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ABSTRACT

VISION BASED SIGN LANGUAGE RECOGNITION:

MODELING AND RECOGNIZING ISOLATED SIGNS

WITH MANUAL AND NON-MANUAL COMPONENTS

This thesis addresses the problem of vision based sign language recognition and

focuses on three main tasks to design improved techniques that increase the perfor-

mance of sign language recognition systems. We first attack the markerless tracking

problem during natural and unrestricted signing in less restricted environments. We

propose a joint particle filter approach for tracking multiple identical objects, in our

case the two hands and the face, which is robust to situations including fast move-

ment, interactions and occlusions. Our experiments show that the proposed approach

has a robust tracking performance during the challenging situations and is suitable

for tracking long durations of signing with its ability of fast recovery. Second, we at-

tack the problem of the recognition of signs that include both manual (hand gestures)

and non-manual (head/body gestures) components. We investigated multi-modal fu-

sion techniques to model the different temporal characteristics and propose a two-step

sequential belief based fusion strategy. The evaluation of the proposed approach, in

comparison to other state of the art fusion approaches, shows that our method models

the two modalities better and achieves higher classification rates. Finally, we pro-

pose a strategy to combine generative and discriminative models to increase the sign

classification accuracy. We apply the Fisher kernel method and propose a multi-class

classification strategy for gesture and sign sequences. The results of the experiments

show that the classification power of discriminative models and the modeling power

of generative models are effectively combined with a suitable multi-class strategy. We

also present two applications, a sign language tutor and an automatic sign dictionary,

developed based on the ideas and methods presented in this thesis.
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ÖZET

VİDEO TABANLI İŞARET DİLİ TANIMA: EL VE EL DIŞI

HAREKETLER İÇEREN AYRIK İŞARETLERİN

MODELLENMESİ VE TANINMASI

Bu tezde kamera tabanlı işaret dili tanıma problemi üzerine çalışılmış ve üç

alt problemde yoğunlaşılmıştır: (1) belirteçsiz el izleme, (2) çok kipli tümleştirme,

(3) tanıma. Bu alt problemler için literatürde sunulan çalışmalara göre daha gelişmiş

teknikler önerilmiş ve karşılaştırmalı analizler yapılmıştır. İşaret dilinde eller birbirini

ya da yüzü kapatabilir. Bu tür durumlarda da gürbüz izleme yapabilecek bir izleme al-

goritmasına ihityaç vardır. Bu çalışmada çok sayıda nesnenin takibi sırasında temas ve

kapatma durumlarında da gürbüz izleme yapabilen, birleşik parçacık süzgeci tabanlı bir

yöntem önerdik. Yapılan testlerde önerilen yöntemin temas ve kapatmaya karşı gürbüz

olduğu ve mevcut yöntemlere göre daha iyi çalıştığı gözlendi. İşaret dili, temelinde

el hareketleri ve el şekline dayanan fakat bunların yanında yüz mimiklerinin, baş ve

vücut hareketlerinin de kullanıldığı görsel bir dildir. Bu çalışmada işaretlerin bu çok

kipli yapısını dikkate aldık ve ardışık tümleştirme yöntemi ile inanç tabanlı bir tanıma

sistemi geliştirdik. Sonuçlar önerdiğimiz yöntemin literatürdeki diğer tümleştirme

yöntemlerine göre daha başarılı olduğunu gösterdi. Bu çalışmada önerdiğimiz bir diğer

yöntem ise, üretici ve ayırıcı modellerin birleştirilerek işaret tanıma amaçlı kullanılması

üzerinedir. İşaret tanıma probleminde yoğunlukla kullanılan üretici modelleri, ayırıcı

modellerin sınıflandırma gücü ile birleştirmek için Fisher çekirdeklerini kullandık ve

çok sınıflı sınıflandırma yöntemi önerdik. Deneylerde bu yöntemin üretici ve ayırıcı

modellerin güçlü yanlarını tek bir modelde toplayarak sınıflandırma başarısını arttırdığı

görülmektedir. Bu tez kapsamında ayrıca, çalışmada önerilen yöntemleri ve fikirleri kul-

lanan iki uygulama, işaret dili eğitmeni ve otomatik işaret dili sözlüğü, geliştirilmiştir.
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1. Introduction

Recent developments in sensor technology, including the developments in the

camera hardware and commercialization of web cameras, drive the research in Human-

Computer Interaction (HCI) to equip machines with means of communication that are

naturally used between humans, such as speech and gestures. Although research on

using the speech modality to communicate with computers is more mature, studies

on using the gesture modality is relatively new. Hand gestures can be considered

as both an independent way of communication and also a complementary modality

to speech. Gestures are consciously and unconsciously used in every aspect of human

communication and they form the basis of sign languages, the natural media of hearing-

impaired communication.

Sign languages, like the spoken languages, emerge and evolve naturally within

hearing-impaired communities. Within each country or region, wherever hearing-

impaired communities exist, sign languages develop, independently from the spoken

language of the region. Each sign language has its own grammar and rules, with a

common property that they are all visually perceived.

Sign language recognition (SLR) is a multidisciplinary research area involving

pattern recognition, computer vision, natural language processing and linguistics. It

is a multifaceted problem not only because of the complexity of the visual analysis of

hand gestures but also due to the highly multimodal nature of sign languages. Although

sign languages are well-structured languages with a phonology, morphology, syntax and

grammar, they are different from spoken languages: The structure of a spoken language

makes use of words sequentially, whereas a sign language makes use of several body

movements in parallel. The linguistic characteristics of sign language are different

from those of spoken languages due to the existence of several components affecting

the context, such as the use of facial expressions and head movements in addition to

the hand movements.
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The research on hand gesture and sign recognition has two main dimensions:

isolated and continuous recognition. Isolated recognition focuses on a single hand

gesture that is performed by the user and attempts to recognize it. In continuous

recognition, user is expected to perform gestures one after the other and the aim is to

recognize every gesture that the user performs. The continuous recognition problem is

slightly different for hand gesture recognition and sign language recognition systems.

In hand gesture controlled environments, the problem can be considered as a gesture

spotting problem, where the task is to differentiate the meaningful gestures of the

user from the unrelated ones. In sign language recognition, the continuous recognition

problem includes the co-articulation problem. The preceding sign affects the succeeding

one, which complicates the recognition task as the transitions between the signs should

be explicitly modeled and incorporated to the recognition system. Moreover, language

models are used to be able to perform on large-vocabulary databases.

Research on hand gesture analysis and recognition started with instrumented

gloves with several sensors and trackers. Although these gloves provide accurate data

for hand position and finger configuration, they require users to wear cumbersome

devices on their hands. Vision-based systems on the other hand, provide a natural

environment for users. They also introduce several challenges, such as the detection

and segmentation of the hand and finger configuration, or handling occlusion. To

overcome some of these challenges, several markers are used in vision based systems

such as different colored gloves on each hand or colored markers on each finger. Despite

the numerous studies in the literature, the problem of marker-free hand detection,

segmentation, and tracking, in unrestricted environments, is still a challenging problem.

Another challenging problem of dynamic hand gestures is the motion representa-

tion problem. This has two aspects connected to each other: First, how to represent the

features for a single frame; second, how to represent and model the complete motion

trajectory. Most of the studies in the literature use generative models with their power

to handle variable-length data, as the dynamical gestures produce variable-length se-

quences. Designing novel generative models, and integrating discriminative approaches

to existing models which can better represent the inherent dynamics of the gestures
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while increasing system performance is a next step in hand gesture recognition.

1.1. Research Overview and Contributions

In this thesis, we concentrated on hand gesture and sign language recognition and

investigated each fundamental step in a vision based isolated recognition system, in-

cluding tracking, multi-modal integration and recognition. Although our focus is more

on sign language recognition, the proposed techniques in this thesis have a potential to

be applied to different problems that focus on motion modeling and recognition, such

as human action analysis and social interaction analysis.

• Joint particle filter based tracking of hands during natural signing: Accurate

tracking of hands and face during unrestricted, natural signing is crucial for a

sign language recognition system as the feature extraction quality and classifi-

cation accuracy directly depend on the tracking. The challenging part of hand

tracking during signing is mainly related to the fast and non-linear movement of

the hand which makes the dynamic modeling very hard. Moreover, the occlu-

sions of the hands with each other and with the face is very frequent. We state

the problem as tracking multiple identical objects and present two particle filter

based approaches that are robust to occlusions, and fast, non-linear movements:

semi-independent and joint particle filters [1].

• Fusion of manual and non-manual signs: Although manual signs are considered

as the main elements of the signs, a complete understanding of the sign language

is not possible without analyzing non-manual signals, in the form of head move-

ments, body posture and facial expressions, and integrating them into the recog-

nition system. The different temporal characteristics of the manual signs and the

non-manual signals make the multi-modal integration problem even harder. We

present two sequential fusion methods based on Hidden Markov Models (HMMs)

for the multi-modal fusion of manual and non-manual components. The fusion is

handled by the use of HMM likelihoods in the first method, whereas the second

method uses belief based decision making [2, 3, 4, 5, 6, 7].

• Combining discriminative and generative models for multi-class classification of
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hand gestures: The great variability in gestures and signs, both in time, size, and

position, as well as interpersonal differences, makes the recognition task difficult.

With their power in modeling sequence data and processing variable length se-

quences, modeling hand gestures using generative models, such as HMMs, is a

natural extension. On the other hand, discriminative methods such as Support

Vector Machines (SVM), have flexible decision boundaries and better classifica-

tion performance. By extracting features from gesture sequences via Fisher Ker-

nels based on HMMs, classification can be done by a discriminative classifier. We

applied the Fisher kernel strategy to combine the generative and discriminative

classifiers for recognizing gesture and sign sequences. We present a multi-class

classification strategy on Fisher score spaces and evaluate the performance via

comparisons with state of the art multi-class classification strategies [8, 9].

• Prototype applications: With the framework of this thesis, we have designed two

applications that use the ideas presented in this thesis. We have designed and

developed an interactive system, called SignTutor, for tutoring signs to novice

students [2]. The system provides an automatic evaluation of the signing of the

student, and gives feedback about the quality of the manual signing, as well as

the non-manual signing. The second application, Signiary, is an automatically

created sign dictionary, where the users write a word in a text box and the

application automatically retrieves examples of sign videos of the query word

from a huge collection of videos recorded from the Turkish broadcast news for

the hearing impaired [10]. Tracking, sign alignment and sign clustering techniques

are applied to cluster the retrieved videos to show homonyms or pronunciation

differences.

1.2. Thesis Outline

Chapter 2 is an introduction to the types and characteristics of the gestures

used in human communication, including hearing impaired communication, and hu-

man computer interaction systems. Chapter 3 presents the review of state-of-the-art

hand gesture and sign language recognition systems. Contributions of the thesis are

presented in Chapters 4-7.
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Chapter 4 presents the particle filter based tracking algorithms for marker-free

hands and face tracking during signing. Two methods are presented: a joint particle

filter and a semi-independent particle filter.

Isolated sign recognition, for signs containing both manual and non-manual com-

ponents is explained in Chapter 5. This chapter presents two sequential fusion methods

for fusing manual and non-manual signs, based on likelihoods and belief functions, re-

spectively.

In Chapter 6, we present a hand gesture and sign classification model, which is a

combination of generative and discriminative models.

Chapter 7 introduces two applications that are developed during this thesis. An

interactive sign tutoring system, SignTutor and an automatically created sign dictio-

nary, SIGNIARY.

Although each chapter has a separate conclusion section, in Chapter 8, we present

an overall conclusion and discussion of the contributions of the thesis.



6

2. Hand Gestures In Human Communication

Websters Dictionary defines a gesture as, (1) “a movement usually of the body

or limbs that expresses or emphasizes an idea, sentiment, or attitude”; (2) “the use

of motions of the limbs or body as a means of expression”. Most of the gestures

are performed with the hand but also with the face and the body. In the case of

hand gestures, the shape of the hand, together with its movement and position with

respect to the other body parts, forms a hand gesture. Gestures are used in many

aspects of human communication. They can be used to accompany speech, or alone

for communication in noisy environments or in places where it is not possible to talk.

In a more structured way, they are used to form the sign languages of the hearing-

impaired people. With the progress on HCI, the gestures have found a new area of

usage. Systems that enable the use of computer programs with hand gestures, such as

operating system control, games, and virtual reality applications have been developed.

2.1. Hand Gestures Accompanying Speech

Hand gestures are frequently used in human to human communication either

alone or together with speech. There is considerable evidence that hand gestures are

produced unconsciously along with speech in many situations and enhance the content

of accompanying speech. It is also known that even when the listener can not see the

hands of the speaker or there is no listener at all, hand gestures are produced.

Although hand gesture recognition for HCI is a relatively recent research area, the

research on hand gestures for human-human communication is well developed. Several

taxonomies are presented in the literature by considering different aspects of gestures.

Gestures can be classified with respect to their independence such as autonomous ges-

tures (independent gestures) and gesticulation (gestures that are used together with

another means of communication) [11]. In [12], gestures are classified into three groups:

iconic gestures, metaphoric gestures and beats. In [13], gestures are classified into four

groups: conversational, controlling, manipulative and communicative. A similar cate-
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gorization is given in [14, 15], which views the gestures in terms of the relation between

the intended interpretation and the abstraction of the movement. The conversational

and controlling gesture types in [16] are accepted as a sub category under communica-

tive gestures. In [17], this taxonomy of gestures is accepted as the most appropriate

one for HCI purposes. An extended version of this taxonomy is given in Figure 2.1.

Figure 2.1. A taxonomy of hand gestures for HCI [17]

The hand/arm movements during conversation can generally be classified into

two groups: intended or unintended. Although unintended hand movements must also

be taken into account in order to realize human-computer interaction as natural as

human-human interaction, current research on gesture recognition focuses on intended

gestures which are used for either communication or manipulation purposes. Manipula-

tive gestures are used to act on objects; such as rotation, grasping, etc. Communicative

gestures have an inherent communicational purpose. In a natural environment they

are usually accompanied by speech.
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Communicative gestures can be acts or symbols. Symbol gestures are generally

used in a linguistic role with a short motion (i.e. sign languages). In most cases, the

symbol itself is not directly related to the meaning and these gestures have a prede-

termined convention. Two types of symbol gestures are referential and modalizing.

Referential gestures are used to refer to an object or a concept independently. For

example, rubbing the index finger and the thumb in a circular fashion independently

refers to money. Modalizing gestures are used with some other means of communi-

cation, such as speech. For example, the sentence “I saw a fish. It was this big.” is

only meaningful with the gesture of the speaker. Another example is the symbol for

continuation which means that the person should continue to whatever he/she is doing.

Unlike symbol gestures, act gestures are directly related to the intended interpretation.

Such movements are classified as either mimetic or deictic. Mimetic gestures usually

mimic the concept or object to refer. For example, a smoker going through the motion

of “lighting up” with a cigarette in his mouth indicates that he needs a light, or hand

is like holding a gun. Deictic gestures or pointing gestures are used for pointing to

objects and classified as specific, generic or metonymic by its context.

There is another type of gesture that have different characteristics than the other

gesture types. These are called beat gestures [18, 12]. In beat gestures, the hand moves,

in a short and quick way, along with the rhythm of speech. A typical beat gesture is

a simple and short motion of the hand or the fingers up and down or back and forth.

