well as how to carry out user tests to evaluate its usability. Experimental studies and users tests have shown that we do get and interpret more than one bit emotional
information. This shows a potential to enrich mobile phones communication among the
users through the touch channel.
Keywords — emotion estimation, vibrotactile rendering, lip tracking, mobile communication, tactile coding, mobile phone.

IV.1 Introduction
Mobile phones are becoming part of everyday life and their prevalence makes them ideal
not only for communication but also for entertainment and games. It is reported that mobile phone communication uptake in over 30 countries is exceeding 100% [135]. Current
commercial mobile phones are becoming more sophisticated and highly intractable to all
three major senses of human: vision, hearing and touch. Similar to the camera, which
adds interest and utility to mobile experience, the touch system can improve interactivity and usability. Mobile vibration is one of the examples which clearly inform the user
of incoming calls or SMS through a discernible stimulus, i.e. 1-bit information only.
Nevertheless, it has been shown if the information is properly presented through mobile
vibration, human can process touch information at the rate of 2 − 56 bits/sec [83]; which
makes it very interesting to explore the utility of vibration for mobile applications.
It is noted that mobile vibration engages people at different emotional levels and provides them with new ways of communicating and interacting. Different from other types
of rendering, vibration could provide for ‘unobtrusive device interaction through our ‘private’ medium touch’, which can be highly desirable in certain situations [84]. How to render haptic feeling with mobile phones has been a hot research topic recently. On a PDA
keyboard screen, researchers have shown that the haptic stimuli increase the performance
of the user [136]. Similar results are reported in mobile phone interaction by exploiting
both vibrotactile and gesture recognition [137, 138]. Brown et al. developed “tactons” for
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Fig. IV.1: An application scenario of our ifeeling rendering system.

communicating information non-visually [137, 139]. The “tactons” have been suggested
to use for several applications, such as, “feeling who’s talking”. Using mobile phone’s
vibration, Kim et al. [140] has proposed the users’ response to a mobile car racing game
in which the user is informed about the state of a car and the road condition with a vibrotactile signal. In [24], we demonstrated how to render alive football game by vibration on
a mobile phone. In [84], researchers have presented haptic interactions using their own
piezoelectric device instead of the mobile phone’s own vibration motor. They have also
pointed out some difficulties e.g. power consumption, mechanical ground and a better
understanding of user’s interest. There are some commercial companies, e.g., Immersion
AB [141], advancing the use of touch. They provide a sensory experience that is more
entertaining and complete. In [142, 143], the usability of mobile phones in a smart application is explored. The method selected for current work also uses vibration stimuli
which are produced across the entire device (i.e. mobile phone).
The current work provides useful information by exploring the possibilities and strength
of today’s mobile phones as haptic communication interfaces. By considering a complete
study of rendering emotions on mobile phones, we try to cover all technical blocks, from
perception to user tests, which we hope that it is a showcase of using mobile phones to
rendering dynamic multimedia. This chapter is organized in eight sections. After documenting the vibrotactile perception and interfaces design issues in section IV.3, we present
guidelines for developing a vibrotactile rendering application in section IV.4 and section IV.5 provides design details for an interesting tactile information rendering application. After providing our vibrotactile coding scheme development details in section IV.6,
the user experiences are documented in section IV.7. Finally, the future directions are
documented.

IV. Vibrotactile Emotions on Phone

90

Video
to
Vibrations
Facial Expressions

Fig. IV.2: A block system diagram of expressive lips video to vibration.

IV.2

iFeeling Rendering System

More than 65% of the information is carried out non-verbally during face-to-face communication [2] and emotion information has a significant importance in decision making
and problem solving [1]. Missing emotional information from facial expressions makes
it extremely difficult for the visually impaired to interact with others in social events. The
visually impaired have to rely on hearing to perceive other’s emotional information since
their main information source is the voice. Unfortunately, it is known that hearing is a
rather lossy channel to get emotional information. To enhance the visually impaired’s
social interactive ability, it is important to provide them reliable, “on-line” emotion information.
Today’s mobile phones with current technology make them ideal for communication
and entertainment. We can interact with a mobile phone with our three major human
senses namely, vision, touch and hearing. Neither vision nor hearing is completely suitable for online emotional information rendering for the visually impaired: visual rendering is useless for them; audio information is too annoying in daily life usage.
Human touch provides a way to explore the possibilities of using vibration as emotional information carrier. In this chapter we demonstrate a system, iFeeling, where mobile vibration is used to render emotions. The application scenario of such a system is
shown in Fig. IV.1; where the visually impaired wears a video camera pointing to the face
of the person of interest, the captured facial video is analyzed and emotional parameters
are extracted. Ongoing emotion is rendered by using the parameters on the mobile phone
held by the visually impaired, who will interpret the emotion from vibration signals. The
mobile phone produces vibrational signals corresponding to different facial expressions
(expressive lips in current case). Obviously, mobile phones act as a social interface for
the visually impaired to access online emotional information. The technical diagram is
shown in Fig.IV.2. The challenge is how to display emotions through vibration of mobile
phones.
In order to make an effective vibrotactile system, one has to consider the human touch
perceptual capabilities and limitations along with vibrotactile display design suitable for
current mobile phones. In following sections, we provide a brief overview of touch perceptual capabilities along with foundation knowledge of vibrotactile actuator.
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Fig. IV.3: Human skin cross section labelled with mechano-receptors [18].

IV.3 Vibrotactile Sensation
Human skin is composed of layers, namely, epidermis and the layer below this is
called dermis. It is a complex process how human brain receives and understands vibration stimuli. It is known that human skin employs four types of mechanoreceptor to
perceive given stimulus, i.e., Merkel Disk, Ruffini Corpuscles, Meissner Corpuscles and
Pacinian Corpuscles (see Fig. IV.3) [17]. Afferent fibber branches that form a cluster of
Merkel’s discs are located at the base of a thickened region of epidermis. Each nerve terminal branch ends in a disc enclosed by a specialized accessory cell called a Merkel cell
(NP II). Movement of the epidermis relative to the dermis will exert a shearing force on
the Merkel cell. The Merkel cell plays a role in sensing both touch and pressure. Ruffini
Corpuscles (NP II) are spray-like dendritic endings (0.5-2 mm in length) in the dermis
hairy skin and are involved in the sensation of steady and continuous pressure applied to
the skin. Meissner Corpuscles (NPI) are found just underneath the epidermis in glabrous
skin only, e.g., fingertips. Pacinian Corpuscles (PC’s) are pressure receptors, located in
the skin and in various internal organs. Each is connected to a sensory neuron. It can
achieve a size of 1-4 mm. It has its private line to the CNS. Vibrotactile sensation generally means the stimulation of skin surface at certain frequency using vibrating contactors.
Pacinian Corpuscles are considered performing a major role in vibrotactile perception
with maximum sensitivity at higher frequencies, i.e., 200 − 300 Hz.
The phenomenon of vibrotactile sensation was firstly introduced by Geldard [19].
There are four different parameters through which vibrotactile information coding can be
studied, namely, frequency, amplitude, timing and location. A vibrotactile stimulus is only
detected when the amplitude exceeds a certain threshold, known as detection threshold
(DT). In general, DT depends on several different parameters [20–22, 144] but mainly
on the frequency (∼ 20-500 Hz) and location (fingers are most sensitive 250-300 Hz).
Vibrating stimulus up to 200 Hz results in synchronized firing of afferent nerve fibbers
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Fig. IV.4: A mobile phone with a vibrator [24].

and considered capable of great physiological information flow, i.e., due to presence of
large number of mechanoreceptor esp. PC’s [23].
By using single detectable stimulus simple messages can be encoded [24]. J. van Erp
has given detailed information for the use of vibrotactile displays in human computer
interaction [25]. While presenting tactile coding information a designer should consider
the following principals [26–29]:
• No more than 4 intensity (magnitude) levels should be used.
• No more than 9 frequency levels should be used for coding information and the
difference between adjacent levels should be at least 20%.
• The time interval between adjacent signals should be more than 10 milli-seconds to
prevent the “saltation effect”.
• The vibration on the hand should be carefully dealt with and long durations might
make users irritated.
• Vibration intensity can be used to control threshold detection and sensory irritation
problem; similar to volume control in audio stimuli.

IV.4 Vibrotactile Rendering
Normally, there are two commonly used display techniques to generate vibration: 1)
using a moving coil, usually driven by a sine wave; 2) a DC motor, which is used in most
mobile phones. Since we are using a mobile phone to deliver emotional information, the
DC motor based vibrotactile display is used in the iFeeling system.
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IV.4.1 Vibrotactile Actuators
In almost all commercially existing mobile phones, a vibration actuator has already built
in. It is natural to render emotion on a mobile phone with a vibration motor. The vibration
patterns are generated by rotating a wheel with a mounted eccentric weight as shown in
Fig. IV.4. The wheel rotates at a constant speed. Switching it on and off produces the
vibration. The advantages by using such a vibrotactile actuator are
• having light weight and small miniature size (dia ∼ 8.0 mm),
• using low operating voltage(∼ 2.7 − 3.3V),
• producing distinguishable tactile patterns,
• existing in most mobile phones and producing enough force,
• not power hungry contrary to other actuators [30, 32, 33]
Furthermore, it does not require any additional hardware to do rendering, which can
result in increase in size or weight.

IV.4.2 Vibrotactile Coding
To understand the vibration stimuli produced by a mobile phone vibrator, one must consider the input voltage and response vibration produced by the vibrator. Yanagida et
al. [34] noted 100-200 msec response time of a vibration motor (see Fig. IV.5).
By properly controlling the motor response, one can create perceptively distinguishable vibrotactile patterns. Such an efficient technique is the Pulse Width Modulation
(PWM) [24, 34]. Pulse-width modulation uses a square wave whose pulse width is modulated resulting in the variation of the average value of the waveform. PWM allows us to
vary the amount of time voltage is sent to a device instead of the voltage level sent to the
device. The high latency of the vibration motor (i.e. the slow reactions to changes in the
input signal)results in a signal which resembles those created by amplitude modulation.
By switching voltage to the load with the appropriate duty cycle, the output will approximate a voltage at the desired level. In addition, it is found that PWM also reduced power
consumption significantly compared to the analog output approach.
Thus, the vibration of an actuator can be determined by the on-off rotational patterns
through PWM. The vibration can be controlled by two types of vibration parameters: 1)
frequency; 2) magnitude. The vibration frequency is determined by the on-off patterns
while the magnitude is determined by relative duration ratio of on-off signals. A vibrotactile stimulus is only detected when the amplitude exceeds a certain threshold, i.e., DT. To
make sure that the generated vibrotactile signals are perceptually discernible, one has to
carefully follow the principles of human’s vibrotactile perception (see details in sec IV.6).
Jung et al. [33] has shown a nonlinear mapping between the perceptual magnitude and
input voltage. One can see that the perceptual magnitude increase almost linearly up to
3V olts (see Fig. IV.6) and further increase in input voltage over 3.5 Volt doesn’t guarantee in increase in perceptual magnitude. Since for most phones it is not easy to control
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Fig. IV.5: A vibration motor response to stepwise input voltage reported by [34].

the input voltage, a fixed voltage is usually used and the vibration is controlled by on-off
patterns of voltage.