The main effect of a beat gesture is that it emphasizes the phrase it accompanies.

In order to differentiate intended and unintended hand/arm movements or differ-

ent gestures, one should know the exact start and end time of a gesture. This is called

the gesture segmentation problem. Gestures are dynamic processes and the temporal

characteristics of gestures are important for segmentation purposes. With the excep-

tion of beat gestures, each gesture starts, continues for some interval and ends. This

is not only valid for dynamic gestures that include both the spatial and the temporal

component, but also for static gestures that only contain the spatial component. A ges-

ture is constituted in three phases [19, 18, 11, 12]: preparation, stroke, and retraction

or recovery. In the preparation phase, the hand is oriented for the gesture. The stroke
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phase is the phase of the actual gesture. Finally, in the retraction phase, the hand re-

turns to the rest position. The preparation and the stroke phases constitute a gesture

phrase and together with the recovery phase, they constitute a gesture unit [19].

2.2. Hand Gestures in Hearing Impaired Communication

Sign languages are the natural communication media of hearing-impaired people

all over the world. Like the spoken languages, they emerge spontaneously, and evolve

naturally within hearing-impaired communities. Wherever hearing-impaired commu-

nities exist, sign languages develop, without necessarily having a connection with the

spoken language of the region. American Sign Language, British Sign Language, Turk-

ish Sign Language, and French Sign Language are different sign languages used by

corresponding communities of hearing-impaired people.

Although their history is at least as old as spoken languages, the written evidences

showing sign language usage date back to the 16th century in Italy, Spain or in the

Ottoman courts [20]. The earliest record of sign language education dates to the 18th

century: In Paris, Abbé de l’Épée founded a school to teach old French sign language

and graduated Laurent Clerc who later founded the “Gallaudet College” in U.S. with

T. H. Gallaudet. Gallaudet College later became Gallaudet University which is the

only liberal arts university for the deaf in the world.

Sign languages are visual languages: the phonology makes use of the hand shape,

place of articulation, and movement; the morphology uses directionality, aspect and

numeral incorporation, and syntax uses spatial localization and agreement as well as

facial expressions. The whole message is contained not only in hand motion and shapes

(manual signs) but also in facial expressions, head/shoulder motion and body posture

(non-manual signals). As a consequence, the language is intrinsically multimodal [21,

22].

The main difference between spoken and sign languages is the way the commu-

nicative units are produced and perceived [22]. In spoken languages, the words are



10

produced through the vocal tract and they are perceived as sounds; whereas in sign

languages, the signs are produced alone or simultaneously, by use of hand shapes, hand

motion, hand location, facial expression, head motion, and body posture, and they are

perceived visually. Sign languages have both sequential and parallel nature: signs come

one after the other showing a sequential behavior; however, each sign may contain par-

allel actions of hands, face, head or body. Apart from differences in production and

perception, sign languages contain phonology, morphology, semantics, and syntax like

spoken languages [21]. Figure 2.2 shows an example sign from Turkish sign language

(Türk İşaret Dili - TID).

Figure 2.2. An example sign, “anne (mother)” from TID

Apart from sign languages, there are other means of hearing impaired communi-

cation: finger-spelling and cued speech.

Finger-spelling is a way to code the words with a manual alphabet which is a

system of representing all the letters of an alphabet, using only the hands. Finger-

spelling is a part of sign languages and is used for different purposes. It may be used to

represent words which have no sign equivalent, or for emphasis, clarification, or when

teaching or learning a sign language. Figure 2.3 shows the finger spelling alphabet of

TID.

Cued Speech is a mode of communication based on the phonemes and properties

of spoken languages. Cued Speech was developed by Dr. Cornett in 1967 [23] and

it uses both lip shapes and hand gestures to represent the phonemes. The aim of
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Figure 2.3. Finger-spelling alphabet of TID

cued speech is to overcome the problems of lip-reading and to enable deaf people

to fully understand spoken languages. Cued speech makes the natural oral language

accessible to the hearing impaired, by replacing invisible articulators that participate

to the production of the sound (vocal cords, tongue, and jaw) by hand gestures, while

keeping visible articulators (lips). Basically, it complements the lip-reading by various

hand gestures, so that phonemes which have similar lip shapes can be differentiated.

Then, considering both lip-shapes and gestures, each phoneme has a specific visual

aspect. In cued speech, information is shared between two modalities: the lip modality

(related to lip shape and motion) and the hand modality (related to hand configuration

and hand position w.r.t the face). Figure 2.4 shows an example word from French cued

speech. Cued speech is different from sign language because, among others things,

cued speech addresses speech. Cued speech has the same grammar and syntax as the

corresponding spoken language (English, French, . . . ). A deaf person learning English

cued speech, for example, learns English at the same time.

Figure 2.4. An example of French cued speech: “bonjour (good morning)”
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2.3. Hand Gestures in Human-Computer Interaction

Gestures, in the context of visual interpretation, can be defined as stochastic pro-

cesses in the gesture model parameter space over a suitably defined time interval [17].

The stochastic property suggests the natural variability of gestures. The time interval

suggests their dynamic character.

Figure 2.5. Gesture production and preception [17]

A diagram for the production and perception of gestures can be seen in Figure 2.5.

The gesturer produces the gesture through hand and arm movements. The observer

perceives the gestures as visual images. This model can be formulated as follows:

H = ThgG

V = TvhH

V = Tvh(ThgG) = TvgG

where Thg is a model of hand or arm motion given gesture G, Tvh is a model of visual

images given hand or arm motion H, and Tvg gives how visual images are formed given

gesture G. Using a suitable model Tvg, gestures can be inferred from visual images

Ĝ = T−1
vg V

In order to build a suitable model, a detailed interpretation of human hand ges-

tures is necessary, since different models and approaches are needed for different types

of gestures. Independent from the gesture type (Figure 2.1), there are two components

of a hand gesture: spatial component (hand posture) and temporal component (hand
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motion). The spatial component is identified by the joint angles and the position of the

fingers and the palm. The temporal component is identified by the trajectory of the

hand in time. The values that identify the hand gesture must be extracted from the

given image sequence for constituting a hand gesture recognition system. The needed

accuracy of the extracted values differ from gesture to gesture. For some gestures, the

joint angles for all the fingers may be needed with high accuracy whereas for some

other gestures only the motion of the hand is important whatever the hand posture

is. The exact direction of the hand motion may not be important for some gestures,

but it should be analyzed for many of the manipulative gestures. Moreover, for deictic

gestures, the hand posture is always the same; there is generally no hand motion, but

what is important is the direction of the pointing finger.
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3. State of The Art On Hand Gesture and Sign Language

Recognition

The problem of sign language analysis and recognition (SLR) can be defined as

the analysis of all components that form the language and the comprehension of a single

sign or a whole sequence of sign language communication. The ultimate aim in SLR is

to reach a large-vocabulary recognition system which would ease the communication

of the hearing impaired people with other people or with computers. The components

of a sign contain manual signals (MS) such as hand shape, position and movement,

which form the basic components of sign languages, and non-manual signals (NMS),

such as facial expressions, head motion and body posture. An SLR system requires

the following components:

• Hand and body parts (face, shoulders, arms . . . ) detection, segmentation, and

tracking.

• Analysis of manual signals

• Analysis of non-manual signals

• Classification of isolated and continuous signs

Figure 3.1 shows the general diagram of a SLR system.

Figure 3.1. Sign language recognition system



15

Ultimately, an ideal system that contains these components would result in a sys-

tem that takes as input a sign language video and outputs a text of sign language sen-

tences. SLR systems can be used in many application areas such as Human-Computer

Interaction on personal computers, public interfaces such as kiosks, or translation and

dialog systems for human-to-human communication. SLR systems, in connection with

sign synthesis, can be used in transferring sign data, where the sign is captured at one

end and the output of the SLR system can be sent to the other end, where it is syn-

thesized and displayed by an avatar. This would require a very low bandwidth when

compared to sending the original sign video [24, 25, 26]. SLR systems or sign synthesis

systems can also assist sign language education [2, 27, 28, 29, 30].

3.1. Detection, Tracking and Segmentation

Frontier research on hand gesture recognition and on SLR has mainly used instru-

mented gloves, which provide accurate data for hand position and finger configuration.

These systems require users to wear cumbersome devices on their hands. However,

humans would prefer systems that operate in their natural environment. Since the

mid 90’s, improvements in camera hardware have enabled real-time vision-based hand

gesture recognition [15]. Instead of using instrumented gloves, vision based-systems,

which only require one or more cameras connected to the computer, have been adopted.

For a brief overview of sign language capturing techniques, interested readers may refer

to [31].

Vision based systems for gestural interfaces provide a natural environment in

contrast to the cumbersome instrumented gloves with several sensors and trackers that

provide accurate data for motion capture. However, vision based capture methodology

introduces its own challenges, such as the accurate detection and segmentation of the

face and body parts, hand and finger configuration, or handling occlusion. Many of

these challenges can be overcome, by restricting the environment and clothing or by

using several markers such as differently colored gloves on each hand or colored markers

on each finger and body part, at the expense of naturality.
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Signing takes place in 3D and around the upper body region. A vision based

system that uses a single camera will only capture the 2D information. However, these

systems are preferred as they are simple, easy to use, and portable. The camera setup

in these kind of systems is simple and the only criterion is that the camera field of

view must contain the entire region of interest, which is the upper body. If the 3D

information is to be captured, a stereo camera or multiple cameras can be used. In a

stereo camera setting, both cameras must contain the upper body of the signer. An

alternative configuration can be using two cameras, one in front, and the other on the

right/left side of the signer. Additional cameras can be used to focus on the face to

capture NMS in high resolution.

The main advantage of using a marker is that it makes tracking easier and helps

to resolve occlusions. In a markerless environment, hand tracking and segmentation

presents a bigger challenge. In sign languages, as the main part of the message is

conveyed through the hands and the face, the accurate detection and segmentation of

hands and face in a vision based system is a very important issue. The signing takes

place around the upper body and very frequently near or in front of the face. Moreover,

the two hands are frequently in contact and often occlude each other. Another problem

is to decide which of these two hand regions correspond to the right and left hands.

Thus, the tracking and segmentation algorithm should be accurate enough to resolve

these conditions and provide the two segmented hands.

Figure 3.2. An example ASL sign, ”door”: Markerless hand tracking is challenging

since the hands and face are in occlusion

Hand detection and segmentation can be done with or without markers. Several

markers are used in the literature such as single colored gloves on each hand, or gloves
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Table 3.1. Cues for hand detection and segmentation

Type of

Information Problems Assumptions/Restrictions

Color cue Existence of other skin colored regions Long-sleeved clothing

Contact of two hands Excluding the face

Identifying the left and right hands Only single hand usage

Motion cue Motion of objects other than the hands Stationary background

Fast and highly variable motion of the hand Hand moves with constant velocity

Shape cue High degree of freedom of the hand Restricting the hand shapes

with different colors on each finger or joint. With or without a marker, descriptors

of color, motion and shape information, separately or together, can be used to de-

tect hands in images. However, each source of information has its shortcomings and

restrictions. Table 3.1 lists the shortcomings of each source of information and the as-

sumptions or restrictions on the systems that use them. Systems that combine several

cues for hand segmentation have fewer restrictions and are more robust to changes in

the environment [32, 33, 34].

Color information is used with the strong assumption that hands are the only

skin regions in the camera view. Thus, users have to wear long-sleeved clothing to

cover other skin regions such as arms [33, 35]. Face detection can be applied to exclude

the face from the image sequence, leaving the hands as the only skin regions. However,

this approach ignores situations where the hand is in front of the face: a common and

possible situation in sign languages (see Figure 3.2). When there are two skin regions

resulting from the two hands of the signer, the two biggest skin-colored regions can be

selected as the two hands. This approach will fail when the two hands are in contact,

forming a single skin-colored region. Another problem is to decide which of these two

regions corresponds to the right and left hands and vice versa. In some studies, it is

assumed that users always use or at least start with their left hand on the left and right

hand on the right. Starting with this assumption, an appropriate tracking algorithm

can be used to track each region. However, when the tracking algorithm fails, the users

need to re-initialize the system. Some of these problems can be solved by using motion
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and shape information.

Motion information can be highly informative when the hand is the only moving

object in the image sequence [36]. This assumption can be relaxed by combining the

motion cue with the color cue and assuming that the hand is the only moving object

among the skin colored regions.

The main disadvantage of using the shape information alone comes from the fact

that the hand is a non-rigid object with a very high degree of freedom. If the number

of hand shapes are limited, shape information can be robustly used for detection and

segmentation, even during occlusion with the face or with the other hand [37]. Thus,

to achieve high classification accuracy of the hand shape, either the training set must

contain all configurations that the hand may have in a sign language video, or the

features must be invariant to rotation, translation, scale and deformation in 3D [38].

Once the hands are detected, this information can be used to track the hands

in time. Kalman filter and particle filter based methods are state-of-the art methods

used for tracking the signers’ hands.

Kalman filtering [39] is one of the well known and widely used method for object

tracking with its ease of use and real-time operation capability. Kalman filter assumes

that the tracked object moves based on a linear dynamic system with Gaussian noise.

For non-linear systems, methods based on Kalman filter are proposed, such as Extended

Kalman Filter, and Unscented Kalman Filter. For hand tracking purposes, Kalman

filter based methods are used with the assumption of limited and restricted motion of

the hands. In [40] it is assumed that the closest region to the Kalman filter prediction

that matches the color histogram of the hand is assumed to be the tracked hand, and

the assignment of left and right hands are done following this assumption. Although

the method is able to handle situations when the hands are in contact or in front of the

face up to a degree, the restrictions for the hand movement are not valid in a natural

signing environment.
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The Particle Filter (PF) is another well-known example and is well suited to

applications where the dynamics of the tracked object are not well-defined, or with non-

linear dynamics and non-Gaussian noise conditions. Conditional density propagation

(Condensation) algorithm [41] is a simple implementation of the PF and is proposed

for the object tracking problem. The main idea is to make multiple hypotheses for the

object at a given time and to estimate the object position by a combination of these

hypotheses. The hypotheses are weighted and a highly weighted hypothesis indicates a

possible position for the object. Although a PF is capable of multiple object tracking,

it can not properly handle cases when the objects touch or occlude.

Both the Kalman filter and the particle filter methods need a dynamic model

for the hand motion which is not easy to estimate. Although the estimations of the

particle filter in the case of hand tracking are more accurate than the Kalman filter,

the main disadvantage is its computational cost, which prevents its usage in real time

systems. Apart from these methods, several dynamic programming approaches have

also been proposed [42].

Besides the hands, several body parts such as the face, shoulders and arms should

be detected [32, 43] to extract the relative position of the hands with respect to the

body. This position information is utilized in the analysis of MS. Moreover, the position

and motion of the face, facial features and the whole body is important for the analysis

of NMS.

There are also some works that do not apply any tracking and use the output

of the detection step [44]. After the detection, a foreground image is formed which

contains only the hands and the face of the signer, omitting the unrelated, background

pixels. The feature extraction is done on this foreground image.

3.2. Modality Processing and Feature Extraction

The modalities involved in gestured languages can be discussed from several

points of view:
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• The part of the body that is involved: Hands, head, facial features, shoulders,

general standing. For example, sign languages use the whole upper body, hands,

head, facial features, and body/shoulder motion.

• Whether the modality conveys the main message or a paralinguistic message:

In sign languages, paralinguistic elements can be added to the phrase via the

non-manual elements or variations of the manual elements. The main message

is contained jointly in the manual (hand motion, shape, orientation and posi-

tion) and non-manual (facial features, head and body motion) modalities where

the non-manual elements are mainly used to complement, support or negate the

manual meaning.

• Whether the modality has a meaning by itself or not: In sign languages, the

manual component has a meaning by itself for most of the signs. However, this

meaning can be altered by the use of the non-manual component, which is needed

for full comprehension. The non-manual component alone may have a meaning

by itself, especially to indicate negations.

In this section, we present analysis and classification methods for each of the modali-

ties independently. The synchronization, correlation, and the fusion of modalities are

discussed in the next sections.

3.2.1. Manual Signals

Manual signals are the basic components that form sign languages. These include

hand shapes, hand motion, and hand position with respect to body parts. Manual sign

language communication can be considered as a subset of gestural communication

where the former is highly structured and restricted. Thus, analysis of manual signs

is highly connected to hand gesture analysis [16, 17] but needs customized methods to

solve several issues such as analysis of a large-vocabulary system, correlation analysis

of signals and to deal with its structured nature.

Some of the studies in SLR literature concentrate only on recognizing static hand

shapes. These hand shapes are generally selected from the finger alphabet or from



21

Table 3.2. Feature extraction for manual signs in vision based systems

Hand shape Hand motion Hand position wrt body

• Segmented hand

• Binary hand

– Width, height, area, angle

[2, 45]

– Log Polar Histograms [38]

– Image moments [46]

• Hand contour

– Curvature Scale Space [47]

– Active Contours [33]

• 3D hand Models

• Center of mass coordinates

& velocity of hands [2]

• Pixel motion trajectory [48]

• Discrete definitions of hand

motion and relative motion

of two hands [38]

• Distance to face [2]

• Distance to body parts [48]

• Discrete body region fea-

tures [38, 49]

static signs of the language [50, 51, 52]. However, a majority of the signs in many

sign languages contain significant amount of hand motion and a recognition system

that focuses only on the static aspects of the signs has a limited vocabulary. Hence,

for recognizing hand gestures and signs, one must use methods that are successful on

modeling the inherent temporal aspect of the data.

Grammatical structures in the language are often expressed as systematic varia-

tions of the base manual signs. These variations can be in the form of speed, tension,

and rate [53, 54]. Most of the SLR systems in the literature ignore these variations.

However, special care must be paid to variations, especially for continuous signing and

in sign-to-text systems.

Table 3.2 summarizes the features used in the literature for each of the modalities

that constitute a manual signal. The details are given in the following sections.

3.2.1.1. Hand Shape. Hand shape is one of the main modalities of the gestured lan-

guages. Apart from sign language, hand shape modality is widely used in gesture

controlled computer systems where predefined hand shapes are used to give specific
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commands to the operating system or a program. Analysis of the hand shape is a very

challenging task as a result of the high degree of freedom of the hand. For systems

that use limited number of simple hand shapes, such as hand gesture controlled sys-

tems (hand shapes are determined manually by the system designer), the problem is

easier. However, for sign languages, the unlimited number and the complexity of the

hand shapes make discrimination a very challenging task, especially with 2D vision

based capture systems.

In sign languages, the number of hand shapes is much higher. For example,

without considering finger spelling, American Sign Language (ASL) has around 150

hand shapes, and in British Sign Language (BSL) there are 57 hand shapes. These

hand shapes can be further grouped into around 20 phonemically distinct subgroups.

For the analysis of hand shapes, a vast majority of the studies in the literature

use appearance based methods. These methods extract features of a hand shape by

analyzing a 2D hand image and are preferred due to their simplicity and low com-

putation times, especially for real time applications. These features include region

based descriptors (image moments [46], image eigenvectors, Zernike moments, Hu in-

variants [55, 56, 7], or grid descriptors) and edge based descriptors (contour represen-

tations [37], Fourier descriptors, or Curvature Scale Space (CSS) [47] descriptors). 2D

deformation templates or active contours [33] can be used to find the hand contour.

When the position and angles of all the joints in the hand are needed with high pre-

cision, 3D hand models should be preferred. The 3D hand model can be estimated

either from a multiple camera system by applying 3D reconstruction methods, or in a

single camera setting, the 2D appearances of the hand are matched with 3D hand mod-

els in the shape database [57]. However, computational complexity of these methods

currently prevents their use in SLR systems.

3.2.1.2. Hand Motion. In gestured communication, it is important to determine whether

the performed hand motion conveys a meaning by itself.
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In sign languages, the hand motion is one of the primary modalities that form

the sign, together with the hand shape and location. Depending on the sign, the

characteristic of the hand trajectory can change, requiring different levels of analysis.

For example, some signs are purely static and there is no need for trajectory analysis.

The motion of the dynamic signs can be examined as either of two types:

1. Signs with global hand motion: In these signs, the hand center of mass translates

in the signing space.

2. Signs with local hand motion: This includes signs where the hand rotates with

no significant translation of the center of mass, or where the finger configuration

of the hand changes.

For signs with global hand motion, trajectory analysis is needed. For signs with

local motion, the change of the hand shape over time should be analyzed in detail,

since even small changes of the hand shape convey information.

The first step of hand trajectory analysis is tracking the center of mass of each

segmented hand. Hand trajectories are generally noisy due to segmentation errors

resulting from bad illumination or occlusion. Thus, a filtering and tracking algorithm

is needed to smooth the trajectories and to estimate the hand location when necessary.

Moreover, since hand detection is a costly operation, hand detection and segmentation

can be applied not in every frame but less frequently, provided that a reliable estimation

algorithm exists. For this purpose, algorithms such as Kalman filters and particle filters

can be used, as explained in Section 3.1, and the estimations of these filters for the

position, and its first and second order derivatives, the velocity and the acceleration

of the hand are used as hand motion features. Based on the context and the sign,

hand coordinates can be normalized with respect to the reference point of the sign, as

discussed in Section 3.2.1.3.

Relative motion and position of each hand with respect to the other is another

important feature in sign language. The synchronization characteristics of the two

hands differ from sign to sign, i.e., the two hands can move in total synchronization;
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one hand can be stationary and the other can be moving; they can be approaching or

moving away.

Although the hand motion features are continuous values, they can be discretized

for use in simpler models, especially when there is low amount of training data. In

[46], the authors define a linguistic feature vector for the sign language. Their feature

vector includes the discretized values for the position of the hands relative to each

other, position of hands relative to key body locations, relative movement of the hands

and the shape of the hands (the class index).

3.2.1.3. Hand Position. The location of the hand must be analyzed with respect to

the context. It is important to determine the reference point on the space and on the

hand. In sign languages, where both the relative location and the global motion of the

hand are important (see Figure 3.3), the continuous coordinates and the location of

the hand with respect to body parts should be analyzed. This analysis can be done

by using the center of mass of the hand. On the other hand, for pointing signs, using

center of mass is not appropriate and the coordinates of the pointing finger and the

pointing direction should be used. Since signs are generally performed in 3D space,

location analysis should be done in 3D if possible. Stereo cameras can be used to

reconstruct 3D coordinates in vision based systems.

3.2.2. Non-manual Signals

Non-manual signals are used in sign language either to strengthen or weaken

or sometimes to completely change the meaning of the manual sign [58, 59]. These

include facial expressions, facial movements, and body posture. For example, by us-

ing the same MS but different NMS, the ASL sign HERE may mean NOT HERE,

HERE (affirmative) or IS HERE. The non-manual signs can also be used by them-

selves, especially for negation [58, 59]. As opposed to studies that try to improve SLR

performance by adding lip reading to the system [60], analysis of NMS is a must for

building a complete SLR system: two signs with exactly the same manual component
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(a)

(b)

(c)

Figure 3.3. Possible reference points on the signing space. Examples from ASL. (a)

CLEAN sign: Hand location w.r.t the other hand, (b)DRINK sign: Hand location

w.r.t the mouth, (c) HERE sign: Hand location w.r.t the body

can have completely different meanings. Some limited studies on non-manual signs

attempt to recognize only the NMS without the MS. In [61, 62], head movements and

in [63], facial expressions in ASL are analyzed. In SLR literature, there are only a few

studies that integrate manual and non-manual signs [3].

The synchronization characteristics of non-manual signals and manual signs should

be further analyzed. In a continuous sign language sentence the non-manual signal does

not always coincide with the manual sign. It may start and finish before or after the

manual sign. It may last through multiple manual signs or the whole sentence. Thus,

the joint analysis of the manual signs and non-manual signals requires the fusion of

modalities in different time scales.
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3.3. Recognition

Signs comprise dynamical elements. A recognition system that focuses only on

the static aspects of the signs has a limited vocabulary. Hence, for recognizing hand

gestures and signs, one must use methods that are capable of modeling inherent tem-

poral characteristics. Researchers have used several methods such as neural networks,

HMMs, Dynamic Bayesian Networks (DBN), Finite State Machines (FSM) or template

matching [16]. Among these methods, HMMs have been used the most extensively and

have proven successful in several kinds of SLR systems. Initial studies on vision-based

SLR started around mid 90’s and focused on limited vocabulary systems, which could

recognize 40-50 signs. These systems were capable of recognizing isolated signs and

also continuous sentences, but with constrained sentence structure [64]. In 1997, in

[65], an HMM structure was applied to recognize a 53 sign vocabulary. The scala-

bility problem is addressed in later studies, where an approach based on identifying

phonemes/components of the signs [66] rather than the whole sign has been adopted.

The advantage of identifying components is the decrease in the number of subunits

that should be trained, which in turn will be used to constitute all the signs in the

vocabulary. With component-based systems, large vocabulary SLR can be achieved to

a certain degree. For a list of SLR systems in the literature, users may refer to the

excellent survey in [58].

The merit of a recognition system is its generalization power of a learned concept

to new instances. In sign language recognition, there are two kinds of new instances

for any given sign: (1) signing of a signer whose other signing videos are put in the

training set; (2) signing of a new signer. The former is called as the signer dependent

and the latter as the signer independent experiments. The real performance of a sign

language recognition system must be measured in a signer-independent experiment.

Most of the studies in the literature are signer dependent and lack an analysis of signer

independent performance of their system. Experiments on signer independent systems

show that the recognition accuracy of such systems are around at least 10% lower than

the signer dependent ones [2, 67]. There are a few studies that investigates signer

adaptation techniques [53].



27

In the next sections, we present a detailed state of the art for sign based ap-

proaches and sub-unit based approaches for both isolated and continuous signing tasks.

3.3.1. Sign Based Approaches

Sign based approaches use the sign as the smallest unit and model each sign with

a different temporal model. As in speech recognition, HMMs have become state-of-

the-art for sign modeling and most of the recent works use HMMs or variants as the

temporal sign model.

3.3.1.1. Recognition of Isolated Signs. Isolated sign recognition deals with the recog-

nition of signs that are performed alone, without any signs before or after the performed

sign. Thus, the sign is performed, without being affected by the preceding or succeed-

ing signs. The importance of the research on isolated sign recognition is that it enables

the finding of better mathematical models and features that represent the performed

sign.

In HMM-based approaches, the temporal information of each sign is modeled by

a different HMM. For a test sign, the model that gives the highest likelihood is selected

as the best model and the test sign is classified as the sign of that model. One of the

main challenges is the integration of the two hands and the different features for each

hand (shape, motion, position and orientation) into the HMM model [68, 69].

In Tables 3.3 and 3.4, we list several selected SLR systems in the literature. The

tables show that most of the recent systems use HMMs or HMM variants for classifica-

tion. Although the recognition rates of device or vision based systems are comparable,

the shortcoming of vision based systems is that they make a lot of assumptions and

introduce several restrictions on the capturing environment.

Computational problems arise when the vocabulary size is increased. Using a

different model for each sign, trying all models and selecting the best requires a lot of
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Table 3.3. SLR systems for isolated signs that use a specialized capturing device

Work Sign Classification Accuracy %*

Dataset Method

[72] 102 CSL Boosted HMMs 92.7 SD

[70] 5113 CSL Fuzzy Decision Tree, Self Organizing Feature

Maps, HMM

91.6 SD

83.7 SI

[71] 95 Auslan Instance based learning, decision trees 80 SD

15 SI

[76] 10 JSL Recurrent NN 96 SD

*SD: Signer Dependent, SI: Signer Independent

computation and prevents the use of such systems in large vocabulary tasks.

In [70], the authors present a hierarchical structure based on decision trees in

order to be able to expand the vocabulary. The aim of this hierarchical structure is

to decrease the number of models to be searched, which will enable the expansion

of the vocabulary since the computational complexity is relatively low. They used a

sensored glove and a magnetic tracker to capture the signs and achieved 83% recognition

accuracy, at less than half a second average recognition time per sign, in a vocabulary

of 5113 signs. Decision trees are also used in [71] together with instance based learning.

An adaptive boosting (AdaBoost) strategy to continuous HMMs is presented in [72].

The pronunciation differences between signer is handled with automatic clustering

techniques in [73]. They use the tangent distance within the Gaussian densities of the

continuous HMM. They achieve an accuracy of 78.5% with the automatic clustering

and the tangent distance. A hybrid structure that uses HMMs and Auto-regressive

HMMs is presented in [45]. In [46], a discrete feature vector representing the linguistic

properties of the signs is presented. The classification is based on Markov chains and

Independent Component Analysis (ICA) and an accuracy of 97.67% is achieved on

a BSL dataset. In [74], a vision based system for Arabic sign language (ArbSL) is

presented. Curvature scale space is used as hand shape features in [47]. In [75], a

colored glove with different colors on each finger is used. With this information, hand

shape features such as the angles between fingers were easy to extract. An HMM

structure is used where the number of states and the number of mixture components

are defined dynamically.
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Table 3.4. Vision based SLR systems for isolated signs

Who Sign Capture Hand Features Classification Accuracy

Dataset Restrictions Shape Motion Position Method %*

[2] 19 ASL, with

NMS

colored gloves 2D app.

based

Position, ve-

locity

Distance to

face

HMM based 99 SI (MS), 85 SI

(MS+NMS)

[73] 50 ASL, with

PD**

Static bg. 2D app. based features of whole image HMM with tan-

gent distance

78.5 SD

[45] 439 CSL colored gloves 2D app.

based

Distances

of hands to

body regions

& each other

HMM, Auto-

regressive HMM

96.6 SD

[74] 50 ArbSL colored gloves 2D binary

hand

Hand coords.

wrt face

HMM 98 SD

[46] 43 BSL colored gloves Classified

hand shape

Movement

type

Positions of

hands wrt

body regions

& each other

Markov Chains,

ICA

97.67 SD

[47] 20 TwSL,

single handed

Dark, static bg.;

dark long-sleeved

clothes

2D CSS - - HMM 98,6 SD

[75] 262 NethSL Uniform bg.;

stationary head;

dark long-sleeved

clothes

2D Mo-

ments

- - HMM 91.3 SD

*SD: Signer Dependent, SI: Signer Independent

**PD: Pronunciation differences

3.3.1.2. Recognition of Continuous Signs. Recognizing unconstrained continuous sign

sentences is another challenging problem in SLR. During continuous signing, signs can

be affected by the preceding or succeeding signs. This effect is similar to co-articulation

in speech. Additional movements or shapes may occur during transition between signs.