IV.5 Vibrotactile Rendering of Emotions

IV.5.1 Emotional Experience Design
To demonstrate how to “turn” a mobile phone into a social interface for the blind, we
build a iFeeling system which could render emotional information with the vibrator on
mobile phones. In the current system, a mobile phone vibrates according to the human
emotions, which are extracted, right now, from the dynamic human lips only. By holding
the mobile phone the user will be aware of the emotional situation of the person who s/he
is talking to. The iFeeling rendering system is shown in Fig. IV.2. The key components
of our system are: 1) emotions from expressive lips 2) vibrotactile coding of emotional
information 3) vibrotactile rendering on the phone.

IV.5.2 Expressive Lips Estimation
Without any effort humans can extract and/or perceive the information regarding the physical/mental state and emotional condition of others by reading facial expressions mainly
from the eyes and the lips. Human lips are one of the most emotionally expressive features. Various emotional states can be categorized based on different lips shapes, e.g.,
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Fig. IV.6: Perceptive magnitude against input voltage reported by [33].

grin-lips express happiness; grimace represents fear, lip-compression shows anger; canine snarl symbolizes disgust, where as lip-out is sadness. Similarly, jaw drop (or sudden
open-lips) is a reliable sign of surprise or uncertainty [41, 53]. If an explicit lip model
with the states is employed and the underlying parameters of the lip model are extracted
for recognition, average recognition rates of 96.7% for lower face action units from lips
can be achieved [53]. This very encouraging result implies that a high recognition rate of
human emotions can be achieved as long as the lip parameters can be reliably extracted.
Normally, human emotions can be classified into six classes: happiness, sadness, surprise, anger, fear and disgust [41]. The shape of the lips reflects the associated emotions.
By examining the dynamics of lip contours, one can reliably estimate the following four
types of emotions: happiness, surprise, disgust and sadness, simply due to that they are
closely related to quite dissimilar shapes of the lips. Therefore, to estimate emotions from
lips the key is lip tracking.
To enable an accurate and robust lip tracking, an intuitive solution is to find ‘good’
visual features [58] around the lips for localization and tracking. The motion and deformation from tracked features are then used to deform the modelled semantic lip contours.
Here we adopt the strategy of an indirect lip tracking [113]. Since it is not the semantic lips that will be tracked but the features around the lips, we call the approach lipless
tracking [113]. This approach has the following unique features:
• Lip features are localized instead of semantic lip-model or lip-states [53].
• It is not dependent on large databases and heavy training [54].
• No initial manual operation and fully automatic tracking on a per user basis [60].
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Fig. IV.7: Expressive lips : (a) Lip tracking based on 4-lip contours states from real-time video sequence. (b) Emotion indicators from template deformation. From template deformation parameters
emotion type and emotion intensity are estimated.

In lipless tracking [113], a 1D deformable template is used to represent the dynamic
contour segments based on lip features. Personal templates based on four images per
subject (normal, happy, sad and surprise) are taken off-line and segment contours based
on features are identified manually. These lipless templates serve as look-ups during the
lipless tracking process. In the scheme, Lipless Template Contours (LTC) are fitted to
the edges extracted from individual video frames. The deformation flexibility is achieved
by dividing the each template into smaller segments, which are split apart. This allows
the templates to be deformed into shapes more similar to the features in the given video
frames. Formally, the LTCs are divided into n sub-sequences or segments. For each
subsequence, i = 1, .., n; ti denotes the index to the first ‘site’ in the ith segment. In
other words, the ith segment contains the sites mti , ..., mti+1 −1 . The length of individual
segments is fixed to approximately 5 pixel; i.e. the indexes t1 , ..tn where t1 = 1, and
for i = 2... n, ti is defined by
ti ≡ min{t = ti−1 , .., k : |mt − mti−1 | ≥ 5}

(IV.1)

where |mt − mti−1 | denotes Euclidean distance between the two sites.
When allowing one pixel gap or overlap, the overall deformation is around 1/5 =
20% of the original template size. After template matching, the best matched template
is selected. The search over the edges using lipless tracking finds the optimal location of
the segmented templates. Expressive lips are estimated based on lip states (i.e. normal
lip-state, happy lip-state (smile + laugh), sad lip-state and surprise lip-state).

IV.5.3 Classification of Dynamic Emotions information
After performing the template matching, two parameters are extracted to estimate certain
emotions, i.e. Emotion Type Estimator (ETE) and Emotion Intensity Estimator (EIE). ETE
estimates the type of emotion based on matched LTC and EIE is based on how much LTCs
are deformed from their original shape within allowed deformation (i.e. 20%). Formally,
if u is given LTC and uj is detected ETE at time ti the EIE E j is calculated as
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j
Eintensity
= ujti+1 − ujti

(IV.2)

Here j = 1, 2, 3, 4 corresponding to different LTC’s.
From our live video collections, the results of expressive lips localization using lipless
tracking are shown in Fig. IV.7(a). Fig. IV.7(b) shows emotion indicators from LTC deformation parameters of live video sequence, which will be used as the EIE. The details
of method and techniques along with results both on our private collections and a publicly
available database can be found in [113].

IV.6

iFeeling Vibrotactile Coding Scheme

From lipless tracking two parameters namely Emotion Type Estimator (ETE) and Emotion Intensity Estimator (EIE) from expressive lips are extracted. The information is used
to render emotions on mobile phones. In this section, we will provide details on how these
two parameters are coded into vibrotactile information.
Primarily, there are four different ways to render vibrotactile information, namely,
frequency, amplitude, timing and location. In our system, a vibrotactile signal is controlled by two parameters of vibration: 1) frequency; 2) magnitude. The emotion type is
coded into the frequency of vibrotactile stimuli, whereas emotion intensity is coded into
the magnitude of the vibrotactile pattern. For current application, we consider coding
scheme which informs users about “What is the type of emotion and what its intensity is
?”
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(a)
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Fig. IV.9: (a) Vibrotactile modes used for expressive lips rendering on mobile phone. (b) A mockup
of a mobile phone with the vibration motor driven by our self-designed PCB.

In the design of vibrotactile coding of expressive lips, we developed self explaining
tactile messages . As it is reported that 5-6 vibration modes are suitable for vibrotactile
display in mobile phones because of human’s limited touch recognition and memorizing
capabilities [24]. In vibrotactile coding, four types of emotions (i.e. normal, happy (smile
+ laugh), sad and surprise) are estimated from lipless tracking and coded in vibrotactile
signals.
In the vibrational signal, the information of the “emotion type” and its “intensity” is provided. To reduce the mental workload of the mobile users no vibration signal is given
when the expressive lips are in the neutral state. This is the reason that the GUI was
not divided into more areas (see Fig. IV.8). Fig. IV.9(a) shows the vibration stimuli for
specific expressive lips to associate GUI areas.

IV.6.1 Experimental Platform
To carry out a user test, a vibrotactile mobile system was built (although vibration can
be also rendered on commodity mobile phones under the mobile Java platform, J2ME,
for example, we would like to focus on more technical issues rather then practical implementation). Currently our system’s tactile module is made up of two parts: a vibrotactile
box (VTB) and an ordinary mobile phone. The VTB consisted of single printed circuit
board (PCB) as shown in Fig. IV.9(b). The PCB, containing a micro-controller, was programmed to generate Pulse Width Modulation (PWM) at one of the pins and send signals
to the vibration motor. It is connected with a computer installed with our GUI application.
The computer extracted video semantics from expressive lips to generate vibrotactile signals and then sent them to the PCB. By controlling the PCBs output to switch between
on and off, the vibration motor could rotate at different frequencies and intensities. The
vibrator was a low-cost coin motor used in pagers and cellular phone. The vibration
frequencies had been selected in a range from 100 Hz to 1 kHz.
To overcome the limitation such as, stimuli masking and adaptation effect and to
enhance the perception of vibrating stimuli, 4 different inter-switched vibration signal
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levels with ∼ 20% difference were employed. Each vibration signal was used to present
a specific “emotion” estimated from expressive lips.

IV.7 User Study

IV.7.1 Participants
Participants were recruited from the campus of Umeå University, Sweden, including both
students and staff members. There were 20 people aging from 20 to 50 in total involved in
the experiments. The age of 70% of them is from 26 to 35. All the participants had mobile
phones and had prior experience with mobile vibration. All the users were provided with a
two-minute long training session. During the experiments, the participants hearing sense
was also blocked to remove any auditory cues using head phones. The motivation of our
user test had been clearly explained to all the participants.

IV.7.2 Stimuli
The recorded videos of facial expression mimic (i.e. “emotions”) were used. These videos
had all the required emotions which were tagged off line by experts. Each emotion was
tracked frame by frame. Time stamp and emotion stamp of subject’s faces were recorded
and used for the stimuli.

IV.7.3 Procedure
First, we introduced the purpose of our experiments to the participants and explained how
to use the GUI system. Each participant held the mobile phone with the vibration motor in
one hand and a computer mouse in the other hand. To obtain sufficient experimental data,
a vibrotactile sequence was given to the participant twice and the subjects were asked
to point out the “emotion” based on vibration using mouse click (see GUI Fig. IV.8).
The first round was carried out before the additional training process and the second
round started after the training session. When the participants finished the first round and
started to perform the second one, they were considered to be more experienced (because
they had been trained by the first experiment). However, due to different stimuli, this
did not affect the study of the effect of training process in the experiment. In the end,
each participant was given a questionnaire for measuring levels of satisfaction and main
effects. Each question was elaborated and discussed with the participants if required.
After one-minute training session all the subjects took part two experiment sessions. The
session had 10 minutes time duration approximately with 5-minutes time between each
session for resting.
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Fig. IV.10: Sample user results: before training.