These movements are called movement epenthesis [77]. These effects complicate the

explicit or implicit segmentation of the signs during continuous signing. To solve this

problem, the movements during transitions can be modeled explicitly and used as a

transition model between the sign models [78, 33, 68]. In Tables 3.6 and 3.5, we list

several selected SLR systems proposed for continuous signing, with vision based and

capturing device based systems respectively.

One of the first studies on continuous sign language recognition is presented in

[64]. The authors propose a vision based system and experimented with both colored

glove based and skin color based tracking. Their system uses HMMs and a grammar

to recognize continuous signing. With colored glove based tracking, they achieve a

sign-level recognition accuracy of 99%. Sentence level accuracies are not reported.
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In [65], the authors address the co-articulation effects and model the transition

movements between signs, which are called the movement epenthesis. These transitions

are identified automatically by applying a k-means clustering technique on the start and

end points of the signs. They constructed an epenthesis model recognition technique

in which each sign is followed by a transition cluster. On a 53 sign vocabulary and

489 sentences, they compare context dependent and independent approaches with or

without the epenthesis modeling. They also compare unigram or bigram models for

sign recognition. The best accuracy, 95.8%, is obtained with epenthesis modeling with

bigrams, in comparison to an accuracy of 91.7% which is obtained by context dependent

bigrams without epenthesis modeling.

A signer-independent continuous Chineese Sign Language (CSL) recognition with

a divide-and-conquer approach is presented in [67]. The authors use a combination of

a Simple Recurrent Network (SRN) and HMMs, SRN is used to divide the continuous

signs into the subproblems of isolated CSL recognition and the outputs of SRN are

used as the states of an HMM. The accuracy of the signer independent tests is 7%

lower than the signer dependent one.

An automatic vision based Australian sign language (Auslan) recognition system

is presented in [33]. The authors model each sign with HMMs, with features that repre-

sent the relative geometrical positioning and shapes of the hands and their directions of

motion. Their system achieved 97% recognition rate on sentence level and 99% success

rate at a word level, on 163 test sign phrases, from 14 different sentences.

In [78], a methodology based on Transition-Movement models (TMMs) for large-

vocabulary continuous sign language recognition is proposed. TMMs are used to handle

the transitions between two adjacent signs in continuous signing. The transitions are

dynamically clustered and segmented and these extracted parts are used to train the

TMMs. The continuous signing is modeled with a sign model followed by a TMM. The

recognition is based on a Viterbi search, with a language model, trained sign models

and TMM. The large vocabulary sign data of 5113 signs is collected with a sensored

glove and a magnetic tracker with 3000 test samples from 750 different sentences. Their
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Table 3.5. SLR systems for continuous signs that use a specialized capturing device

Work Sign Classification Accuracy %*

Dataset Method

[78] 5113 CSL signs, 750 sentences** Transition Movement Models (TMM) 91.9 sign-level SD

[67] 208 CSL signs, 100 sentences HMM, Self Organizing Map, Recurrent NN 92.1 SD

85 SI

[65] 53 ASL signs, 486 sentences Movement epenthesis models 95.8 sign-level SD

*SD: Signer Dependent, SI: Signer Independent

**Total number of different sentences

Table 3.6. Vision based SLR systems for continuous signs

Who Sign Capture Hand Features Classification Accuracy

Dataset Restrictions Shape Motion Position Method %*

[33] 21 Auslan

signs, 14

sentences**

Dark, static bg.;

dark long-sleeved

clothes

2D geome-

try based

Movement

direction

Geometric

features wrt

face

HMM 99 sign-level, 97

sentence- level

(SD)

[64] 40 ASL, 494

sentences**

Static bg.; dark

long-sleeved

clothes; colored

gloves

2D Mo-

ments

- - HMM 99 sign-level***

(SD)

*SD: Signer Dependent, SI: Signer Independent

** Total number of different sentences

*** Sentence level accuracy is not reported

system has an average accuracy of 91.9%.

3.3.2. Sub-unit Based Approaches

As the vocabulary size increases, computational complexity and scalability prob-

lems arise. One of the solutions to this problem is to identify phonemes/subunits of

the signs like the phonemes of speech. The advantage of identifying phonemes is to

decrease the number of units that should be trained. The number of subunits is ex-

pected to be much lower than the number of signs. Then, there will be a smaller group

of subunits that can be used to form all the words in the vocabulary. This will enable

large-vocabulary sign language recognition with tractable computation times.

However, the phonemes of sign language are not clearly defined. Some studies

use the number of different hand shapes, motion types, orientation, or body location

as the phonemes [79, 68]. Others try to automatically define the phonemes by using

clustering techniques [80]. Table 3.7 lists selected SLR systems that use subunit based

approaches.
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One of the first studies that use subunits instead of whole signs is the work of

Vogler and Metaxas [66]. The subunits of the signs are identified implicitly by looking

at the geometric properties of the motion trajectory, such as hold, line, or plane. Their

system achieved a 89.9% sign accuracy on a database of 53 signs and 486 sentences in

a continuous signing task.

In their later study [81], they define a new model based on a sequential phono-

logical model of ASL, the Movement and Hold model, which states that the ASL signs

can be broken into movements and holds. These are considered as phonemes of the

signs and they are explictly defined in the movement-hold model. In addition, they

model the transitions between the signs with the movement epenthesis models form

their earlier work [65]. For each phoneme an HMM is trained and the combination

of these phoneme models form a sign with the epenthesis models to define the transi-

tions between the signs in continuous signing. Experiments with a 22 word vocabulary,

modeled with 89 subunits (43 phonemes, 46 epenthesis models), yield similar word-

level recognition results with word and phoneme-based approaches, 92.95%, 93.27%

respectively.

In a recent work [68], they modeled the movement and shape information of the

signs in separate HMM channels and used Parallel HMMs for this task. They model

the right and left hand information in separate channels as well, as presented in their

earlier work [69]. Their system achieved 87.88% sign-level and 95.51% sentence-level

accuracy.

In [80], an automatic subunit extraction methodology for CSL is presented. They

use HMMs to model each sign and assume that each state in the HMM represents a seg-

ment. The subunits are extracted from these segments by using a temporal clustering

algorithm. Their system achieved a 90.5% recognition rate

In [79], the authors define etymon as the smallest unit in a sign language. The

etyma are not automatically extracted and defined explicitly. 2439 etyma are defined

for CSL and HMMs are trained for each etymon. They made a comparison between
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Table 3.7. SLR systems with subunit based approaches

Subunit

Phonemes/ Capture Determination Classification Accuracy

Who Dataset Subunits Method Method Method %*

[79] 5100 CSL 2439 etyma Device based Manual HMM 96 sign based (SD),

93 etymon based

[80] 5113 CSL 238 subunits Device based Automatic, temporal

clustering

HMM 90.5 sign-level (SD)

[68] 22 ASL signs,

499 sentences

3 channels Device based Manual, movement

and shape channels

Parallel

HMM

95.5 sign-level (SD),

87.9 sentence-level

[81] 22 ASL signs,

499 sentences

89 subunits Device based Manual, Movement-

Hold model

HMM 92.9 sign based (SD),

93.3 phoneme-based

[66] 53 ASL signs,

499 sentences

3 subunits Device based Automatic, geometric

movement properties

HMM 89.9 sign-level (SD)

*SD: Signer Dependent, SI: Signer Independent

etyma-based and sign-based approaches on a 5100 sign CSL database, collected with a

specialized capturing device. However, their analysis shows that the sign-based method

has both better accuracy and lower recognition times.

3.4. Databases

One of the problems of the research on sign language recognition is the nonex-

istence of benchmark databases. Many techniques are developed by independent re-

searchers but these works lack a structured evaluation on a benchmark dataset and

comparison with the other proposed techniques in the literature.

Sections 3.4.1,3.4.2, and 3.4.3 present the databases used in this study. Section

3.4.4 summarizes some of the publicly available sign language databases.

3.4.1. IDIAP Two Handed Gesture Database

IDIAP gesture dataset is a small gesture dataset, with seven two-handed gestures

to manipulate 3D objects [82]. The gestures are a push gesture and rotate gestures

in six directions: back, front, left, right, down, up. Two cameras are used, positioned

on the left and right of the user. The users wear gloves: a blue glove on the left and

a yellow glove on the right hand. The training set contains 280 examples recorded

from four people and the test set contains 210 examples recorded from three different
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people. More information on the database can be found in [82]. The experiments in

Chapter 6 is performed on this database.

3.4.2. eNTERFACE’06 Sign Language Database

In the eNTERFACE06 ASL Database, there are eight base signs that represent

words and a total of 19 variants which include the systematic variations of the base signs

in the form of non-manual signs, or inflections in the signing of the same manual sign.

Some signs are differentiated only by the head motion (the non-manual component);

some only by hand motion (the manual component) and some by both. A single web

camera is used for the recordings with 640x480 resolution and 25 frames per second.

The camera is placed in front of the subject. The database is collected from eight

subjects and each subject performs five repetitions of each sign [2], while wearing a

marker, a colored glove. The experiments in Chapters 5 and 6 are performed on this

database.

3.4.3. TRT Signed Turkish Database

This database is recorded from the Turkish radio television’s broadcast news for

the hearing impaired. The news video consists of three major information sources:

sliding text, speech and signs. The three sources in the video convey the same infor-

mation via different modalities. The news presenter signs the words as she talks. The

signing in these news videos is considered as signed Turkish. The data contains 132

recordings, where each recording is around 10 minutes. There are two different signers

in the videos. The resolution of the videos are 384 x 288 with 25 frames per second.

The experiments in Chapter 4 is performed on this database.

3.4.4. Other Sign Language Databases

A few other sign language databases, some of which are collected for non-recognition

purposes, are publicly available in the internet. Here we list some of them: British Sign

Language Database[46], Purdue American Sign Language Database [83], American Sign
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Language lexicon video dataset [84].

3.5. Discussion

Isolated SLR achieved much attention in the past decade and systems were pro-

posed that have high accuracies in the reported databases of a wide range of sign

languages from all over the world. However these datasets contain different range and

number of signs that may be recorded with strong restrictions (slow speed, non-native

signers, unnatural signing . . . ). There are no benchmark sign datasets that researchers

can test and to which they can compare their systems. Although there are some pub-

licly available datasets (Section 3.4.4), these datasets have not yet become benchmark

datasets of SLR researchers.

Current challenges of SLR can be summarized as continuous signing, large vo-

cabulary recognition, analysis and integration of non-manual signals, and grammatical

processes in manual signing. Although these aspects are mentioned by several re-

searchers of the field [85, 58], the amount of research in these areas are still limited.

Significant progress can be made by close interaction of SLR researchers with sign

language linguists.
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4. Marker Free Hands and Face Tracking

4.1. Introduction

Tracking the hand and face of a signer during unconstrained, natural signing is

a difficult problem. Many of the proposed methods for hands and face tracking have

restrictive assumptions like placing markers on the hands or restricting the movements

so that the hands do not touch or occlude each other or the face. However, in sign

languages, the contact of hands and the face is very frequent and purposeful; as it is

a building block for many signs. Although using markers solves most of the tracking,

identification and segmentation problems, this is an unrealistic assumption in many

applications. The application that we focus on, is the joint tracking of the face and

the hands in the videos of a news reporter in news for the hearing impaired. The news

reporter performs the corresponding signs with her hands as she speaks. The videos

involve many difficulties such as unconstrained clothing, changing speakers, changing

backgrounds, frequent contacts and occlusions between the hands and the face, low

resolution, and motion blur. Therefore, a robust tracking algorithm that is capable of

tracking the hands and the face, without any markers, is needed.

We pose this problem as a multiple identical object tracking problem with de-

pendencies between the objects. The objects, for our case the hands and the face,

are identical in terms of the skin color and there are strong correlations between their

movements, especially during interactions. These interactions usually result in the oc-

clusion of one object by the other: The hand occludes the face and points to a facial

feature. Two hands often come in contact, and they may cross each other. The track-

ing algorithm should be capable of tracking and correctly labeling each accurately even

in these difficult cases.

For tracking multiple identical objects in a scene, the classical approach is to

first perform a detection and to associate the detected candidates with the tracked

objects afterwards. Most of these methods are based on multiple hypothesis tracking
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[86], which is a well known data association algorithm. The data association is either

done immediately by looking at the current and past observations [40], or delayed for

a number of frames or until the end of the sequence [42, 87].

Probabilistic tracking algorithms [88] make multiple hypotheses for the object at a

given time and estimate the object position by a combination of these hypotheses. The

Particle Filter (PF) is a well-known example and is well suited to applications where the

dynamics of the tracked object are not well-defined. Conditional density propagation

algorithm [41] is a simple implementation of the PF and is proposed for the object

tracking problem. Although a PF is capable of multiple object tracking, it can not

properly handle cases when the objects touch or occlude. To solve this problem several

PF based methods are proposed that can track multiple objects. BraMBle [89] is a joint

PF approach for tracking humans, where all the humans in the scene are considered as a

single particle and tracked jointly. In [90], an approach for joint detection and tracking

of variable number of colored objects is presented. In [91], independent PFs are used

to track variable number of humans. The interactions between the humans are handled

by competitive condensation, which breaks the independence of the filters. Each PF

updates the weights of the particles of other filters with respect to their proximity to

its current estimate. Khan et al. [92] aim to track a variable number of ants and they

model the interactions between the ants as a Markov Random Field (MRF). They use

joint PF when there are interactions and independent PFs otherwise. The motivation

behind this approach is that tracking with joint PFs is not efficient as the complexity

increases exponentially with the number of objects to track.

In this work, we propose a PF based method that can robustly track the hands

and the face during natural signing. We use a joint PF to track a maximum of three

objects: two hands and the face. However, the number of objects may vary during

the video: One or both hands may disappear and re-appear. The complexity of the

joint PF is reduced by embedding Mean Shift (MSh) tracking [93], which allows us to

achieve similar tracking accuracy by using substantially fewer particles. We handle the

occlusions by updating the likelihood of the particles with respect to their proximity

and forcing them to be as separate as possible. The method is robust to occlusions of
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the hands and the face and is able to recover fast if the tracking fails. We evaluate

the performance of our method on two different videos, seven minutes each, that are

recorded from the broadcast news for the hearing impaired. We achieved a tracking

accuracy of 99% for the face and about 96% for the two hands.

Section 4.2 presents our joint PF approach for hands and face tracking. In section

4.3, we present a semi-independent PF approach for comparison purposes. The tracking

results on the test videos, and comparison with different PF approaches with or without

mean shift are given in Section 4.4.

4.2. Joint PF for Hands and Face Tracking

The posterior distribution of a PF is intrinsically multi-modal and the local max-

ima of the distribution indicate possible target positions [41]. Particle clustering or

independent PFs can be used to track multiple objects in a scene; however, these ap-

proaches can only be applied when the objects do not interact. When two identical

objects are in contact, the distribution becomes uni-modal and the two objects are

considered as one. The object assignment problem before and after the interaction is

cumbersome since the object information before the interaction is lost. Hence, in the

case of contact, special care must be taken in order to ensure the continuity of accurate

tracking during and after the interaction. We propose to use a joint PF that calculates

a combined likelihood for all objects by modeling the likelihood of each object with

respect to others.

A PF attempts to approximate the posterior distribution using the sequential

Bayes method. The posterior distribution gives the probability of the object state at

time t given the initial state and the observations.

p(xt|x0,Z1:t) ∝ (4.1)

p(zt|xt)

∫
p(xt|xt−1)p(xt−1|Z1:t)dxt−1

where xt is the system state at time t and x0 is the initial state of the system, which
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can be determined by a prior distribution. Z1:t denotes the observations from time 1

to t:

Z1:t = {zt, zt−1 · · · z1} (4.2)

The approximation is done by weighted particles

{(xn
t , π

n
t ) : n = 1, . . . , N} (4.3)

where N is the number of particles, xn
t is the state vector of the nth particle at time t,

and πn
t is its weight.

A state transition function and a measurement function is needed to track an

object. The state transition function, f(.), determines the next state of a particle at

time t from its state at time t − 1. The measurement function, h(.), calculates the

similarity between the particle at time t and the tracked object. The two functions are

defined as

xt = f(xt−1) (4.4)

zt = h(xt) (4.5)

where the function f(.) determines the dynamics of the tracked object. The function

h(.) models the appearance of the object and returns a likelihood value. The accuracy

of a PF depends on the modeling power of these two functions.

The state of the tracked object at time t can be estimated by the weighted

averaging of the particles at time t. To obtain more accurate results, we calculate the
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weighted average over particles that have weights over a threshold (Φp).

ϕt =





1, if πn
t > Φp

0, otherwise

x̂t =

∑N
n=1 xn

t · πn
t · ϕt∑N

n=1 πn
t · ϕt

(4.6)

4.2.1. Object Description

The state vector for a single object consists of the position, the velocity and the

shape parameters. The shape parameters are selected as the width, the height and the

angle of an ellipse surrounding the object. Thus, for a single object, i, we have a seven

dimensional state vector,

xn,i
t = [Pn

t ,V
n
t , S

n
t ]T (4.7)

Pn
t = (xn

t , y
n
t )T

V n
t = (vn

xt
, vn

yt
)T

Sn
t = (an

t , bn
t , θn

t )T

where xn
t , and yn

t show the center of the nth particle at time t, vn
xt

, vn
yt

show its velocity,

and an
t , bn

t , θn
t show the two axes of the ellipse and its angle, respectively.

Then, the joint particle is a single vector containing all the objects in the scene:

xn
t = {xn,f

t ,xn,r
t ,xn,l

t }T (4.8)

where f, r, l are indexes to the face, right and left hands. In the rest of the paper,

we will refer to xn
t as the joint particle and xn,i

t as the particle or as the sub-particle,

alternatively.
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4.2.2. Dynamic Model

For each object, the position and the velocity parameters are modeled by a

damped velocity model and the shape parameters are modeled by a random walk

model.

V t = λvV t−1 + σN (0, 1) (4.9)

P t = P t−1 + V t

S t = S t−1 +N (0, 1)

For multiple objects in the joint PF, the dynamic model in Equation 4.9 is applied

to each object. We additionally apply mean shift [93] to the sub-particles of each object

independently. The mean shift algorithm moves the particle centers to the areas with

high skin color probability. This allows us to use particles effectively, since the particles

with low weights will be less likely. As a result, a PF with mean shift needs fewer

particles than a standard PF.

4.2.3. Appearance Model

We model the hands and the face by their skin color and determine the skin color

pixels in the input image by a trained Gaussian mixture model [94]. The resulting grey

level image is smoothed by a Gaussian kernel and using low and high threshold values,

we form the thresholded skin probability image that we use for likelihood calculation

(Figure 4.1(a)). This image has a positive probability for skin color pixels and zero

probability for other colors.

To calculate the likelihood of a single object, we make two measurements based

on the ellipse that is defined by the state vector of the particle:

• A: The ratio of the skin color pixels to the total number of pixels inside the
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(a) (b)

Figure 4.1. Likelihood function definition: (a) The thresholded image that is used in

likelihood calculation, (b) hand region and different particles. The likelihood function

gives the highest likelihood for the particle at the top

ellipse.

• B: The ratio of the skin color pixels to the total number of pixels at the ellipse

boundary.

These two ratios are considered jointly in order to make sure that our measure-

ment function gives high likelihood to particles that contain the whole hand without

containing many non-hand pixels. If we do not take the ellipse boundary into account,

smaller ellipses are favored and particles tend to get smaller. We design our measure-

ment function Equation 4.10 to return a high likelihood when A is as high as possible

and B is as low as possible:

zn,i
t =





0 , if A < Φp

0.5 · A + 0.5 · (1−B) , otherwise
(4.10)

where zn,i
t denotes the likelihood of a single object, i, for the nth particle.

The first line in Equation 4.10 is required to assign low likelihood to particles

that have zero or very few skin color pixels. Otherwise these particles will receive 0.5

likelihood value even if they do not contain any skin color pixels. The equation takes

its highest value when there are no skin colored pixels at the boundary (B = 0), and

when all the inner pixels are skin colored. Figure 4.1(b) shows the grey-level hand
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image and possible particles. The particle at the top receives the highest likelihood by

Equation 4.10 where as the other particles receive lower likelihoods.

4.2.4. Joint Likelihood Calculation

A joint particle is a combination of sub-particles which refer to the objects we

want to track, i.e. two hands and the face (Equation 4.8). We calculate the joint

likelihood with respect to the following:

1. The likelihood of a single object based on the appearance model (zn
1t);

2. The distance of each object to the other objects to handle interactions (zn
2t);

3. The amount of motion on the face area to handle hand over face occlusions (zn,i
3t );

4. Additional constraints on respective object locations (zn
4t).

We define partial likelihoods for each criterion above and calculate the joint like-

lihood by multiplication of the partial likelihoods:

zn
t = zn

1t · zn
2t · zn,i

3t · zn
4t, i ∈ {r, l} (4.11)

For the first criterion, we multiply the likelihoods of each sub-particle for the

joint particle n at time t. We calculate the partial likelihood for the first criterion, zn
1t,

as:

zn
1t =





Πi∈{f,r,l}z
n,i
t , if ∀i zn,i

t 6= 0

ε , otherwise
(4.12)

If likelihood of any sub-particle is zero, we set the likelihood to a very small value, ε,

instead of setting it to zero. If an object has disappeared, for all the joint particles, we

will have a zero value for the sub-particles of the disappearing object. If we assign zero

joint likelihood in these cases, even if the other sub-particles have very high likelihoods,

because of the disappearing object, all joint particles will have zero particles.
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Figure 4.2. Tracking during hand-hand occlusion. Blue and green ellipses show the

estimates for the right and left hands

To handle interactions between the objects, we should assign low likelihood if the

sub-particles are close to each other. This is done by a function of the distance between

the particles.

zn
2t = Πi,j∈{f,r,l}, i6=j(1− exp(−α · ||xn,i

t ,xn,j
t ||)) (4.13)

where ||., .|| denotes the distance and α > 0 is a parameter that controls the effect of

the distance on the likelihood.

Equation 4.13 prevents sub-particles from coincidence. For two hands in occlu-

sion, its effect is having two ellipses next to each other, covering a part of the combined

target, but never at the same position (See Figure 4.2). Similarly for the hand-face

occlusion, it prevents the hand from being at the same position with the face center,

or being too close. However, since the face size is bigger than the hand and since the

objects are identical in terms of their skin color, Equation 4.13 gives a probability not

low enough to cancel out a hand sub-particle which is mistakenly located somewhere

in the face region. We solve this problem by considering the amount of motion in the

face area. Since the signer’s head is relatively stationary, it allows us to make the as-

sumption that the head movement in two consecutive frames is relatively small. Using

this assumption, the difference of the face regions of two consecutive frames gives us

the movement of face pixels. When the hand enters the face region, the total move-

ment will be high and when it is far away, the total movement will be small. Using

this information, we only allow a hand sub-particle to get close to the face if there is
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(a) (b)

Figure 4.3. Tracking during hand-face occlusion: (a) Tracking result when the hand is

in front of the face. (b) The movement of the face pixels

considerable amount of movement in the face area.

zn,i
3t = 0, if (||xn,i

t ,xf
t || < Φd (4.14)

& Mxn,i
t

< Φm), i ∈ {r, l}

where Mxn,i
t

is the average movement under the sub-particle xn,i
t , Φm is the threshold

for the amount of movement, and Φd is a threshold for the distance of the hand particle

to the face particle and can be determined with respect to the face width. Equation 4.14

sets the likelihood to zero for the sub-particles where there is no head movement, which

means that there is no hand in that region. Figure 4.3 shows the tracking results during

a hand-face occlusion.

The last criterion is to use additional constraints on respective locations of the

hands and the face. This criterion is needed to prevent wrong object assignments espe-

cially after occlusions. The assignment for the left and right hands can be exchanged

when the hands separate after an occlusion. We prevent such situations by restricting

the respective horizontal locations of the hand particles.

Let hn
t be the difference of the horizontal coordinates of the hand sub-particles.

hn
t = xn,l

t − xn,r
t (4.15)

hn
t is negative if the left hand of the signer is on the right of the right hand. We only

allow hands to be crossed up to a certain horizontal distance by setting the likelihood
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(a) (b) (c) (d)

Figure 4.4. Tracking with particle filters: (a) Original image, (b) Particle distribution

with independent PFs, (c) Particle distribution with joint PF, (d) Particle

distribution with semi-independent PFs

to zero if this negative distance exceeds a threshold:

zn
4t = 0, if (hn

t < −1 · Φh) (4.16)

Having defined all the partial likelihoods (Equations 4.12, 4.13, 4.14, 4.16), we

calculate the joint likelihood by the multiplication of all the partial likelihoods (Equa-

tion 4.11). The joint likelihood is calculated for the objects that stay in the scene.

If any of the objects disappears, it is excluded from the likelihood calculations. We

assume an object has disappeared if all of the sub-particles of that object have zero

weight:

∑
n

zn,i
t = 0 (4.17)

Note that the joint likelihood is no longer between zero and one and it should be

normalized when setting the particle weights:

πn
t = (zn

t −min
n

(zn
t ))/(max

n
(zn

t )−min
n

(zn
t )) (4.18)
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4.2.5. The Joint PF

Figure 4.5 shows the pseudo-code of the joint PF. xn
t is the joint object state,

as defined in Equation 4.8. The first step is to determine the initial states and the

weights of the particles, with respect to the prior distribution. The initial distribution

of the particles are determined with respect to an explicit detection step based on

connected component labeling. The particles at time t are determined by the re-

sampling, prediction and weight setting steps. At the re-sampling step, new particles

are sampled with replacement from the weighted particles at time t − 1. At this step

the weights of the new particles are equally assigned. The states of the re-sampled

particles at time t are determined by the object dynamics, as defined in Equation 4.9

and by an additional mean-shift step. The weights are determined by normalizing the

joint likelihood (Equation 4.11 and Equation 4.18).

1. Initialization: {(xn
0 , πn

0 )}N
n=1

2. For t > 0

(a) Re-sampling:

{(xn
t−1, π

n
t−1)} → {(x′nt−1, 1/N)}

(b) Prediction: x′′nt = f(x′nt−1)

{(x′nt−1, 1/N)} → {(x′′nt , 1/N)}
(c) Mean-shift iterations: xn

t = MSh(x′′nt )

{(x′′nt , 1/N)} → {(xn
t , 1/N)}

(d) Weight setting: πn
t ∝ zn

t = h(xn
t )

{(xn
t , 1/N)} → {(xn

t , πn
t )} ,

∑N
n=1 πn

t = 1

(e) Estimation: x̂t = E[{(xn
t , πn

t )}]
Figure 4.5. Joint PF algorithm

4.3. Semi-Independent PF

For comparison purposes with the joint PF, we present a Semi-Independent (SI)

PF, which follow a similar strategy as [91]. Once each PF determines the weights of

its particles, we update those weights with respect to the estimates of other filters.
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The weights of the left and right hands are updated with respect to their distance

to the other hand’s estimate (Equation 4.19) and also to the face estimate (Equa-

tion 4.20):

πn,i
t = πn,i

t · (1− 1/exp(α · ||xn,i
t , x̂j

t ||)) (4.19)

πn,i
t = 0, if (||xn,i

t , x̂f
t || < Φd & Mxn,i

t
< Φm) (4.20)

where i ∈ l, r and i 6= j.

To prevent wrong hand assignments, we switch the assignments for the hands if

the horizontal distance between the estimates exceeds a threshold. It is calculated as

in Equation 4.15, with the difference that the calculation is done using the estimates,

not the particles themselves.

4.4. Experiments and Results

We evaluate the algorithm performance on manually labelled ground truth data

of two videos from the broadcast news. The videos have a resolution of 210x248 pixels

and a duration of 22008 frames, with 25 fps. We compare the tracked positions of

the hands and the face with the ground truth positions and calculate the accuracy of

correct tracking. We compare the normalized distance between the tracked and the

ground truth positions, which is the ratio of the Euclidean distance between the two

points divided by the shorter axis of the detected ellipse. If this normalized distance

is greater than one, we consider this tracked position as false. The tracking accuracy

for each object is calculated by dividing the number of correct frames for that object

to the total number of frames.

Table 4.1 shows the comparison of two different PF approaches, joint and semi-

independent, with or without using mean-shift with different number of samples. The

results show that the joint PF approach with MSh has significantly higher accuracy

than the semi-independent approach. Similar or better accuracies are obtained with

MSh embedded method with substantially fewer number of particles. The best per-
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Table 4.1. Comparison of SI and Joint PF approaches, w/ or w/o MSh, for different

number of samples, in terms of tracking accuracy

# Right H. Left H. Face

Samples (%) (%) (%)

joint w/ MSh 50 94.49 96.24 99.98

joint w/ MSh 100 96.41 97.43 99.97

joint w/ MSh 200 96.37 97.09 99.97

joint w/o MSh 100 66.73 72.34 58.17

joint w/o MSh 200 79.17 84.97 77.77

joint w/o MSh 500 84.66 89.84 84.17

SI w/ MSh 50 77.58 89.55 99.97

SI w/ MSh 100 82.91 91.85 99.97

SI w/ MSh 200 83.74 90.57 99.97

SI w/o MSh 100 72.90 81.57 100.00

SI w/o MSh 200 72.96 82.41 100.00

SI w/o MSh 500 79.99 87.27 100.00

forming method, considering the accuracies for the hands, is the joint PF with mean

shift with 100 samples: the correct tracking accuracy is 99.9 for the face, 96.4% for the

right hand and 97.4% for the left hand.

Detailed analysis for the best performing approach is shown in Table 4.2. The

average distance (DIST) is calculated by the sum of Euclidean distances between the

ground truth positions and the detected object center, divided by the total number

of frames that the object exists. We also report number of false alarms (FA), missed

objects (FR), wrong locations (WL), the total erroneous frames (TEF) and the tracking

accuracy. TEF is the sum of FA, FR and WL.

We also analyze the performance of the tracking algorithm during occlusions.