IV.7.4 Effectiveness
Effectiveness is about whether or not a task could be correctly accomplished with the
specified system. A simple indicator of effectiveness is the success to failure ratio for
task completion [95]. In the current study, the error rate was calculated by comparison
between the users’ inputs and original data, i.e., the emotion and the timing stamped video
sequences. When a certain emotion was displayed, e.g., in surprise, a vibrotactile signal
was sent to drive the vibration motor. The user who experienced vibration was asked to
use a computer mouse to click the area accordingly. The GUI application recorded the
time and area when a mouse button was clicked.
The results of these experiments show that performance for almost all subjects is increased with the passage of time. There are less false identification of areas (which represents emotions in GUI) based on the presented vibrotactile patterns (see Fig. IV.10, IV.11).
It can be concluded that user perception of the system effectiveness has increased with
training and so did its usability (see Tab. IV.1). The results also show that average
false identification for designed coding scheme are decreased, i.e., 28.25% to 15.08%.
The reason why less error in second session is might be due to the more training. In
Fig. IV.10, IV.11, the delay time between original signal and user detection can be seen;
it can be stimuli detection time plus user reaction time (as observed during experiments).

IV.7.5 Efficiency
Efficiency is about how much effort is required in order to accomplish a task. An efficient
system ought to require as little effort as possible [95]. In the experiments, we used the
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Fig. IV.11: Sample user results: after training.
Table IV.1: Measured effectiveness of vibration.

Mean
Overall error rate
GUI Area1 error rate
GUI Area2 error rate
GUI Area3 error rate
GUI Area4 error rate

Before
training
0.1875
0.1927
0.2025
0.1825
0.1723

After
training
0.0687
0.0511
0.1011
0.1014
0.0213

reaction time of a user as an indicator of efficiency. The reaction time was measured
by computing the delay between the time when a vibration signal was triggered and the
time when the user clicked an area on the screen. The delay time contained three parts:
rendering time, cognitive time and move-and-click time. Since both the rendering time
and the move-and-click time were approximately constant, we assumed that the delay
time was a reliable indicator of cognitive time.
Measured efficiency (delay time) results for session 1 and session 2 are shown in
Table IV.2 and Table IV.3. From the tables one can see that for both cases, the overall
delay decreased by 8.2% and 4.0%, while Area1 and Area2 overall delay increased. After
a careful examination of the delay results, we found that there was no stable pattern in
delay time when a user made mistakes. To get a real picture of the duration of time a
user needed to react to the stimuli, we noticed the delay time when the user made a right
decision. The delay time with correct results in both sessions decreased. It implies that
after training, users tended to take less time to make correct decisions but the training

IV. Vibrotactile Emotions on Phone

102

Table IV.2: Measured efficiency in session 1.

Mean (s)
overall delay
GUI Area1 to GUI Area2 delay
GUI Area3 overall delay

Before
training
0.6230
0.4068
0.6823

After
training
0.5202
0.6173
0.5134

Table IV.3: Measured efficiency in session 2.

Mean (s)
overall delay
GUI Area1 overall delay
GUI Area2 overall delay
GUI Area2 to Area1 delay

Before
training
0.8404
0.6838
0.7232
0.4060

After
training
0.8069
0.7534
0.7693
0.2308

might have also confused the users as they users tended to use more time when making
mistakes.

IV.7.6 User Satisfaction
Satisfaction refers to the comfort and acceptability of the system for its users and other
people affected by its use [95]. A useful measure of user satisfaction can be made if the
evaluation team’s measure is based on observations of user attitudes towards the system.
Thus, it is possible to measure user attitudes using a questionnaire, e.g., “Is this application interesting? 1=very boring (negative) to 7=very interesting (positive).” The satisfaction levels of our experiments were measured by giving participants questionnaires.
At the end of the experiments, each participant was given a questionnaire to measure
levels of satisfaction and main effects. Our subjective questionnaire used Likert style
7-point rating system, which scales from 1 to 7 [96]. Its values represented strong disagreement (negative) and strong agreement (positive), respectively. Fig. V.10 shows mean
questionnaire responses to questionnaire questions. Each label on the x axis in the figure
represents a question where we used the following notation:
• HCI - Is the human computer interface easy to use?
• Pattern Mapping Accuracy (PMA) - Is the pattern mapping recognizable?
• Trainability (TA) - Is the training helpful?
• Comfort - Is this application comfortable to use?
• Accept - Is this application acceptable?
• Interest - Is this application interesting?
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• Willingness - Are you willing to buy such a service at a cost of 10 SEK per month?
Experimental results indicated a high interest level for our application, mean score of
6.2311. Participants gave an average score of 5.95 to difficulty-easiness (to recognize
the vibration signals) before training and an average score of 5.5532 after training, which
considered the training a helpful procedure. An average rating of 4.7826 was given by
participants to consider it a good application and showed a rate of 3.5621 on willingness
to buy the service.

IV.8 Concluding Remarks and Future Direction
The iFeel mobile system is part of our investigation to use mobile phones as an intuitive expressive interface for emotion rendering. It can be concluded from the application
(discussed above) that mobile phones can be a creative and expressive devices as well
as communication platforms. It is a solution that establishes and channels social interaction effectively just by a slight training cost. The user tests show that the subjects are
able to recognize major emotions presented to them after very little training. The designed vibrotactile patterns are rather effective and usable but still there are some issues
(needed further discussion), how to present more complex information and what will be
the training cost for such a design. The results of this study suggest that a proper use of
built-in vibrotactile actuator to produce tactile feedback can improve the usability and the
experience.
Current commercial cell phone companies are considering innovative solution for normal users as well visually impaired. Samsung is working on a “Touch Messenger” mobile phone for the visually impaired. It enables visually impaired users to send and receive
Braille text messages. The 3-4 buttons on the cell phone is used as two Braille keypads and
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text messages can be checked through the Braille display screen in the lower part. Similarly, HP and Humanware have launched a handheld PC (Maestro), the first mainstream
handheld PC for blind and visually impaired persons. It is built on the HP iPAQ Pocket
PC h4150 platform and has features like text-to-speech technology plus a tactile keyboard
membrane over its touch screen for the visually impaired persons. It is based on Bluetooth
wireless technology, and can be operated with or without an external keyboard (Braille
or standard) [145]. Recently, Google engineers have introduced an experimental “EyesFree” touch interface for Android powered mobile phones which is based on an audio to
text software library. The main feature is GPS use for navigation help [146]. Another
research project is being developed by Cognitive Aid System for Blind People (CASBLiP) [147]. The CASBLiP project funded from the European Union (EU). There are a
number of universities and blind institutions involved in the consortium. The proposed
CASBLiP system is based on lasers and digital video images to create a three-dimensional
acoustic map which, when relayed through headphones, enables users to “see” the world
with sound. The signals received via headphones guide and assist the user to navigate
around obstacles of the outside world. The user has to wear glasses with miniature video
cameras mounted on them which provide the necessary video vision [148].
It can also be seen that the current mobile phone technology is capable of vibrotactile information communication without any major hardware modifications. We believe
that the platform will promote not only existing normal mobile usage but also be beneficial for visually disabled persons. Our results show that today’s mobile phones can be
used to render more than one bit information. The current experimental studies provide
straightforward and simple guidelines for designing exiting mobile phone applications by
engaging user touch perception. Our research also highlights that a vibrotactile feedback
is acceptable for social interfaces in the designed form, which means creative cross-modal
applications can be developed based on the presented vibrotactile coding guidelines. In
future studies, we will examine the issues regarding hardware design and more compact
software solution for other mobile phone applications such as navigation help purely using tactile channel. While developing such a system, there are following critical issues
which should be dealt with carefully i.e.,
• energy consumption
• actuator position
• actuator material fatigue
• vibration parameters
• human tactile perception

IV.9 Further Readings
We highly recommend the work done in the following research areas to the readers who
want to learn more about the topic
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The Physiology of Touch: [149], [23], [150], [18] provide the fundamental knowledge of human touch sense and discuss its functionality in details.
Haptics: To read more about recent direction about haptics, readers are encouraged
to read [151], [152], [153].
Vibrotactile Rendering in Mobile phones: [24], [154], [137, 139] and [141] are recommended for further reading for vibrotactile rendering on mobiles.
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V. Facial Expression Appearance vibroTactile System

Vibrotactile Rendering of Human Emotions on
the Manifold of Facial Expressions
Abstract — Facial expressions play an important role in every day social interaction.
To enhance the daily life experience for the visually impaired, we present the Facial Expression Appearance vibroTactile System (FEATS), which uses a vibrotactile chair as the
social interface for the visually impaired. An array of vibrating motors is mounted spatially on the back of an office chair. The Locally Linear Embedding (LLE) algorithm is
extended to compute the manifold of facial expressions, which is used to control vibration
of motors to render emotions. Thus, the chair could provide the visually impaired with
on-line dynamic emotion information about the person he/she is communicating with.
Usability evaluation of the system is carried out. The results are encouraging and demonstrate usability for the visually impaired. The user studies show that perfect recognition
accuracy of emotion type is achieved by the FEATS.
Keywords — locally linear embedding, vibrotactile interface, visually impaired, manifold of facial expressions, personal mimic gallery.

V.1 Introduction
Human face can serve an important role in both human to human and human to machine
communication [155]. Facial features can not only be used in face identification but also
in emotion recognition [110, 111]. People use facial expression information to switch between conversation topics to avoid conflicts, to track their attempts to change emotional
states or reactions of others, and to determine attitudes of individuals. Missing information from facial expressions makes the visually impaired extremely difficult to interact
with others in social events. The visually impaired always has to rely on hearing to get
other’s emotional information since the voice is their main information source.
According to [2] more than 65% information carried out through nonverbal during
face-to-face communication. It is difficult to understand complex emotions from voices
alone, particularly, when the speaker is silent there is no way to get emotion information
at all. Furthermore, human speech is not a reliable indicator of emotions either. For instance, it is rather difficult to recognize the emotion of fear from voices alone (i.e. only
42.93% correct recognition rate [156]). To enhance the visually impaired’s social interactive ability, it is important to provide them with reliable, “on-line” emotion information.
This paper addresses the challenging topic of how to display dynamic facial expressions
through a vibrotactile chair.
To avoid information overloading resulted from a direct translation from visual to
tactile information, the visual signals have to be simplified and reduced in the order of
10000 : 1. This implies that one has to employ a semantic representation of facial expressions. Previously, in our Tactile Facial Expression Appearance System (TEARS) [78], we
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Fig. V.1: Schematic diagram of our vibrotactile emotion rendering system: (a) TEARS system
(FACS-based), (b) FEATS system (LLE-based).

used such a strategy to render human emotions: estimate emotion by classifying facial
expressions and then render directly the compact emotion information. Specifically, we
extract human emotion information from lips based on the assumption that the shape of
the lips reflects the emotion associated with it [53]. The lips are extracted through an
accurate and robust lip tracking technique [113]. To characterize human emotions from
the lips, the Ekman’s Facial Action Coding System (FACS) [41] was used. In FACS, the
action units are the smallest visibly discriminating changes in facial display. Combinations of action units can be used to describe complex emotion expressions [53]. In [78],
action units were computed from dynamics of lip contours and were used to classify the
underlying emotion into one of three types of emotion happiness, surprise and sadness,
which are closely related to quite dissimilar shapes of the lips. The complete system diagram is shown in Fig. V.1(a), consisting of four blocks: feature extraction block, emotion
estimation block, tactile coding block and tactile display block.
Although the system was demonstrated successfully but we find some weak points in
our previous system:
• only three (can be extended to six) prototypic expressions, i.e. only emotion types
without any emotion intensity information, can be displayed. In contrast, human
beings have much rich emotion spectrum;
• the user has to learn to associate ‘designed vibrotactile patterns’ with three types
of emotions.
To overcome these problems, a natural question is: how to render ‘rich’ facial expressions in an intuitive way? To be able to render rich facial expressions, we take away the
“emotion estimation” block from our previous prototype system and build a new system,
Facial Expression Appearance for vibroTactile System (FEATS) as shown in Fig. V.1(b).
In FEATS, facial features are directly rendered on the back of users. This provides the
users with rather large degree of freedom to explore emotions with their skins. However,

V. Facial Expression Appearance vibroTactile System

110

the simplified system does not lower its technical difficulty and it is even more challenging
technically to the contrary.
To let the users understand the rendered emotion information, one has to build an
intuitive tactile display. The major requirement for such intuitive display of emotions is
to characterize how facial expressions evolve during emotion events. Ekman’s FACS is
state of the art system to characterize facial expressions (which is claimed to be able to
display more than 7000 facial actions [41]). We find that to enable saltatory display of
emotions, FACS is no longer suitable for the purpose due to
• FACS consists of 44 action units, which are too many to display tactually;
• The discrete nature of AUs is not suitable for displaying continuous emotions;
• Automatic recognition of action units is still a hard image analysis problem.
Some global, analytical, and semantic representation for all possible facial expressions
must be considered. Our technical approach is to use manifold of facial expressions for
tactile rendering. In this work, we show how to compute manifold of facial expressions
and render the manifold on a chair with vibrators. To enable rendering of a live video,
an extended Locally Linear Embedding (LLE) coding algorithm is developed. The algorithm has been implemented to generate manifold visualization pattern for our Facial
Expression Appearance for vibroTactile System (FEATS).
This paper is organized in seven sections. After an overview of related research activities in section V.2, a brief introduction of manifold for facial expressions is presented in
section V.3. Section V.4 describes our extended LLE algorithm in details. In section V.5,
we provide system architecture for vibrotactile rendering of emotions for the visually impaired. Section V.6 presents user studies of our current prototype system (i.e., FEATS).
Finally, the paper is concluded in section V.7.

V.2 Related Work
In the late 1960’s researchers showed that subjects could identify simple objects by getting
low-resolution “image” projected on their backs [157, 158]. The subjects were seated in a
dental chair with a 20 × 20 matrix of 1 mm thick circular vibrotactile stimulaters spaced
12 mm apart. The matrix was connected to a television camera that could be freely moved
around by the subjects. Images from the camera were converted to tactual information,
causing the tactile stimulaters to vibrate if they were in an illuminated area of the camera’s
image. After some training, the persons were able to identify numerous objects. More
recently, vibrotactile displays for the fingertips were presented, such as reported by [8],
where a 12×4 tactile element array, suitable for three fingertips, moved about a 220×220
mm area, thus giving a virtual resolution of 4000 elements. The fingertips can perceive
much finer details than the back but have smaller areas, so the environment had to be
explored bit by bit.
Some researchers developed vibrotactile interfaces for the specific part of the body while
others tried the whole body suits fitted with multiple tractors [9,159]. Tan et al. [160] have

V.3. Manifold of Facial Expressions

111

introduced the idea of using an office chair embedded with vibrotactile units on the back
to get touch signals from users. Lindeman and Cutler Robert [161] experimented with
DC-motors mounted on the chair as a letter recognition system. They concluded that the
accuracy in letter recognition could be achieved by raising the performance of identifying
the position of tactors, and the apparent motion mode could be helpful to display the letter
in less time. Jones et al. [11] used a vibrotactile interface for presenting directional information as a navigational aid systems and argued “ ...confirmed that the tactile display can
be used as navigation aid outdoors and that the vibrotactile patterns presented can be interpreted as directional or instructional cues with almost perfect accuracy”. Vibrotactile
interfaces also achieved success as communication systems for pilots and astronauts to access the information about body tilt to individuals with balance disorders (i.e. vestibular
dysfunction) [13, 14, 162].
It can be summarized from previous research results
• Only the static visual stimulus or forms, like text, contour of object, 3D shaped
object etc, are used for testing. High-level dynamic visual forms, like facial expressions, which we have targeted for now, are not yet tested.
• There is no straightforward way to convert visual information into tactile representation. The tactile sense is an inferior information carrier to the visual sense. To
avoid information overload that would result from a direct translation from a visual
to the tactile information, the visual signals have to be simplified and reduced (i.e.
dimensionality reduction).
• To develop an effective tactile display of visual information both psychological and
physiological knowledge of human touch sense is needed.
It is challenging to have an intuitive rendering of rich facial expressions. To render high
dimensional visual information on a 2D tactile display one has to employ effective and
efficient dimensionality reduction techniques. The nonlinear dimensionality reduction
technique, Locally Linear Embedding (LLE) algorithm [67] is applied in this work.

V.3 Manifold of Facial Expressions
The Locally Linear Embedding (LLE) algorithm is based on a simple geometric intuition: The algorithm computes a low dimensional embedding with the property that
nearby points in the high dimensional space remain nearby and similarly co-located with
respect to one another in the low dimensional space [67].
In the simplest formulation of LLE, we view all N images {Xi } sampled from a smooth
underlying manifold. We identify K nearest neighbors per image point, as measured by
Euclidean distance. Reconstruction errors are then measured by the cost function:
E(W) =

X
i

|Xi −

X
j

Wij Xj |2

(V.1)

112

V. Facial Expression Appearance vibroTactile System

Fig. V.2: Setup for collection of Personal Mimics Gallery.

The weight Wij summarizes the contribution of the jth image to the ith reconstruction. LLE constructs a neighborhood preserving mapping based on the computed weight
Wij . Each high dimensional input Xi is mapped to a low dimensional output ai representing global internal coordinates on the manifold. This is done by choosing the ddimensional coordinates of each output ai to minimize the embedding cost function:
Φ(a) =

X
i

|ai −

X

Wij aj |2

(V.2)

j

ai are obtained by solving a sparse N × N eigenvalue problem [67].
Locally linear embedded (LLE) algorithm has been applied to characterize and visualize
facial expressions [76]. Unlike the early work [76], where 58 facial feature points have to
be extracted and used for the input to LLE, we directly apply LLE to sub-sampled facial
images. To ensure there is sufficient data (such that the manifold is well-sampled), a large
number of video frames are collected. To create a compact and efficient manifold of facial
expressions, a wearable camera (positioned to frontal face) is used to record videos. The
users are instructed to perform a series of six typical emotions. Such a setup ensures
almost no global motion (see Fig. V.2) but with efficient facial mimic. The sub-sampled
video frames are used to compute the manifold. Fig. V.3 shows the manifold of facial
expressions in the 2D LLE space. One can see that neutral facial expressions act as the
central reference points and similar expressions are points in the local neighborhood on
the manifold. The basic emotional expressions with increasing intensity become curves
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Fig. V.3: Personal mimics face images mapped into the embedding space described by the first two
coordinate of LLE. Each branch shows the cluster of same facial expression with various intensity.

on the manifold extended from the center.
Although LLE is good for visualization, however, it yields a map defined only on the
training data and is not suitable for analysis and/or visualization of new data. In next
section we show how to extend the standard LLE for visualization of new video on-line.

V.4 Extended LLE Algorithm
To analyze new videos, the extended LLE coding algorithm is proposed in this section.
The extended LLE coding algorithm uses face recognition technique to retrieve stored
LLE codes for individual video frames. The developed scheme works as following:
(1) A personal facial mimic video database called Personal Mimic Gallery (PMG) is
created and maintained first. The videos are recorded so that video frames in the PMG
cover all natural facial expressions for the person. Unlike traditional face databases
where data can be in any order, in the PMG the video frames are ordered according to
their frame sequence number.
(2) The manifold of facial videos in the PMG is calculated using the standard LLE
technique i.e. project individual frames onto the embedded space. The LLE codes (projection) are tagged to every frame and stored for later retrieval.
(3) When the new facial video is given, the face recognition module checks/recognizes
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Fig. V.4: Face identification module results of two “persons” with similar lips but with different
appearances of eyes. Top row shows consecutive frames from the new video (test sequence) and
bottom frames are “identified” (matched) from the PMG.

(i.e. using the mouth lip information) which video frame stored in the PMG best matches
the input frame. The index information from the face recognition module is used to retrieve
the stored LLE codes.
(4) The manifold of the input video is rendered using developed vibrotactile patterns.
Our extended LLE algorithm consists of two steps: LLE coding and frame indexing.

V.4.1 LLE Coding
A personal mimic gallery (PMG) stores all video frames {Xi } of personal facial mimic.
The manifold of a PMG is calculated with the standard LLE algorithm. The projection of
a video frame Xi onto the manifold by the LLE operation, LLE(), is called the LLE-code,
ai , of the frame Xi .
ai = LLE(Xi )

(V.3)

V.4.2 Frame Indexing
We assume that all frames in a PMG represent “individual persons”. Each “person” in
the PMG is labelled with an index i. For the target frame Yj from a test video, we see it
as a “person”, who has already been included in the PMG. The person can be identified
by matching his/her mouth lips, LYj with the lips, LXi of the face Xi :
k ≡ arg max S1 (LYj , LXi )
i

(V.4)
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where S1 is a similarity measure.
In [113], we have explained how to match two lips in an optimal way. The “person” k is
identified because his/her lips are the most similar to the lips of the face appearing in the
frame Yj . Thus the input frame Yj can be reconstructed from the frame Xk
Ŷj = Xk

(V.5)

The index k is used to retrieve the LLE-code of frame Xk for frame Yj
bj = LLE(Yj ) = ak

(V.6)

The new video {Yj } is LLE-coded into {bj }, which is used for rendering. In this way
we can achieve real-time rendering of the manifold of on-line video.
The new video is reconstructed by selecting frames from the gallery according to the index
from the person identification module using lipless method [113], i.e. selecting “persons"
from the PMG based on the similarity between lips. Our experimental results show that
this algorithm results in a non-smooth video sequence (i.e. jerky effect). The jerky reconstruction of new video can be explained, since the frames are evaluated individually,
there is no sequential order among the retrieved frames. It can be seen from Fig. V.4,
the “person” identification process results in faces with similar lips but having different
appearances of eyes. The reconstructed video sequence, based on the indexes from the
recognition module in the LLE space, is shown in Fig. V.5(a). One can see that the frames
are jumping across two emotion branches of LLE coded representation.