Figures 4.2 and 4.3 show the estimates of the algorithm during a hand-hand and hand-

face occlusion, respectively. Table 4.3 shows the performance of the joint PF during

occlusions between Right hand - Face (RF), Left hand - Face (LF) and Left - Right



50

Table 4.2. Comparison of joint PF results with ground truth data. The average

distances (DIST), false alarms (FA), false rejects (FR), wrong locations (WL), the

total erroneous frames (TEF) and the accuracy (% Correct) are reported

DIST FA FR WL TEF % Correct

Face 9.97 0 0 6 6 99.97

Right hand 6.44 198 29 564 791 96.41

Left hand 6.39 121 30 414 565 97.43

Table 4.3. Occlusion handling accuracy. The total number of occlusions and occlusion

handling accuracy are reported for occlusions between Right hand-Face (RF), Left

hand-Face (LF) and Left-Right hands (LR). We also report the average and

maximum number of frames needed for recovery (FFR) after a failure

Occlusions FFR

Total % Correct Avg. Max

RF 356 62.64 2.8 12

LF 1 100 - -

LR 1943 93.62 1.6 18

hands (LR). We calculate the total number of frames with occlusion from the ground

truth data, based on the distance between the objects. Results show that we handle

the LR occlusions with 93.6% and RF with 62.6%. Note that hand-face occlusions can

be particularly difficult to track and recovery time is important. The average number

of frames needed for recovery (FFR) after a tracking failure during an occlusion is

around 2-3 which shows the robustness of our algorithm to failures and its ability to

recover fast.

4.5. Conclusions

We have presented a method for robust tracking of hands and the face on natural

signing videos. The method is based on a joint particle filter approach and the joint

likelihood models both the appearance and the respective positions of the hands and

the face. This joint modeling enables us to accurately track occluding objects and to
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maintain the correct labeling after the occlusion. The results show that our algorithm

is also suitable for applications where tracking is needed for long durations, such as

long sign sentences or sign conversations.
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5. Recognizing Signs with both Manual and Non-Manual

Components

5.1. Introduction

The problem of sign language recognition (SLR) is defined as the analysis of all

components that form the language and the comprehension of a single sign or a whole

sequence of sign language communication. SLR is a very complex task: a task that

uses hand shape recognition, gesture recognition, face and body parts detection, and

facial expression recognition as basic building blocks. Hand gesture analysis [16] is very

important for SLR since the manual signals are the basic components that form the

signs. However, without integrating non-manual signs, it is not possible to extract the

whole meaning of the sign. In almost all of the sign languages, the meaning of a sign

can be changed drastically by the facial expression or the body posture accompanying

a hand gesture. Current multimodal SLR systems either integrate lip motion and hand

gestures, or only classify either the facial expression or the head movement. There are

only a couple of studies that integrate non-manual and manual cues for SLR [58].

Non-manual signs in sign language have only recently drawn attention for recogni-

tion purposes. Most of those studies attempt to recognize non-manual information in-

dependently, discarding the manual information. However, the analysis of non-manual

signs is a must for building a complete SLR system: two signs with the same manual

component and different non-manual components can have completely different mean-

ings. The dependency and correlation of manual and non-manual information should

also be taken into account in a recognition task. For the case of isolated signs, the

manual and non-manual information coincide but the internal correlation and depen-

dency are fairly low. For each isolated sign, there may or may not be a non-manual

component. However, for continuous signing, the manual and non-manual components

do not have to coincide synchronously and non-manual signs may cover more than one

manual sign. This section is focused on isolated signs, assuming that subjects perform
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a manual sign with or without an accompanying non-manual sign. Continuous signing

is out of the scope of this work.

In this part of our work, we address the recognition of signs with both manual and

non-manual components using a sequential belief-based fusion technique. We propose

a methodology for integrating manual and non-manual information in a two-stage

sequential approach. The manual components, which carry information of primary

importance, are utilized in the first stage. The second stage, which makes use of non-

manual components, is only employed if there is hesitation in the decision of the first

stage. We employ belief formalism both to model the hesitation and to determine the

sign clusters within which the discrimination takes place in the second stage.

The methodology is based on (1) identifying the level of uncertainty of a classifi-

cation decision, (2) identifying sign clusters, i.e., groups of signs that include different

non-manual components or variations of a base manual component, and (3) identifying

the correct sign based on manual and non-manual information. Background informa-

tion on hidden Markov models and belief functions, are given in the Appendix A and

B respectively. Section 5.2 presents a numerical example on belief function usage. Sec-

tion 5.3 explains the sequential belief-based fusion technique and our methodology to

assign belief values to our decisions and to calculate the uncertainty. In Section 5.4,

we compare our fusion technique with other state of the art fusion techniques and give

the results of experiments with detailed discussions.

5.2. Belief Functions

Belief function formalism may be explained in many ways. The most intuitive

way is to consider it as a generalization of probability theory which provides a way

to represent hesitation and ignorance indifferently. This formalism is especially useful

when the collected data is noisy or semi-reliable. The details and the background

information on belief functions and the Partial Pignistic Transform (PPT) is given in

Appendix B and more information can be obtained from [95, 96, 97, 98]. In this section

we will illustrate the usage of belief functions on a numerical example (Table 5.1).
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Table 5.1. Numerical example for belief function usage

∅ S C T {S,C} {S, T} {T, C} {S, C, T}
m1 0 0.5 0 0 0.5 0 0 0

m2 0 0 0 0 0 0 0.4 0.6

m∩© = m1 ∩©m2 0.2 0.3 0.2 0 0.3 0 0 0

M1 0.2 0.45 0.35 0 0 0 0 0

M1|Ω 0 0.56 0.44 0 0 0 0 0

M2 0.2 0.3 0.2 0 0.3 0 0 0

Assume that we want to automatically classify a hand gesture. The gesture can

be the trace of one of the following shapes: square (S), circle (C) or triangle (T). The

gesture is analyzed by two different sensors, each giving an estimation of its shape. The

observations of the sensors are expressed as beliefs, m1(.) and m2(.), and the powerset

of hypotheses for the shape of the gesture is defined as 2Ω = ∅, S, C, T , {S, C},
{S, T}, {T,C}, {S, C, T}. The two beliefs (m1,m2) are fused into a new belief (m∩©)

via Dempster’s rule of combination (Equation B.1), which is a rule to combine several

belief functions into a global belief function. As the gesture has a single shape, the belief

in union of shapes, m∩©, is meaningless from a decision making point of view. Then,

if one needs to make a complete decision without hesitation (M1), partial pignistic

transform with the first frame of decision, 1-PPT, can be used (see Equations B.3 and

B.4). In addition, if we assume that the analyzed gesture is always either of the three

shapes we consider, then the belief in the empty set is not meaningful and conditioning

on Ω leads to the same result as the classical pignistic transform (M1|Ω). If the sensors

are not precise enough to differentiate between two particular gestures, then, 2-PPT

may be used (M2). In this example, M2 = m∩© as there is no uncertainty in the elements

with cardinality three to share: m∩©({S,C, T}) = 0.

5.3. Sequential Belief Based Fusion

In a SLR problem, where each sign is modeled by a generative model, such as an

HMM, the classification can be done via the maximum likelihood approach, where the
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sign class of the HMM that gives the maximum likelihood is selected. However, this

approach does not consider situations where the likelihoods of two or more HMMs are

very close to each other. The decisions made in these kinds of cases are error-prone

and further analysis must be made.

In HMM based SLR, each HMM typically models a different hypothesis for the

sign to be recognized. Our purpose is to associate a belief function with these likeli-

hoods. Then, it is possible to model these error-prone cases by associating high belief

into the union of hypotheses. By analyzing the proportion of belief which is associated

with multiple hypotheses, it is possible to decide whether the classification decision

is certain or error-prone. Then, we propose the following process: If the analysis in-

dicates significant uncertainty in the decision of the first classification step, a second

classification step must be applied. This second classification step is only applied to

classes among which the uncertainty is detected.

In the following sections, we explain how to convert the HMM likelihoods to

beliefs, how to introduce uncertainty using the calculated belief values and how to use

this uncertainty for sequential fusion.

5.3.1. Belief Function Definition from HMM Log-likelihoods

We present a method to derive a belief function over the powerset of classes

from the HMM log-likelihoods calculated for each class. The purpose is to convert

the information contained in the log-likelihoods into the evidential formalism, so that

corresponding methods in data fusion and decision making are usable.

The general idea is to automatically copy the fashion in which an expert would

associate a BF to a set of likelihoods: In the case of an HMM having a significantly

larger likelihood than the other HMMs, an expert is able to place her/his belief into it.

On the contrary, s/he is able to share the belief among a set of HMMs which roughly

have the same likelihoods.
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Calculate the HMM log-likelihoods for each class:

1. For all pairs, compute the difference in the log-likelihoods.

2. Compute the standard deviation of the differences.

3. For each pair, model the hesitation via a normal distribution.

4. For each pair, create a belief function based on the hesitation model. This BF defines the

belief on each class separately and also on the combination of the classes.

5. Combine these belief functions into a single belief function.

Figure 5.1. Algorithm to compute belief function from HMM log-likelihoods

A way to understand this is to see the human being as capable of considering

simultaneously several pairwise comparisons and to apprehend their global interactions.

We propose to analytically copy this behavior: Let us consider all possible pairs of

HMMs involved, and associate a belief function to each of them. We assume that the

higher the likelihood is, the more believable the corresponding sign. Then, the margin

between the likelihoods of two HMMs is a basis for local decision [6]. The next crucial

step is to decide how to numerically associate a belief function over the powerset of

every pair. In Figure 5.1, a summary of the algorithm to compute the beliefs from

HMM log-likelihoods is given. The details of the algorithm is explained in B.2.

5.3.2. Introducing Uncertainty via Belief Functions

In our classification problem, we have signs with manual and non-manual infor-

mation. We call signs that share the similar manual component as a “cluster”. We

hypothesize that it will be easier to differentiate between signs from different clusters.

The signs in the same cluster can be differentiated via the non-manual component.

However, the non-manual features can be noisy as a result of the data collection setup

(i.e. 2D acquisition instead of 3D) and the feature extraction process. In some signs,

the hand can be in front of the head, whereas in others, the face detector fails. Thus,

we consider a potential absence of information with respect to this non-manual com-

ponent. Then, our purpose is to make a decision only when it is sensible to do so, but

also to accept a part of indecision when the information is not meaningful. We propose

to apply the belief formalism to the problem,

• To model the hesitation among the gestures by a belief function computed from
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Figure 5.2. Sequential belief-based fusion flowchart

a set of likelihoods.

• To make a decision with the partial pignistic transform (Equation B.4).

With respect to the quality of the information available among the features, we assume

that the decision between the clusters will be complete, but a hesitation may remain

within a cluster (concerning the non-manual component). In order to make a final

decision within a cluster, we need a second stage of decision.

5.3.3. Sequential Fusion with Uncertainty

The sequential belief based fusion technique consists of two classification phases

where the second is only applied when there is hesitation (see Figure 5.2). The necessity

of applying the second phase is given by the belief functions defined on the likelihoods

of the first bank of HMMs. The eventual uncertainty calculated from those beliefs (via

the PPT) is evaluated and resolved via the second bank of HMMs. In this setup, the

assumption is that the HMMs of the first bank are more general models which are

capable of discriminating all the classes up to some degree. The HMMs of the second

bank are specialized models and can only be used to discriminate between a subset of

classes, among which there is an uncertainty. These uncertainties between classes are

used to identify the sign clusters in which the second bank of HMMs are capable of

discriminating.



58

Table 5.2. Signs in eNTERFACE’06 Database

Hand Head

Base Motion Motion

Sign Variant Variation (NMS)

Clean
Clean

Very clean X

Afraid
Afraid

Very afraid X X

Fast
Fast

Very fast X

Drink
To drink X
Drink (noun) X

Open (door)
To open

door (noun) X

Hand Head

Base Motion Motion

Sign Variant Variation (NMS)

Here

[smbdy] is here X
Is [smbdy] here? X
[smbdy] is not here X

Study

Study

Study continuously X X
Study regularly X X

Look at

Look at

Look at continuously X X

Look at regularly
X X

5.4. Methodology & Experiments

In order to assess the appropriateness of our belief-based method, we have per-

formed experiments to compare it with several other mechanisms for fusing manual and

non-manual signs. The experiments are conducted on a sign language database which

has been collected during the eNTERFACE’06 workshop. In the following section, we

give details about this database.

5.4.1. eNTERFACE’06 ASL Database

The signs in the eNTERFACE’06 ASL Database [2] are selected such that they

include both manual and non-manual signs. There are eight base signs that represent

words and a total of 19 variants which include the systematic variations of the base

signs in the form of non-manual signs, or inflections in the signing of the same manual

sign. A base sign and its variants will be called a “base sign cluster” for the rest of

this paper. Table 5.2 lists the signs in the database. As observed from Table 5.2, some

signs are differentiated only by the head motion; some only by hand motion variation

and some by both. Two example signs are illustrated in Fig.5.3.

The dataset is divided to training and test sets where 532 examples are used for

training (28 examples per sign) and 228 examples for reporting the test results (12
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(a) (b)

Figure 5.3. Example signs from the eNTERFACE’06 ASL database: (a) HERE and

NOT HERE, (b) CLEAN and VERY CLEAN

examples per sign). The subjects in training and test sets are different except for one

subject whose examples are divided between training and test sets. The distributions

of sign classes are equal both in training and test sets. For the cases where a validation

set is needed, we apply a stratified 7-fold cross validation (CV) on the training set.

The details of the analysis and feature extraction on the eNTERFACE’06 ASL

database are given in Section 7.1. Sign features are extracted both for manual signs

(hand motion, hand shape, hand position with respect to face) and non-manual signs

(head motion). For hand motion analysis, the center of mass (CoM) of each hand is

tracked and filtered by a Kalman Filter. The posterior states of each Kalman filter: x,

y coordinates of CoM, and horizontal, vertical velocity, form the hand motion features.

Hand shape features are appearance-based shape features calculated on the binary

hand images. These features include the parameters of an ellipse fitted to the binary

hand and statistics from a rectangular mask placed on top of the binary hand. For

head motion analysis, the system detects rigid head motions such as head rotations and

head nods [99]. The orientation and velocity information of the head and the quantity

of motion are used as head motion features.
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5.4.2. Clustering for Sequential Fusion

In this context, we define a sign cluster as a group of signs which are similar

and the differences are either based on the non-manual component or variations of

the manual component. From the semantic interpretation of the signs in the database

(see Table 5.2), we can define the base sign clusters as shown with the bold lines in

Figure 5.5. In Figures 5.5(a) and (b), the bold lines indicate the semantic clusters.

In a classification task, although one can utilize prior knowledge such as the sign

clusters based on semantic information, this has some disadvantages. First, it is not

guaranteed that these semantic clusters are suitable for the classification task, and

second, the trained model will be database dependent and extending the database

with new signs will require the re-definition of the cluster information. Thus, an au-

tomatic clustering method that depends on the data and considers the capabilities of

the classifier would be preferable.