V.4.3 Constrained Frame Indexing
To generate a natural-looking video, a smoothness term has to be included in the object
function used in the optimization equation VII.4:
k ≡ arg max[S1 (LYj , LXi ) + αS2 (Ŷj−1 , Xi )]
i

(V.7)

where α is a weight parameter and S2 is a similarity measure. The L-norm based distance
measures cannot be used for S2 since they are all sensitive to minor spatial displacement
and intensity changes. To measure the similarity, Euclidean distance measure in the LLE
space is used i.e.
S2 (Ŷj−1 , Xi ) ∼
= D(LLE(Ŷi−1 ), LLE(Xi ))

(V.8)

where D() is Euclidean distance measure in the LLE space. To ensure smoothness in the
resulted video, the dynamic programming technique is applied to optimize the sequence
of frame indices. With forcing smoothing transition, the jerk effect is greatly reduced
(which is clearly shown in Fig. V.5(b)).
To test the feasibility of the extended LLE coding algorithm, we first recorded a personal
mimic video gallery. The manifold of facial expressions extracted from personal mimic
gallery (PMG) is used to analyze new videos. Fig. V.6 shows two sequences of a mouth
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Fig. V.5: 2D representation of the first two coordinate of LLE embedded space for coded video
sequence (a) without and (b) with frame reordering. Smooth frame rendering with less jerky effect
(i.e. jumps from one cluster-branch to another) can be seen in (b) as compared to (a).

smiling in the video ‘to be encoded’ and ‘coded’ versions. The order of frames is from
left to right then top to bottom. The selected frames (Fig. V.6(b)), do not match exactly
the input frames. However, the whole sequence looks (by visual inspection) more natural
with less jerks. This demonstrates that our extended LLE-algorithm works fine to handle
new videos.
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(a)

(b)
Fig. V.6: Frames of a smiling expressive lips in (a) the consecutive frames to be encoded (b) the
reconstructed frames based on extended LLE coding with frame reordering.

V.5 Vibrotactile Rendering
Vibrotactile sensation is generally produced by using tactically active sites stimulation to
stimulate the skin surface at certain frequency using vibrating contactors. Two commonly
used display techniques to generate vibration are, 1) using a moving coil, usually driven by
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Fig. V.7: Vibrotactile components of FEATS (a) Printed Circuit Board, (b) Tactor (vibration motor),
(c) Bluetooth Module

a sine wave; 2) a DC motor, which is used in most of mobile phones. Other less common
actuators are based on piezoelectric benders, air puffs, or electrodes. The vibrotactile
display used here is based on a DC motor. The vibration is generated by rotating a wheel
with a mounted eccentric weight. The wheel rotates at a constant speed. Switching it on
and off yields the vibration.
Primarily, there are four types of parameters through which the vibrotactile sensation
can be rendered, namely frequency, amplitude (magnitude), timing, and location. To
generate effective and efficient rendering one should follow the guidelines for designing
vibrotactile displays [26–28]:
• No more than 4 intensity (magnitude) levels should be used.
• No more than 9 frequency levels should be used for coding information and difference between adjacent levels should be at least 20%.
• The vibration on the human skin should be carefully dealt with and long durations
might make users irritated.
• Vibration intensity can be used to control threshold detection and sensory irritation
problem, similar to volume control in audio stimuli.
Accordingly, a vibrotactile chair (called Facial Expression Appearance for vibroTactile System (FEATS)) has been built in our Lab (Fig. V.7, V.8). Two key modules of
FEATS are the vibrotactile control box (VCB) and the vibrotactile display box (VDB).
The VCB consists of a single printed board (see Fig. V.7). Vibrotactile Module communicates to PC using blue-tooth module. VDB consists of nine tactors mounted on the back
of the chair (Fig. V.8). The tatcors are vibration motor C1234B028F manufactured by
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JinLong Machinery China [163]. The vibration motor has 10.0 mm diameter, 3.0 mm
length and standard speed ∼ 12000 rpm at 4.0 Volts.
In the current design, a Pulse Width Modulation (PWM) is used to send the varying
amount of time voltage to the tactors. A micro controller, ATmega16L-16PI micro controller [164] is used. It was programmed to generate PWM to control tactors. In this way
we were able to active any one of nine tactors with certain frequency (∼ 1 Hz to 1 KHz)
and magnitude. The magnitude is determined by relative duration ratio of on-off signals.
The host computer communicates at speed from 4800 bps (which could be modified) to
the VCB through wireless communications.
The extended LLE coding algorithm is used to calculate manifold of facial expressions. On the manifold not only the type of emotion but also the intensity can be visualized. Using a 2D array of tactors to render emotions on the back of a chair, tactors are
mounted based on the shape of the manifold. These tactors are arranged in three directions. Each set (three tactors) is used to present a specific tracing mode of tactile patterns.
For example, emotion happy is rendered by three tactors lined from the bottom to upward,
and emotion sad and surprise by other two side lines. Fig. V.9 shows the vibration stimuli
direction and arrangement of the tactors for specific type of emotion. Different branches
correspond to the types of emotions and climbing each branch means the intensity of
the emotion is getting strong. Obviously, location of tactors encodes both the type and
intensity of emotions.
To enhance the effect of rendering, additional vibration information is encoded; i.e,
the emotion type is coded by the frequency while emotion intensity is coded by the magnitude. To overcome the limitations, such as stimuli masking and adaptation, and to
enhance the perception of vibrating stimuli, 3 different inter-switched frequency levels
with ∼ 20% difference are used.

V.6 Usability Evaluation
To test efficiency and effectiveness of the vibrotactile rendering system of human emotions, we carried out a usability test.
Participants
Participants were recruited randomly from the campus of Umeå University, Sweden, including both students and staff members from different ethic groups. There were 28
people (18 are male and 5 female), aging from 18 to 64, being involved in the experiments. 70% of the participants had experience of vibrotactile stimuli (i.e. through the use
of mobile phones and game consoles).
Procedure
First, we introduced the purpose of our experiments to the participants and instructed them
how to use the system. Each participant was asked to seat and be relaxed in the vibrotactile chair with normal posture so that tactors could have indirect contact (i.e. through
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(a)

(b)
Fig. V.8: (a)Vibrotactile chair and tactors arrangement (b) LLE coding patterns of 3 emotions
happy, sad, and surprise.
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Fig. V.9: Visual depiction of the extended LLE algorithm based visualization vibrotactile pattern for
a) normal b) happy c) sad d) surprise facial expressions. The directions of arrows show temporal
order of activation of the tactors.

normal clothing) with the participant’s back. The position of tactors was arranged so that
it did not make any contact with the spine. In the training secession (20 sec. video clip
with a frame rate of 20 fps), a vibrotactile sequence was given to the participant along
with visual picture of the pattern using the GUI. Each vibrating pattern was associated
with specific type of videos. Two random video clips (i.e with 40 sec. duration each)
were rendered using vibrotactile patterns in the testing phase. During the experiment,
each participant was asked to write down the sequence-code of the presented vibrotactile
pattern, so that it could be matched with the original pattern sequence. During the experiment, the participants hearing sense was also blocked to remove any auditory cues using
head phones.
At the end, to measure levels of satisfaction, system usability and main effects later on,
each participant was given a questionnaire to answer. Our subjective questionnaire used
Likert style 7-point rating system, which scales from 1 to 7. Its values represent strong
disagreement (negative) and strong agreement (positive) respectively. Fig.V.10 shows
mean questionnaire responses to questionnaire questions. Each label on the x-axis in the
figure represents a question where we used the following notations:
• HCI - Is the human computer interface is easy to use?
• Pattern Mapping Accuracy (PMA) - Is the pattern mapping recognizable?
• Learnability - Is the training helpful?
• Comfort - Is this application comfortable to use?
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Fig. V.10: Mean Questionnaire Scores.

• Accept - Is this application acceptable?
• Interest - Is this application interesting?
• Willingness - Are you willing to pay $50 to buy such a product?
Experimental Results
The results in three aspects of usability are shown here.
Efficiency is calculated as effort required in order to accomplish the desired task [95]. An
efficient system ought to require as little effort as possible. In our experiments, we used
the reaction time of a user as an indicator of efficiency. The reaction time is measured
by computing the delay between the time when a vibration signal is triggered and user
response time. The delay time contains two parts: cognitive time and response time.
Since the response time is approximately constant, we assume that the delay time is a
reliable indicator of cognitive time.
Effectiveness is measured by recognition rate of both type and intensity of emotions. The
recognition rate of emotion type from vibrotactile patterns was 100% for all the subjects.
The recognition rate of emotion intensity was 95.1% for 97% of the participants and
93.75% for rest 3% subjects. An explanation of error in recognition could be due to cognitive overloading in mental mapping vibrotactile pattern and the intensity of emotions(
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mentioned by 10% of the subjects). This point has been confirmed in the second round
of experiment. It is worth mentioning that subjects interest have significant effect on the
recognition of emotion intensity. The recognition rate of emotion type was higher than
that of emotion intensity.
User Satisfaction. Experimental results from the questionnaires indicated a high interest
level for our application, mean score 6.3913. Participants gave an average score 5.7826
indicating the difficulty-easiness to recognize the vibration signals before training and an
average score 6.5101 after training. They considered the training a helpful procedure.
An average rating 5.7826 was given by participants to consider it a good application and
showed an average rating 4.8696 for willingness to buy.
Table V.1: User’s Willingness

Source
Application interests
Comfort
Easy to use

F
15.000
5.430
6.130

P-value
0.0003
0.0245
0.0172

We performed an ANOVA analysis on the questionnaire. The results are listed in
Tab.V.1. We found that user’s previous vibrotactile stimuli had no effect on learnability,
interest and willingness to buy. There was a significant effect of user’s interests in application on willingness to buy the product. Similarly, there are effects of comfortable and
easy to use on willingness.

V.7 Conclusion and Future Work
This paper addresses an important question: how to render rich facial expressions in an
intuitive way? It is shown that manifold of facial expressions can be used as a compact
and natural way to display human emotions for vibrotactile rendering. The topology of
emotion branches is particularly suitable for intuitive rendering on the back of a person.
In this work, the standard LLE algorithm has been extended to handle the problem of realtime coding of new videos. This makes it possible to use manifold of facial expressions
for vibrotactile rendering of human emotions. The user tests from our work elaborate
that it is extremely important to consider user’s perceptual workloads when vibrotactile
rendering experimental setups are designed. Current research work not only provides a
concrete step towards building a vibrotactile interface but also introduces a new dimension
to human-machine interaction.
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Vibrotactile Rendering of Head Gestures
for Controlling Electric Wheelchair
Abstract — We have developed a head gesture controlled electric wheelchair system
to aid persons with severe disabilities. Real-time range information obtained from a stereo
camera is used to locate and segment the face images of the user from the sensed video.
We use an Isomap based nonlinear manifold learning map of facial textures for head pose
estimation. Our system is a non-contact vision system, making it much more convenient
to use. The user is only required to gesture his/her head to command the wheelchair. To
overcome problems with a non responding system, it is necessary to notify the user of
the exact system state while the system is in use. In this paper, we explore the use of
vibrotactile rendering of head gestures as feedback. Three different feedback systems are
developed and tested, audio stimuli, vibrotactile stimuli and audio plus vibrotactile stimuli. We have performed user tests to study the usability of these three display methods.
The usability studies show that the method using both audio plus vibrotactile response
outperforms the other methods (i.e. audio stimuli, vibrotactile stimuli response).
Keywords — extended Isomap, Multidimensional Scaling (MDS), head gesture recognition, vibrotactile rendering, wheelchair system, usability.

VI.1 Introduction
Assistive devices help or allow persons with disabilities to perform activities that can not
be performed or difficult to perform without the assistive devices. An assistive wheelchair
system is currently being developed to aid disabled people who are unable to drive a standard powered wheelchair with joystick [165]. The target users are cerebral palsy or stroke
patients (i.e. patients lacking fine motor control skills); they don’t have ability to access
and control the robotic wheelchair using conventional methods, such as joystick or chin
stick. For these specific users, being able to move around freely is immensely important
to their quality of life. Attempts have therefore been made to make things more convenient with a system that uses non-contact non-constraining image sensing instead [165].
Previously, researchers have studied voice controlled [166], eye controlled [167] and a
head gesture controlled wheelchairs [168]. An overview of such systems can be found
in [169].
Except for the tests in [165] there has been limited testing of these types of wheelchair
systems. Most tests have been performed with somewhat restricted and stable conditions
and/or with test subjects whose abilities do not match those of the intended users. Therefore, it cannot be assumed that they are suitable for real users in real environments. For
efficiency of any assistive system, it is important to consider how a user will be able to
become aware of the response or current state of the system before an action is performed
by the assistive system. Regardless of the vision methods used in assistive wheelchairs for
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Fig. VI.1: Our electric wheelchair fitted with stereo vision camera (QVGA, 15fps), vibrotactile
motors (5 coin-motors controlled by PWM), PC (CPU Pentium M 1.6 GHz, RAM: 1GB) and built
in sound unit.

navigation and control, these systems can only be useful if they interact effectively with
the users. The assistive system must have an adaptable user interface and while navigating
in outdoor environment it must consider the cognitive workload of the users [170].
Our head gesture recognition consists of three levels: estimating the face orientation
angle and face orientation direction in still images, and recognizing head gestures in moving images. Errors can occur due to incorrect recognition and it is extremely important
that the user is informed of the selected action so that he/she can correct the error by
repositioning his/her head. To do so the wheelchair needs to be equipped with a real-time
feedback system. It is important to develop an intuitive state awareness or response for
such system. Normally audio stimuli are used to inform the user of the current state i.e.
through voice messages. But in an outdoor environment, it may not provide much help. It
can be annoying as well as increase the cognitive workload of the users. To reduce physical and cognitive workload to operate the wheelchair it is important to develop an intuitive
feedback method. In this paper, we have tested an assistive wheelchair response system
based on three methods to inform the user about the current state of the system; using audio messages only, vibrotactile messages only and audio plus vibrotactile messages. We
have investigated the following research questions:
• Which response method improves navigation performance more than the others?
• Does a ‘vibrational plus audio stimuli’ response method increase the effectiveness
of wheelchair?
• Which stimuli interface response technique is efficient for the user to control the
wheelchair system and reduce the cognitive workload?

VI.2 Head Gesture Controlled Wheelchair
We have developed a wheelchair system that can be controlled and steered with head
gestures. A head gesture is a movement in a time-series arrangement of face orientations.
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Based on head gestures the operations of our wheelchair are defined as “forward”, “right
turn”, “left turn”, “turn on the spot”, “reverse”, and “stop”. Two other operations can
also be performed, i.e., “turn on the spot” operation involves moving the left and right
wheels so that they turn the chair around in a circle. The “stop” operation causes the
wheelchair to cancel all commands and come to a halt. These operations commands
are results of clinical trials in which an electric wheelchair was operated by a magnetic
sensor [165]. In following the section, we consider how to characterize the head motion
with two parameters, which will be used for estimation of the defined head gestures.

VI.2.1 Head Gesture Estimation
Even though the ultimate goal is to estimate the face orientation direction with a stereo
camera the electric wheelchair (Fig. VII.1) is also fitted with a previously developed magnetic sensor [165]. The magnetic information acts as a training signal, it is used as a
learning procedure to estimate the angles from facial images. Using combinations of
magnetic information and facial information extracted from the disparity information, we
used a nonlinear manifold to learn the pan (horizontal angle ψ) and tilt (vertical angle
θ) angles of the face orientation from the facial images. After the learning phase, the
facial orientation angles are estimated using the stereo camera alone (without the magnetic sensor). The extended Isomap model is able to map high-dimensional input data
points which are not in the training data set into the dimensionality-reduced space found
by the model (also see [171]). To compute face orientation Θ = (θ, ψ) from the input
face samples it is assumed that there are N faces in
training data for head pose estiPthe
N
mation, X = {x1 − x̄, . . . , xN − x̄}, where x̄ = N1 i=1 xi . Since the ambient geometry
of view-varying face manifolds can be highly folded or curved in the high-dimensional
input space, nonlinear manifold learning techniques have to be used here to represent
views, i.e., we embed the face space X into a very compact space R. This is achieved
by the Isomap, which is a Multidimensional Scaling (MDS) operating on the pairwise
geodesic distance matrix DG built from the input data samples xi . More specifically, a
neighborhood graph G is determined by the edge xi xj only if xj is one of the k nearest
neighbors of xi . The shortest paths in G are computed for all the pairs of data points, e.g.
by using Floyd’s algorithm,
dG (xi , xj ) = min{dG (xi , xj ), dG (xi , xk ) + dG (xk , xj )}
and the shortest paths between any two samples are presented in matrix dG = {dG (xi , xj )}.
Then classical MDS is applied to DG to find a lower-dimensional embedding of the data
that best preserves the manifold’s intrinsic geometry. This is achieved in two steps:
(1) the inner-product matrix B = HAHt is calculated, where A = {− 21 d2G (xi , xj )}
and H is the centering matrix.
(2) the eigenvectors vi , corresponding to the top positive l eigenvectors λi of B
are
√ found and√the required l − dimensional embedding is given by the matrix R =
( λ1 .v1 , . . . , λl .vl )t . Now, we can define a pose parameter map F relating view angles
Θ to their corresponding embedded training samples R in a similar ways as
Θ = FR

(VI.1)
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where F can be learnt by
t
t
Ft = VR W−1
R UR Θ

(VI.2)

where VR WR UtR is the SVD of Rt . To compute the unknown view angles from test
images XT the key lies in how to embed the test samples in the subspace created by the
model, i.e. to calculate RT from XT . Fortunately, such a technique exists for MDS and
can be applied to Isomap in a similar way:
RT =

1
((Rt R)−1 Rt )t DT
2

(VI.3)

where DT = (d1 , . . . , dM )is given as

and

di = diag(Rt R) − di,N

(VI.4)

di,N = (d2G (xT (i) , x1 ), . . . , d2G (xT (i) , xN ))t

(VI.5)

Here di,N is a column vector of the squared geodesic distance between the ith test sample
(i : 1, . . . , M ) and each of the training samples. Now the unknown view angles ΘT of
the test samples in XT can be calculated as
ΘT = FRT

(VI.6)

Considering head gestures commands, the head orientation directions are classified into
four types; forward, right, left, and down Ů which can be obtained from the face orientation angle estimation results (see Fig. VI.2). From nonlinear manifold learning-based
procedure, the pan (horizontal angle: ψ) and tilt (vertical angel: θ) angles of the face
orientation can be directly obtained from high dimensional data. The face orientation parameters can be used to estimate the defined head gestures. Here we show how to classify
the head orientation directions by using face orientation angle estimation values ψ and θ,

F orward if L < ψ < R, B < θ,



Right
if R ≤ ψ, B < θ,
δ(t) =
Lef
t
if ψ ≤ L, B < θ,



Down
if θ ≤ B
where δ(t) is head/face orientation direction at time t and L, R, and B are the threshold
values. In our project we have used view angles in the range [−90◦ , . . . , 90◦ ] for pan and
[−45◦ , . . . , 45◦ ] for tilt, sampled at increments of 15◦ .

VI.3 Designing User Centered Interface Response System
In assistive systems the means of interaction provided by the interface must be efficient
and effective for the human. To determine the response, we designed an experiment to
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Fig. VI.2: State transition diagram for the wheelchair functionality. Each part is coded into vibrotactile and audio message to inform the state of the wheel chair system to its users.

test the performance of the subjects using (1) audio message response (2) vibrational message response (3) both audio and vibrational stimuli message to control and operate the
wheelchair system. We considered a state machine (Fig. VI.2) in which operations constitute different states, the face orientation direction is represented by a string of symbols,
and actions such as movements constitute the output. The machine state diagram comprises of five main components; main mode (in middle), running mode, change speed
mode, turn-on-spot mode and reverse mode. To trigger any action by the wheelchair system, the user has to navigate through these modes (starting clockwise from main mode).
The system informs the user about its current state by using the designed system response
methods. For audio messages normal speakers are used to inform the user current state
of the system during control and navigation. The second type of stimuli was more intuitive; we used vibrational message as system response, i.e., using vibrational stimuli on
the back of the user. The vibrational stimuli were designed so that it could replace the
audio messages and inform the user of system-state information. We used five vibration
motors as tactors on the back of the chair to code the current state of the system (see
Fig. VII.1 and Fig. VI.3). While mounting vibration motors on the wheelchair system all
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a

a

b

b
Reverse Mode

c

c

Turn on Spot Mode

d

f

Running Mode

1a- Operation Mode
1b- Movefarward
1c- Veer Left
1d- Veer Right
1f- Stop/Cancel

2a- Rotate Mode
2b- Rotate Left
2c- Rotate Right
3a- Reverse Mode
3b- Backward Motion

Fig. VI.3: Tactor arrangement on the back of the wheelchair, which displays vibration stimuli
messages corresponding to the state machine components, namely main (1a, 2a, 3a and 1f), running
mode (1b, 1c, 1d, 1e), turn-on-spot mode (2b, 2c), reverse mode (3b).

precautions were made so that the tactors must not contact the spinal cord or any other
area which can be harmful to the users.