We propose two methods for automatic identification of the clusters: The first

method is based on belief formalism, and the second method is based on the classi-

fication errors without any belief calculation. For the latter, we propose to use the

confusion matrix for cluster identification; and for the former we propose to use the

hesitation matrix. In both cases, the cluster identification is done by applying cross-

validation on the training data. The confusion/hesitation matrices of each fold are

combined to create a joint matrix, which is used to identify the clusters (Figure 5.4).
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The joint confusion matrix is formed by summing the confusion matrices of the

validation sets in a cross validation stage. We investigate the misclassifications by

using the joint confusion matrix. To convert a joint confusion matrix to a sign cluster

matrix, for each sign, we cluster all signs among which there is confusion. If all samples

of a sign class are correctly classified, the cluster of that sign class only contains itself.

Otherwise for each misclassification, we mark that sign as potentially belonging to the

cluster. For example, assume that sign i is only confused with sign j. Then the sign

cluster of class i is (i, j). The marked signs become members of the cluster when the

number of misclassifications exceeds a given threshold. We use 10% of the total number

of validation examples as the threshold value. Figure 5.5(a) shows the sign clusters

identified via the confusion matrix for the eNTERFACE’06 sign data.

In belief formalism, we use the uncertainties in the decisions of the first stage

classifier to define the sign clusters (Figure 5.5(b)). For this purpose, only the ele-

ments which are hesitation-prone are considered in a hesitation matrix. The elements

without any hesitation, either complete mistakes or correct ones are excluded form the

calculation of this hesitation matrix. This is equivalent to a confusion matrix but the

sum over the matrix is equal to the number of hesitations. Each hesitation is multiplied

by the number of elements among which the hesitation occurs. Then this matrix is

transformed so that it is closed, transitive and reflexive. The classes of equivalence in

this matrix correspond to the clusters. The number of elements within each hesitation

is directly related to the γ parameter, which is the uncertainty threshold for the PPT.

To simply tune it, we propose to approximately set it to the number of signs within

the base sign clusters (i.e. γ = 2 or 3).

Figure 5.5 shows the sign clusters identified by the two techniques, by confusions

in the joint confusion matrix and by uncertainties provided by the belief functions,

respectively. Boldly outlined squares show the base sign clusters and for each row,

shaded blocks show the identified clusters for the corresponding sign. The problem

with the confusion matrix method is its sensitivity. Even a single mistake causes a

cluster formation. On the other hand, the belief based method robustly identifies the

uncertainties and provides robust clusters.
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(a) (b)

Figure 5.5. Sign clusters (a) identified by the joint confusion matrix of 7-fold CV, (b)

identified by the uncertainties between the classes in 7-fold CV. Clusters are shown

row-wise, where for each sign row, the shaded blocks show the signs in its cluster.

Bold lines show the clusters indicated by prior semantic knowledge, which we do not

use

(a) (b)

Figure 5.6. Example signs: (a) DRINK, and (b) TO DRINK differ with the head

motion and variations in the hand motion

At this point it is helpful to discuss the clustering results and their interpretation

with respect to the signs in the database. As listed in Table 5.2, there are eight base

signs in the database. The 19 signs are formed either by adding non-manual information

to the base sign or by variations in the signing of the base sign and sometimes, both.

Thus in a sign cluster, not all the confusions can be resolved by utilizing only non-

manual information. Here we give the details of the base signs and discuss the clustering

results shown in Figure 5.5(b).

• Signs DOOR and TO OPEN are only differentiated by the positioning of the

hands and their speed and there is no non-manual information to differentiate

between them. Although the clustering method puts these two signs in the same

cluster, one can not expect to have a correct decision at the second step by

only utilizing the non-manual component. For these signs the confusion must be
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resolved at the first step by the manual information.

• Signs DRINK and TO DRINK are differentiated by both non-manual information

and variations in signing (See Figure 5.6). TO DRINK sign imitates a single

drinking action with the head motion. DRINK sign is performed without head

motion and with repetitive hand motion. However, as the hand is in front of the

mouth region, for some frames, the face detector fails and provides wrong feature

values that mislead the recognizer.

• Signs HERE, IS HERE, NOT HERE have exactly the same manual sign but the

non-manual sign differs. Thus when only manual information is used, confusions

between these three signs are expectable. Non-manual information resolves the

confusions in the cluster.

• For the LOOK AT sign, the differentiation is provided by both non-manual infor-

mation and variations in signing. However, the hands can be in front of the head

for many of the frames. For those frames, the face detector fails and provides

wrong feature values that mislead the recognizer.

• The STUDY sign: It is interesting to observe that in Figure 5.5(b), the base study

sign is clustered into two sub-clusters. This separation agrees with the nature of

these signs: In the sign STUDY, there is a local finger motion without any global

hand motion, and this directly differentiates this sign from the other two varia-

tions (See Figure 5.7). The confusion between the manual components of STUDY

REGULARLY and STUDY CONTINUOUSLY can stem from a deficiency of the

2D capture system. The hand motion of these two signs differ mainly in depth.

However, the non-manual components can be used at the second stage to resolve

this confusion.

• For signs AFRAID, FAST, and CLEAN, a non-manual sign is used to emphasize

their meaning (signs VERY AFRAID, VERY FAST, and VERY CLEAN). Each

of these signs and their emphasized versions are put in the same cluster and

the confusion inside these clusters can be resolved by utilizing the non-manual

component.
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(a) (b)

Figure 5.7. Example signs (a) STUDY, and (b) STUDY REGULARLY differ with

the head motion and global hand motion

5.4.3. Reference Algorithms

To model the manual and non-manual components of the signs and perform

classification, we train three different HMMs:

• HMMM : Uses only manual features (hand motion, shape and position with re-

spect to face)

• HMMN : Uses only non-manual features (head motion)

• HMMM&N : Uses both manual and non-manual features (manual features plus

head motion)

5.4.3.1. HMM Classification and Feature Level Fusion. We train HMMs for each sign

and classify a test example by selecting the sign class whose HMM has the maxi-

mum log-likelihood. The HMM models are selected as left-to-right 4-state HMMs with

continuous observations where Gaussian distributions with full covariance are used to

model the observations at each state. The Baum-Welch algorithm is used for HMM

training. Initial parameters of transition, prior probabilities and initial parameters of

Gaussians are selected randomly.

We compare the classification performance of HMMM and HMMM&N to see the

information added by the non-manual features via feature level fusion. The classifica-

tion results of these two models should show us the degree of effective utilization of the

non-manual features when combined into a single feature vector with manual features.

Although there is no direct synchronization between the manual and non-manual com-

ponents, the second model, HMMM&N , models the dependency of the two components
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(a) (b)

Figure 5.8. Classification results and confusion matrices. (a) Confusion matrix of

HMMM . 97.8% base sign accuracy, 67.1% total accuracy. (b) Confusion matrix of

HMMM&N . 99.5% base sign accuracy, 75.9% total accuracy. Rows indicate the true

class and columns indicate the estimated class. Base sign and its variations are

grouped and shown in bold squares. In both of the cases, classification errors are

mainly between variations of a base sign

for sign identification.

The classification results and confusion matrices are shown in Figure 5.8. Al-

though the classification accuracy of HMMM&N is slightly better than HMMM , total

accuracy is still low. The high dimensionality of the feature vector (61 features per

frame) can be a cause of this low accuracy. The curse of dimensionality affects HMM

training. Another factor is that the non-manual features can be noisy as a result of

wrong face detection, especially when hands are in front of the face. Besides, non-

manual information is a secondary component of the sign and when analyzed together,

the manual information may override the non-manual part. In any case, although it

causes an improvement, non-manual information is not effectively utilized by feature

fusion in HMM classification. However, it is worth noting that the classification errors

in both of the models are mainly between variants of a base sign and out of cluster

errors are very few.

A further investigation of the classification results shows that in about 97.5% of

the examples, the true class resides among the first three highest likelihoods, if not the
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(a) (b)

Figure 5.9. Rank distribution of the true class likelihoods of (a) HMMM , 97.3% rank

3 accuracy, (b)HMMM&N , 97.8% rank 3 accuracy

maximum (see Figure 5.9). By further analyzing the first three highest likelihoods, one

might increase the performance.

5.4.3.2. Parallel Score Level Fusion. Results of the previous section show that manual

and non-manual information are not effectively utilized by feature level fusion. In

parallel score level fusion, two independent experts are used and the scores (confidences,

likelihoods . . .) of these experts are combined with several combination rules. In this

setup, the idea is to use one expert that models manual information (HMMM) or

manual and non-manual information together (HMMM&N) and to combine the scores

of this expert with another one that models non-manual information (HMMN). We use

the sum rule to combine the log-likelihoods of the HMM experts. To use as a reference

fusion method, we applied parallel fusion of the scores of (1) HMMM and HMMN , (2)

HMMM&N and HMMN . The comparative results are shown in Table 5.3.

5.4.4. Sequential Score Level Fusion

Our proposed belief-based sequential fusion mechanism aims to identify the clus-

ter of the sign in the first step and to resolve the confusion inside the cluster in the

second step. For comparison purposes, we propose another sequential fusion technique

which follows the same strategy but only uses the HMM likelihoods without any belief
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formalism. In each of these techniques, information related to the sign cluster must be

provided. In this section, we summarize each sequential fusion method.

5.4.4.1. Sequential Fusion based on HMM Likelihoods. A two step sequential fusion

technique in which the sign clusters are automatically identified during training by the

joint confusion matrix of 7-fold CV (see Figure 5.5(a)). In this method, the fusion

methodology is based on the likelihoods of the HMMs. We give the base decision by a

general model, HMMM&N , which uses both hand and head features in the same feature

vector. The cluster of the selected sign is determined by the previously identified

clusters. In the second stage the classifier only considers signs within the identified

cluster. The decision is made by selecting the sign with the maximum likelihood of

HMMN .

The system uses the trained HMM models. The training is two-fold:

1. Train two HMM models for each sign, HMMM&N and HMMN .

2. Extract the cluster information via the joint confusion matrix of HMMM&N (Sec-

tion 5.4.2).

The fusion strategy for a test sample is as follows:

1. Calculate the likelihoods of HMMM&N for each sign class and select the sign class

with the maximum likelihood as the base decision.

2. Send the selected sign and its cluster information to HMMN .

3. Combine the likelihoods of HMMM&N and HMMN with the sum rule and select

the sign with the maximum likelihood as the final decision.

5.4.4.2. Sequential Fusion based on Belief Functions and Uncertainties. A two step se-

quential fusion technique in which the sign clusters are automatically identified during

training by the uncertainties calculated from the beliefs on each sign is utilized (see

Figure 5.5). The difference of this method from the likelihood-based one is twofold: (1)
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the cluster identification method is based on belief functions (2) It is not mandatory

to proceed to the second stage. If our belief about the decision of the first stage is

certain, then we use that decision. The steps of the technique can be summarized as

follows (also see Figure 5.2):

1. Automatically identify the clusters via uncertainties.

2. Define the uncertainty threshold (γ) for PPT and the standard deviation (σ) of

the hesitation pattern.

3. Convert the likelihoods of the first stage HMMs (HMMM&N) to belief functions

as explained in Appendix B.2.

4. Apply the PPT.

(a) If there is no uncertainty in the result, decide accordingly.

(b) Otherwise, identify the cluster of this sign and proceed to the second stage.

5. In the second stage, only consider the signs within the identified cluster.

6. The decision is made by selecting the sign with the maximum likelihood of

HMMN .

5.4.5. Results

The accuracies with different fusion techniques are summarized in Table 5.3.

The automatically identified clusters using 7-fold CV can be seen in Figs. 5.5a and

5.5b, for the two techniques, fusion using likelihoods and fusion using belief functions,

respectively. We have used the notations ⇒ and →, respectively for these two fusion

methods to indicate the difference in the process of proceeding to the second stage,

where ⇒ indicates unconditional proceeding whereas → indicates a condition based

on the belief-based analysis. Base sign clusters are as defined in the previous sections.

Manually defined sign clusters are tuned manually by the human expert to emphasize

the fact that even if it is tuned manually by taking the properties of the classification

and analysis methods into consideration, the proposed method with automatically

defined clusters is superior.

Sequential-belief based fusion has the highest accuracy (81.6%) among all im-



69

Table 5.3. Classification performance

Fusion Cluster Test

Models method identification Accuracy

R
ef

er
en

ce

HMMM No fusion - 67.1%

HMMM&N Feature - 75.9%

HMMM + HMMN Parallel - 70.6%

HMMM&N + HMMN Parallel - 78.1%

P
ro

p
o
se

d

HMMM&N ⇒HMMN Sequential

likelihood

Base sign clusters 73.7%

HMMM&N ⇒HMMN Sequential

likelihood

Manually defined 78.1%

HMMM&N ⇒HMMN Sequential

likelihood

Automatic via

confusion matrix

75.0%

HMMM&N ⇒HMMN Sequential

likelihood

Automatic via

uncertainties

73.3%

HMMM&N →HMMN Sequential

belief-based

Automatic via

uncertainties

81.6%

plemented techniques. The reason for this success is both based on the robustness of

the belief-based cluster identification and the possibility of accepting the first stage

classification decision by taking advantage of belief formalism. The effect of the latter

can be seen from the last two lines of Table 5.3, where the same clustering result,

based on uncertainties calculated from belief functions, gives a very low accuracy if

we do not apply belief-based decision analysis. For the former, when the clusters are

not properly and robustly defined, the classification performance may degrade. This

effect can be seen in Table 5.3 where we report the accuracies of sequential likelihood

fusion with different cluster identification techniques. When compared with the base

model, HMMM&N , the classification accuracy is lower in three of the cluster identifica-

tion methods and only higher with manually defined clusters. The main reason is that

when belief-based decision analysis is not applied, the classifier proceeds to the next

stage unconditionally, regardless of the first stage decision, and correct classifications

of the first step are altered.

Although the time dependency and synchronization of manual and non-manual

features are not that high, feature fusion still improves the classification performance

(13% improvement) by providing extra features of non-manual information. This im-

provement is also superior to parallel score fusion of manual and non-manual models,
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showing the need for co-modeling. However, the modeling of HMMM&N is not suffi-

cient and still has low accuracy. The classification performance is improved by adding

an extra expert, HMMN , and by performing parallel score level fusion with another

expert, HMMM&N (3% improvement to HMMM&N and 16% improvement to HMMM).

However, the sequential belief-based fusion and the clustering idea is superior since the

manual information forms the primary component and the non-manual information

forms the secondary component of a sign. The sequential belief-based fusion method

processes the signs according to this information. The analysis of wrongly classified

examples shows that in most of the cases the wrong decision is due to the lack of 3D

information, or due to failure in face detection. Since we use 2D features, some of the

signs resemble each other (e.g. signs STUDY CONTINUOUSLY and STUDY REG-

ULARLY). Failures in face detection mainly occur when the hand occludes the face;

thus resulting in wrong head tracking results. There are also a few examples where the

wrong classifications are due to hand tracking mistakes.

5.5. Conclusions

We have compared several fusion techniques for integrating manual and non-

manual signs in a sign language recognition system. A dedicated fusion methodology

is needed to cover the specialties of the usage of manual and non-manual signs in

sign languages. We propose to use a two-step fusion methodology: The first step

mainly depends on the manual information and the second step only utilizes non-

manual information. This is inspired by the fact that the manual component is the

main component in sign language communication. In many of the signs, the information

can be conveyed without the need for non-manual signals. However, when a non-

manual sign is used, it may radically change the meaning of the manual sign, by either

emphasizing it, or indicating a variation. Hence, one can not discard the non-manual

signs in a complete recognition system. Our proposed belief-based fusion mechanism is

based on this observation and applies a two-step fusion approach. The first step of the

fusion mechanism applies feature level fusion on manual and non-manual components

and attempts to make a decision. The decision is analyzed by the belief formalism and

by considering a potential absence of information, and it can be accepted or a hesitation
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between some of the sign classes can be expressed. This hesitation is expected to remain

inside the sign cluster and the second step aims to resolve the hesitation by considering

only the non-manual component.