VI.3.1

Vibrotactile Rendering of Head Gestures

To achieve vibrotactile rendering, we developed and attached a stand alone vibrotactile
module (see Fig. VII.1). The vibrotactile module consisted of two components; a Printed
Circuit Board (PCB) and vibrator motors. The PCB, containing a micro controller (Atmel
ATmega16 L), was programmed to generate Pulse Width Modulation (PWM) at one of the
pins and send signals to the vibration motors. The PCB was connected with the onboard
computer of a wheelchair. The system response messages were coded into vibrotactile
signals and then sent to the PCB. By adjusting the PCB’s output to switch it on or off, the
vibration motor fitted on the back of the wheelchair could rotate at certain locations with
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Fig. VI.4: A diagram of test course used for current experiments. All subjects were asked to navigate using the designed wheelchair response methods.

designed frequencies and intensities (see vibration patterns Fig. VI.3). The tactors were
low-cost coin motors used in pagers and cellular phone. The vibration frequencies were
selected in a range from 100Hz to 1kHz.
In our system, a vibrotactile signal was controlled by two parameters of vibration; frequency and magnitude. The gesture type was coded into magnitude of vibrotactile stimuli,
whereas the intensity was coded into the frequency of the vibrotactile pattern. The magnitude was determined by relative duration ratio of on-off signals. The vibration patterns
were carefully designed so that long durations would not make users irritated. Vibration
intensities were used to control detection threshold problem, similar to volume control in
audio stimuli. The vibrotactile patterns associated with the state transition diagram are
depicted in Fig. VI.3. To reduce possible confusion we presented vibrotactile patterns
only for four machine states: main, running mode, turn-on-spot mode and reverse mode
(Fig VI.3).

VI.3.2 Participant and Procedure
Thirteen able-bodied subjects (10 male and 3 female), ranging in age from 18 to 43,
participated in our experiments. All of them had previous experience with audio and
vibrational stimuli (i.e. mobile phone vibration). Neither of the subjects had any back
problem nor disability. The motivations of experiment were explained to all the subjects.
At the beginning of an experiment, the subjects were shown the wheelchair and briefly
informed about the purpose of the experiments. Stereo vision sensors and vibrational
sensors (used in assisted control) were pointed out and safety measures, such as the power
button, were discussed.
After that three response methods were explained to the subjects. The subjects were asked
to be seated in the wheelchair and the user interface (i.e. stereovision camera system) was
connected to the wheelchair. Once the subject was comfortable with the interface, the session entered a practice phase in which the subject first tried all the response method (i.e.
audio, vibration, audio plus vibration). The subject usually spent about one minute per
response-method practicing before expressing an understanding of each message method.

VI.4. Usability Results
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The test course was designed for user tests; it included obstacles like several office tables, ranks and chairs, turns to the left and to the right, rotation to right and left, and
forward/backwards movement. A diagram of the test course used during the experiment
is given in Fig. VI.4.
The test phase consisted of a complete navigation of the test course, using the three defined system response methods. Six subjects started test session with vibration only assisted control and the others started with audio message only based control first; while in
the final session, the audio plus vibrational messages were used to traverse the test course
by all the subjects. The total test session time for each subject was approximately 30
minutes for all the three experiments using different stimuli.

VI.4 Usability Results
After each test session the subjects were asked to fill in a questionnaire. The researcher
recorded the time taken by the subject to traverse the test course. At the completion of the
test, the subjects were also asked to rank the designed response methods for each task on
a scale from 1 (worst) to 8 (best). The numbers of head-gesture commands given by the
subjects to perform the given task were also recorded.

VI.4.1 User Satisfaction
A measure of user satisfaction can be made if the evaluation team’s measure is based
on observations of user attitudes towards the system. Thus, it is possible to measure
user attitudes using a questionnaire, e.g., “Is this application interesting? 1=very boring
(negative) to 8 =very interesting (positive).” We used likert style questionnaire (1-8);
Fig. VI.5 shows the user responses for the designed user centered interface. Each label on
the x-axis represents ‘questions’, i.e.
• Rating: How do you rate the user centered response system based on “vibration
plus audio” stimuli?
• Usefulness: Effectiveness of the user centered interface.
• Control: Is this response system helpful for system control?
• Trainability: Is the training helpful?
• Comfort: Is this application comfortable to use?
• AInterest: Are you interested in assistive systems?
• Willingness: Are you willing to buy such a product?
• Easiness: Are vibration patterns easy to use?

VI. Vibrotactile Head Gestures
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Fig. VI.5: Mean Questionnaire Score for vibration plus audio response.

Experimental results indicated a high easiness for our designed user centered interface, mean score 7.23 (see Fig. VI.5), i.e. difficulty-easiness of the designed vibration
signal interpreting the state transition diagram for the user . Participants gave ‘Control’
an average score of 6.2 indicating that the controlling wheelchair system was quite effective using the designed response system (i.e. vibration plus audio message). Similarly an
average rating of 6.23 was given by the users to consider the application useful.

VI.4.2 Efficiency
Efficiency regards how much effort that is required in order to accomplish a specific task.
An efficient system ought to require as little effort as possible. In the experiments, we used
the reaction time of a user and user questionnaire response as an indicator of efficiency.
Each participant was asked to provide likert style scores as response to three designed
user centered interface response methods. Fig. VI.6 shows the efficiency in the designed
vibration plus audio interface response was improved as compared to the other methods
(i.e. 30 to 40%).

VI.4.3 Effectiveness
Effectiveness of the designed user interface response methods can be based on the error
rate of system and cognitive work load of the user. The error rate calculated can be
system failure, which was zero as all the participants completed the task while using the
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Fig. VI.6: Efficiency of designed user centered response system.

three designed interface response methods. To calculate cognitive workload of the user,
evaluation criteria from [170] were employed, i.e., the workload was estimated as the
number of commands given by the user during the run divided by the run time (i.e. the
average command per second). During the experiments the distance covered by each
participant (i.e. 6200 mm) and speed of the system were kept fixed. Table VI.1 represents
the user’s performance recorded during the experiments. The average percentage decrease
in input commands (i.e. head gestures) per user from “vibration only” to “vibrotactile plus
audio” was 15.03%. Similarly using “vibrotactile plus audio” technique, about 28% less
input was required when compared to the effort it takes using “audio only” as interface
response method.

VI.5 Concluding Remarks
Three types of system response methods are tested and experimental results indicate that
the user preferred to use the ‘audio plus vibration’ message system; and the effectiveness of the interface response system increased by using the designed audio-vibrational
messages. When travelling straight (i.e. forward mode) veer left and veer right was very
much benefited by vibrational message and the same was true for reverse mode. Whereas
to navigate in the main menu (i.e. 1a, 2a, 3a from Fig. VI.2), most users preferred audiomessages as compared to vibration only stimuli method. It can be due to the fact that
native language messages are easier to remember than the designed vibrational messages.

VI. Vibrotactile Head Gestures
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Table VI.1: Effectiveness of three user interface-response methods: Number of commands (head
gestures)and amount of time (sec.) spent by the user while traversing the test course using “audio”,
“vibrotactile” and “vibrotactile & audio” interface response methods.

User ID
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13

Audio
284 (531)
287 (540)
226 (459)
189 (422)
148 (543)
180 (494)
222 (491)
309 (566)
200 (422)
220 (418)
168 (318)
220 (418)
250 (417)

Vib.
231 (417)
228 (400)
167 (389)
212 (390)
172 (453)
210 (416)
200 (353)
226 (540)
204 (390)
160 (352)
171 (330)
160 (353)
171 (330)

Vib. + Audio
180 (370)
200 (375)
210 (390)
138 (364)
100 (439)
190 (350)
213 (300)
150 (400)
160 (360)
140 (360)
159 (299)
140 (340)
159 (320)

Vibrotactile displays provide intuitive methods for human-machine interaction. It is less
distractive than audio-visual interaction, and more informative in noisy environments.
Tactile and other haptic displays can be more informative regardless of native language
and age. We have two subjects with native languages other than the audio messages language (i.e. Japanese); they found tactile response messages more informative than the
audio ones. User studies indicate an improvement in the performance of the head gesture
based control (i.e. stereo vision module). Increase in the effectiveness of the designed
user centered interface response system based on vibrotactile plus audio stimuli is also
observed.
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Tongue Operated Electric Wheelchair

Abstract — In this paper we propose a tongue operated electric wheelchair system to
aid users with severe disabilities. Real-time tongue gestures are detected and estimated
from a video camera pointing towards the face of the user. The tongue facial gesture is
used to control the wheelchair motion. Our system is a non-contact vision system which
makes convenient to use. The user is only required to move his/her tongue to drive the
wheelchair. To make the system easier to drive, the system is also equipped with a laser
scanner for obstacle avoidance. We also mounted a 2D array of vibrators on the chair to
provide the user feedback.

VII.1 Introduction
Tongue operated wheelchair project focuses on helping severely disabled user to improve
their mobility. For our current assistive wheelchair system the target users are tetraplegia
patients (i.e. lacking fine motor control skills). They do not have the ability to access
and control a power wheelchair using conventional methods, such as a manual joystick or
chin stick. For this group of users being able to move around freely is immensely important to their quality of life. There is quite a lot of research on applying different parts of
human body, like voice [166], eye [167], and head [168, 172], to control wheelchairs. An
overview of such systems can be found in [169]. Very few studies can be found that investigate the use of explicit tongue gestures for communication and control. Researchers,
who have tried using tongue as an input device, used complex system by instrumenting
human tongue with metallic piercings or magnetic attachments [9, 173–176]. Sensors
attached to the tongue within human mouth are then be detected either by a dental retainer worn in the mouth or by a separate device worn outside the mouth. These tongue
augmentations are obtrusive and marginally acceptable by the disabled people [177].
In this paper, we propose a usage of a video camera to estimate the tongue movement.
This information is used to steer a power wheelchair (Fig. VII.1). Typical tongue gestures
are shown in Fig. VII.2. Based on tongue gestures, the operations of our wheelchair are
defined as “right turn”, “left turn”, “start and move with speed”, and “stop”. The “stop”
operation causes the wheelchair cancel all commands and come to a halt.
The tongue gesture operated wheelchair system consists of three important modules:
tongue gesture understanding, obstacle avoidance, and vibrotactile feedback. Errors can
occur due to incorrect recognition, so the user is informed of the user selected action
so that he/she can correct the error by repositioning his tongue gesture. To do so the
wheelchair is equipped with a real-time vibrotactile feedback system.

VII.2. System Architecture and Sensors
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Fig. VII.1: Our electric wheelchair equipped with a) a camera (Logitech 9000, 30fps), b) a SICK
laser range finder S300, c) a laptop (CPU ATOM 1.6 GHz, RAM: 2GB), d) vibrotactile device with
eight coin-motors controlled by PWM generated by micro-controller).

VII.2 System Architecture and Sensors
VII.2.1 System Architecture
Sensor data acquisition, joystick reading, and motor commands are implemented with
software modules. Sensor data are collected via USB ports on a laptop running Windows
XP. The software modules are written in C/C++ and Java. The real time video is acquired
from the web camera, from which the tongue facial gestures are extracted. These parameters are sent to the wheelchair control system over a CAN bus interface in order to steer
the wheelchair. Vibrators are used to inform the user about the current state of the system.

VII.2.2 Sensors
The system is equipped with a web camera (i.e. Logitech Quicktime Pro 9000), a SICK
S300 laser range finder and a vibrotactile board on the back of the chair. As navigation
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Fig. VII.2: Sample facial images from the user with tongue facial gestures; [Top to bottom row]
right turn, left turn, and move forward commands for our tongue operated wheelchair system.

aid an obstacle avoidance algorithm is also employed using a laser range finder. The
SICK S300 laser range finder works well for this purpose. For the user feedback system
vibrotactile rendering device is connected to laptop over USB port. Eight standard coin vibration motors (model No. C1026B200F produced by JinLong Machinery) are mounted
on the back seat of the chair to code the current state of the system (see Fig. VII.1, VII.6).
The vibration motors can rotate up to 12000 RPM.

VII.3 Tongue Gesture Estimation and Controlling Wheelchair
To control the wheelchair with tongue gestures, we use real-time gesture estimation. In
our system the locally linear embedded (LLE) algorithm [67] has been applied to characterize and visualize tongue facial gestures.
A personal tongue gesture gallery (PTG) stores all video frames {Xi } of the user
mouth and tongue mimic. The manifold of the PTG is calculated with the standard LLE
algorithm [67]. The projection of a video frame Xi onto the manifold by the LLE operation, LLE(), is called the LLE-code, ai ,
ai = LLE(Xi )

(VII.1)

Thus, each high dimensional input Xi is mapped to a low dimensional output ai representing global internal coordinates on the manifold.
In the real-world operation, we have to code frames of incoming videos with the built
manifold. Here we adopted two algorithms to calculate the LLE codes.

VII.3. Tongue Gesture Estimation and Controlling Wheelchair
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VII.3.1 Algorithm I
For frame Yi from the new video, we search for its k nearest neighbors {Xj } from the
PTG, as measured by Euclidean distance. Yi is approximated by a linearly weighted
combination of its neighbors
X
Yi =
wij Xj
(VII.2)
j

The weight wij summarizes the contribution of the jth image to the input frame Yi .
Since the LLE algorithm computes a low dimensional embedding with the property that
nearby points in the high dimensional space remain nearby and similarly co-located with
respect to one another in the low dimensional space, the LLE-coded of the input frame Yi
can be obtained by
X
bi =
wij aj
(VII.3)
j

where {aj } are the LLE codes of frames {Xj }.
The LLE code bi will be used for rendering. In this way, we can achieve real-time
rendering of the manifold of on-line video.
The drawback with this algorithm is that for every frame Yi , we need to know its k
nearest neighbors {Xj }. Thus, we have to search over the whole gallery. It is a bit heavy
for real-time mobile applications. We modified this solution with a simple solution as
explained in the following section.

VII.3.2 Algorithm II
After the LLE coding, we select some typical, well-representative tongue gesture frames
as templates {Xj }. Obviously, their LLE codes {aj } are also known. For the frame Yi
from the input video, we match it with all stored templates
k ≡ arg max S(Yi , Xj )
j

(VII.4)

where S is a similarity measure. It works as following, the template is divided into blocks
and each block is used to search for the most similar block over the mouth area of a new
input frame. The similarity is calculated by summing up the cost-measures of all blocks.
The template k is identified and selected as it is the most similar to frame Yi . Thus, the
index k is used to retrieve the LLE-code of frame Xk for frame Yi
bi ≡ LLE(Yi ) ≡ ak

(VII.5)

The new video frame {Yi } is LLE-coded into {bi }, which is used for real-time rendering.
In the current system algorithm II is used to estimate tongue movement. The LLE space
specifies the tongue movement patterns, i.e. left, right. In addition, three more mouth
gestures are detected in order to control the wheelchair. The following control operations
are assigned to different types of tongue facial gestures:
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• left tongue out - left turn
• right tongue out - right turn

• no tongue (i.e. close mouth) - normal state/move forward
• smile mouth - start/increase speed (for 5 second) in operation mode
• open mouth - stop/cancel all operations.
The 2D patterns of tongue facial gestures generated by LLE space are used for classification and visualization. This visualization pattern is coded into vibration patterns and used
to inform the current state of the wheelchair to the users.

VII.3.3 Automatic Obstacle Avoidance
The extended Circle Sector Expansion (CSE+) [178] is used for local obstacle avoidance.
It is implemented with a depth-first approach where the target bearing angle is used as
criteria in a divide and conquer step. CSE+ is based on circle sector expansion, which is
bounded by the tangent points. Fig. VII.3 shows when the wheelchair (the half circle) is
surrounded by obstacle, heading right and needs to find possible path. A circle expands
until it tangents one obstacle (see Fig. VII.3). The tangent point divides the circle arc into
two parts. The circle can expand in two directions; one to the left and one to the right,
relative to the upper tangent point. For a collision free navigation of the wheelchair of a
wheelchair, it is so important to check if an upcoming passage is wide enough. If a passage
is too narrow an attempt to drive through may cause damage to both the vehicle and the
environment. CSE+ provides a narrow passage between two circles. For wheelchair
systems, it is desired to have safety margins of one meter, CSE+ move the lines one meter
toward the center of the passage. By connecting these lines, it defines a virtual corridor
for the wheelchair, see Fig. VII.4. Fig. VII.5(a) plots the generated output sequence and
the polygons for the safety margins. Fig. VII.5(b) plots a possible path for the wheelchair.
For more details about CSE+, please read [178].
CSE+ has been used for local path planning if the obstacles and the environment are
known in advance. For our system, CSE+ is just used for obstacle avoidance. The user
will navigate the wheelchair by using his/her tongue gestures.

VII.3.4

Vibrotactile Rendering of Tongue Gestures

For all assistive systems means of interaction provided by the interface must be efficient
and effective for the human user. It is extremely important to inform the user the response
from the system and the status of the system. A common way to provide such a feedback
is to use audio by speakers. The problem with an audio is that it may be quite boring
and easy to attract attention of others. The second type of feedback is intuitive: to use
vibration, i.e. to use vibrational stimuli on the back of the user. The vibrotactile patterns
associated with the tongue facial gesture are depicted in Fig. VII.6. Eight vibrators are
arranged in a 2D array, following the LLE map from the tongue facial gestures.

VII.4. Experiments and Demo
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Fig. VII.3: CSE+ method for finding free space before a right turn. a) A circle expands from
the origin of the robot until it tangents one obstacle. b) The circle expands until it tangents two
obstacles. c) The circle now expands forward until it tangents three obstacles. d) Shows the next
circle in the output sequence. The circle has three tangent points.

The vibration patterns are generated and controlled by a special device (see Fig. VII.1(d)).
By activating the outputs of the device ‘ON’ or ‘OFF’, the vibration motors placed on the
back of the wheelchair rotate at certain frequencies and intensities. The vibrators are
low-cost coin motors used in pagers and cellular phone. The vibration frequencies are
selected in a range from ∼ 100 prm to 1000 prm. While mounting vibration motors on
the wheelchair precautions are taken so that the vibrators do not contact the spinal cord or
any other area which can be harmful.

VII.4 Experiments and Demo
Three able-bodied male subjects have decided to participate in our experiments. All of
them have previous experiences with audio and vibrational stimuli (i.e. mobile phone
vibration). The experiments have been designed as follows. In the beginning of experiments, the subjects will get familiar with the wheelchair and briefly explained the purpose
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Fig. VII.4: Extracted corridor and safety margins by CSE+ : This figure plots the safety margins
as solid polygons. The width of the polygons are 1m.

of the experiments. We will also point out all sensors to be used and discuss some important issues regarding safety, such as the power button. The subjects then will be asked to
seat in the wheelchair. Once a subject is comfortable with the interface, individual subjects will be given 5 minutes for practicing before the system starts. The test course will
include obstacles, several office tables, ranks and chairs, some control commands, like
turn to the left and to the right, rotate right/left, and move backwards. A test phase will
consist of navigation, which may take 30 minutes for the participants.
After each test session the subjects will be asked to fill in questionnaire, a useful measure of user satisfaction. We will use likert style questionnaire (1-8) with the following
notations:
• Usefulness: Effectiveness of the user centered tongue gesture interface.
• Control: Does this tongue based system provide control over wheelchair navigation?
• Trainability: Is the training helpful?
• Interest: Are you interested in tongue operated assistive systems?
• Comfort: Is this application comfortable to use?

VII.5. Concluding Remarks
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Fig. VII.5: Extracted corridor and safety margins by CSE+ : A proposed path from the path
planner is plotted as the line between the two solid polygons. The left and right polygons form a
corridor for the wheel chair.

• Easiness: Are tongue facial gestures are easy to use?
Here user attitudes will be measured in 8 levels: 1=very boring (negative) to 8 =very
interesting (positive). Due to time limit (i.e. writing this report) we just finish tests on
tongue gesture control module. The results are very promising. We are working on integrating the local obstacle avoidance module into the system. The results will be reported
in the conference.

VII.5 Concluding Remarks
In this paper, we have presented a tongue gesture controlled wheelchair system. It is based
on three technical modules, namely, tongue gesture estimation, obstacle avoidance and
vibrotactile feedback. Preliminary results with tongue gesture estimation and visualization are relatively promising suggesting that our tongue has a high potential to be used
directly for natural man-machine interaction. We are working on integrating tongue gesture control with local obstacle avoidance. We hope that the whole system could provide
a more intuitive, usable navigation for severely disabled persons.
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Fig. VII.6: Vibrator arrangement on the back of the wheelchair, which displays vibration stimuli
messages corresponding to the tongue gesture. Tongue gestures control wheelchair movements and
the associated vibration patterns give the user a feedback about current state of the system.
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