The key point of our belief-based fusion approach is two-fold. First, it has a two-

step decision phase and if the decision at the first step is without hesitation, the decision

is immediately made, without proceeding to the next step. This would speed up the

system, since there is no need for further analysis. Even in the case of a hesitation, the

decision of the first step identifies the cluster which the test sign belongs to, if not the

exact sign class. Second, the sign clusters are identified automatically at the training

phase and this makes the system flexible for adding new signs to the database by just

providing new training data, then training models for the new signs and running the

belief formalism to find the new sign clusters.

These two key points root in the capability of the PPT to make a decision which

is a balance between the risk of a complete decision and the cautiousness of a par-

tial decision. It is able to provide a singleton decision when supported, but on the

other hand, as long as the information is too hesitation-prone, it makes an incomplete

decision. Then, it is automatically decided whether the second stage is used or not.

Our results show that automatic belief based clustering even outperforms manual la-

beling based on semantic information in identifying base sign clusters and variations

within clusters. Finally, this methodology can also be used in other linked problems,

such as identifying grammatical processes or performance differences in sign languages

provided that necessary features are extracted.
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6. Combining Generative and Discriminative Models for

Recognizing Hand Gestures and Signs

6.1. Introduction

Gesture and sign recognition relies on modeling the spatial and temporal com-

ponents of the hand. This can be achieved by using models that can handle variable

length sequences and the dynamic nature of the data. Several methods such as Fi-

nite State Machines (FSM), Time-delay neural networks (TDNN), HMMs or template

matching [16] are applied in these kinds of systems, with HMMs being the most exten-

sively used method.

Fisher kernels are proposed as a methodology to map variable length sequences

to a new fixed dimension feature vector space [100]. The mapping is obtained by

differentiating of the parameters of an underlying generative model. This new feature

space is called the Fisher score space [101] and on this score space, any discriminative

classifier can be used to perform a discriminative training. The main idea of Fisher

kernels is to combine generative models with discriminative classifiers to obtain a robust

classifier which has the strengths of each approach. Since each Fisher score space is

based on a single generative model, the new feature space is assumed to be suitable for

binary classification problems in nature.

In the literature, Fisher kernels have been applied to binary classification prob-

lems such as bio-sequence analysis [100], protein homology detection [102], and also to

multi-class classification (multi-class classification) problems such as audio classifica-

tion [103], speech recognition [101], object recognition [104], texture classification [105],

and face recognition [106]. To solve these multi-class classification problems, in most

of these works, the researchers apply either a one-versus-one (1vs1) or a one-versus-all

(1vsAll) scheme. In 1vs1 and in 1vsAll, binary classification is applied to two classes

and then the decisions of the binary classifiers are combined [103][101][104][105]. In

[106], the authors concatenated all the Fisher scores generated from the models of each
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class into a single feature vector. Then, they apply a multi-class classification to this

combined feature vector and achieve higher recognition performance when compared

to binary classification schemes. There are also several other approaches, other than

Fisher kernels, to learn sequential data via discriminative models [107, 108].

This study aims to use Fisher kernels to map the original variable length gesture

and sign sequences based on HMMs to the fixed dimension Fisher score space, and apply

a discriminative multi-class classification on this new feature space. We propose a new

multi-class classification scheme that applies a multi-class classification on the Fisher

score space of each generative model. In this approach, we use the discriminative power

of the Fisher scores of one class to classify other classes. We compare this scheme with

the other techniques applied for multi-class classification and show that the method is

both accurate in comparison with the binary classification schemes and computationally

more effective than concatenating all the score spaces into one feature vector, especially

in terms of the memory requirements for high dimensional problems. Our results show

that if the multi-class scheme is not properly determined, the recognition performance

of the combined classifier may decrease even with respect to the underlying generative

model.

One disadvantage of the Fisher scores is the high dimensionality of the generated

feature vectors. The dimension of the new feature vector is directly related to the

number of parameters of the underlying generative model. Although the generative

models for gesture and sign sequences are as simple as a left-to-right HMM with a

few states, the dimensionality of the Fisher scores gets higher with the feature dimen-

sionality of the sequences and the number of classes. So both the computation of the

Fisher scores and the discriminative training on the new feature space become costly.

We analyse the effect of the parameters of the generative model and each score space,

on the recognition performance. To reduce this computational complexity, we propose

and compare several methodologies such as parameter selection, dimensionality reduc-

tion with PCA or LDA, and score space selection. We show that the complexity can

be further reduced, without any compensation in the accuracy, by an intelligent score

space selection strategy.
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We conduct experiments on two datasets, a hand gesture and a sign language

dataset. We compared the performance of several multi-class classification schemes

and show that the proposed scheme provides the highest accuracy and enhances the

performance of the base classifier the most. We also performed experiments on reducing

the computational complexity of the Fisher score computation and classification steps.

The organization of the chapter is as follows: In Section 6.2, we introduce the Fisher

kernel methodology in detail. The multi-class classification strategies are discussed in

Section 6.3 and Section 6.4 presents our proposed multi-class classification strategy. In

Section 6.5, we discuss several strategies for reducing the computational cost of Fisher

score calculation and classification. The results of the experiments are reported in

Section 6.6.

6.2. Fisher Kernels and Score Spaces

A kernel function can be represented as an inner product between feature vectors:

K(Xi, Xj) =< φ(Xi), φ(Xj) > (6.1)

where φ is the mapping function that maps the original examples, X, to the feature

vectors in the new feature space. By choosing different mapping functions, φ, one has

the flexibility to design a variety of similarity measures and learning algorithms.

A mapping function that is capable of mapping variable length sequences to

fixed length vectors enables the use of discriminative classifiers for variable length

examples. Fisher kernel [100] defines such a mapping function and is designed to

handle variable length sequences by deriving the kernel from a generative probability

model. The gradient space of the generative model is used for this purpose. The

gradient of the log likelihood with respect to a parameter of the model describes how

that parameter contributes to the process of generating a particular example. All

the structural assumptions encoded in the model about the generation process are

naturally preserved in this gradient space [100]. Higher order Fisher Kernels can also

be constructed by taking the second or third order derivatives.
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Fisher Score, UX , is defined as the gradient of the log likelihood with respect to

the parameters of the model:

UX = ∇θlogP (X|θ) (6.2)

The unnormalized Fisher Kernel, UX , defines a mapping to a feature vector, which

is a point in the gradient space of the manifold of the probability model class. The

direction of steepest ascent in logP (X|θ) along the manifold can be calculated by the

Fisher Score, UX . The local metric of this Riemannian manifold is given by the Fisher

Information Matrix (also known as the Hessian Matrix), I, where I = E(UXUT
X). By

mapping the examples into feature vectors using φ(X) = I−
1
2 UX , the normalized Fisher

Kernel can be defined as follows [100].

K(Xi, Xj) = UT
Xi

I−1UT
Xj

(6.3)

The normalization via the Fisher Information Matrix is applied to obtain linear

translation invariance. It is important to note that true normalization can only be

obtained by using the full covariance matrix of the score space. However, the exact

calculation is only possible when the underlying distribution is known. Another prob-

lem is the computational load of the inversion of large matrices. Approximations to

this matrix must be made. Fisher Information Matrix is one of the approximations

to the covariance matrix of the score space and this approximation is only valid when

the expectation in the score space is 0. Another approximation is to use the diagonal

of the covariance matrix estimated from the scores in training set. In some situations,

where normalization is not essential, a simplified form of the Fisher Kernel can also be

used.

KU(Xi, Xj) = UT
Xi

UT
Xj

(6.4)

In this work, we normalized the score space using the diagonal of the covariance matrix

of the score space estimated from the training set.
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Table 6.1. Fisher, likelihood and likelihood ratio score spaces

Score Space Feature Vector

FSS ∇Θ̂1
log p1(O|Θ̂1)

LSS


 log p1(O|Θ̂1)

∇Θ̂1
log p1(O|Θ̂1)




LRSS




log p1(O|Θ̂1)− log p2(O|Θ̂2)

∇Θ̂1
log p1(O|Θ̂1)

−∇Θ̂2
log p2(O|Θ̂2)




In practice, Fisher Scores are used to extract fixed size feature vectors from

variable length sequences modeled with any generative model. This new feature space

can be used with any discriminative classifier. However, the dimensionality of this new

feature space can be high when the underlying generative model has many parameters

and the original feature space is multivariate. Thus, SVMs become a good choice of a

classifier since they do not suffer from the curse of dimensionality.

6.2.1. Fisher Score Spaces

Score spaces are generalizations of Fisher kernels and define the mapping space

[109]. A score space is derived from the likelihood of generative models. Score vectors

are calculated by applying a score operator to the score argument. Score argument can

be the log likelihood or posterior of the generative model. Score operator can be the

first or second derivative, or the argument itself. Table 6.1 shows the Fisher (FSS),

Likelihood (LSS) and Likelihood Ratio (LRSS) score spaces. p1(O|θ̂1) and p2(O|θ̂2)

are the likelihood estimates produced by the generative models of class 1 and class 2,

respectively. Other score spaces and their derivations can be found in [101].

The difference between the FSS and the LSS is that the latter also uses the

likelihood itself in the score vector. LRSS represents the two classes by putting the
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likelihood ratio instead of the likelihood in the score vector, together with the score

operators for each of the classes.

6.2.2. Fisher Kernels for HMMs Using Continuous Density Mixture of

Gaussians

In gesture recognition problems, HMMs are extensively used and have proven

successful in modeling hand gestures. Among different HMM architectures, left-to-

right models with no skips are shown to be superior to other HMM architectures [110]

for gesture recognition problems.

In this work, we have used continuous observations in a left-to-right HMM with

no skips. The parameters of such an architecture are, prior probabilities of states, πi,

transition probabilities, aij and observation probabilities, bi(Ot) which are modeled by

mixture of M multivariate Gaussians:

bi(Ot) =
M∑

m=1

wim N (Ot; µim, Σim) (6.5)

where Ot is the observation at time t and wim, µim, and Σim are weight, mean and

covariance of the Gaussian component m at state i, with a total of M Gaussian com-

ponents.

For a left-to-right HMM, the prior probability matrix is constant since the system

always starts with the first state with π1 = 1. Moreover, using only self-transition

parameters is enough since there are no state skips (aii + ai(i+1) = 1). Observation

parameters in the continuous case are weight, wim, mean, µim and covariance, Σim of

each Gaussian component. The first order derivatives of the log-likelihood, P (O|θ)
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with respect to each parameter are given below:

∇aii
=

T∑
t=1

γi(t)

aii

− 1

T aii (1− aii)
(6.6)

∇wim
=

T∑
t=1

[
γim(t)

wim

− γi1(t)

wi1

] (6.7)

∇µim
=

T∑
t=1

γim(t) (Ot − µim)T Σ−1
ik (6.8)

∇Σim
=

T∑
t=1

γim(t) [−Σ−1
im + Σ−1

im (Ot − µim) (Ot − µim)T Σ−1
im] (6.9)

where γi(t) is the posterior of state i at time t and γim(t) is the posterior probability

of component m of state i at time t, and T is the total length of the data sequence.

Since the component weights of a state sum to 1, one of the weight parameters at each

state, i.e. wi1, can be eliminated. The derivations of these gradients are given in A.2.

These gradients are concatenated to form the new feature vector which is the Fisher

score. The log-likelihood score space where log-likelihood itself is also concatenated to

the feature vector is given as:

φOt = diag(ΣS)−
1
2

[
log p(Ot|θ) ∇aii

∇wim
∇µim

∇vec(Σ)im

]T

(6.10)

When the sequences are of variable length, it is important to normalize the scores

by the length of the sequence. We have used sequence length normalization [109]

for normalizing variable length gesture trajectories by using normalized component

posterior probabilities, γ̂im(t) = γim(t)∑T
t=1 γi(t)

, in the above gradients.

6.3. Methods for Multi-class Classification Using Fisher Scores

As Fisher kernels are extracted from generative models which are trained with the

examples of a single class, the new feature space of Fisher scores is mainly representative

of the examples of that class. In [100], where the idea of Fisher kernels is proposed,

the authors applied Fisher scores to a binary classification problem.
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For a binary classification problem, one might have three different score spaces

based on likelihoods:

1. LSS from the generative model of Class 1

2. LSS from the generative model of Class 2

3. LRSS from the generative models of Class 1&2

LRSS contains discriminative features from each class and provides a good repre-

sentation for binary classification problems. Thus, it gives slightly better results [101]

with respect to LSS, which is based on single class information.

Similarly, for a multi-class problem, Fisher scores from each generative model

must be combined to obtain a good multi-class representation. In the next section, we

summarize four schemes that are commonly used for the multi-class classification on

Fisher scores. We present our approach, (MDLC) in Section 6.4. A summary of all the

schemes is given in Figure 6.1.

6.3.1. Commonly Used Multi-Class Classification Methods

To extend the Fisher scores to multi-class classification problems, a general method

is to apply binary classifications and combine the results via decision level combinations.

The first three schemes, B1vs1, B1vs1R, and B1vsALL are the commonly used multi-class

classification techniques based on a binary classifier, such as 1vs1 and 1vsAll. Alter-

natively, in [106] authors use a feature level combination approach (MFLC) and con-

catenate all the Fisher scores into a single feature vector. Then, they apply multi-class

classification on the combined feature vector.

6.3.2. B1vs1R: One-vs-One Classification based on LRSS

Since the likelihood ratio score space is the best performing score space for binary

problems, a multiclass scheme which performs a binary classification for each pair of

classes, (i, j), by using the LRSS of classes i and j can be formed.
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(a) (b)

(c) (d) (e)

Figure 6.1. Multiclass classification strategies: (a) B1vs1, (b) B1vs1R, (c)

B1vsALL, (d)MFLC , and (e) MDLC

For each class pair (i, j), a binary classification is performed to classify whether

the example belongs to class i or j. The binary classifier for class pair (i, j) uses the

LRSS of classes (i, j). Note that the LRSS of (i, j) is the same as (j, i), except for a

sign difference.

For a problem of K classes, K·(K−1)
2

binary classifiers must be trained with ex-

amples of class i and j for each (i, j) pair, where i, j = 1 . . . K and i 6= j since i-vs-j

and j-vs-i are symmetric problems. A test example is given to each trained classifier.

The final result is obtained by weighting each classifier by its posterior probability,

combining the weighted votes, and selecting the class with the maximum vote.
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6.3.3. B1vs1: One-vs-One Classification based on LSS

Instead of using LRSS, we can utilize the LSS of each class: For each class pair

(i, j), a binary classification is performed to classify whether the example belongs to

class i or j. Note that the binary classifier for class pair (i, j) uses the LSS of class i

and the binary classifier for class pair (j, i) uses the LSS of class j.

Unlike the previous scheme, (i, j) and (j, i) are not symmetric problems since each

pair uses a different score space. Thus, for a problem of K classes, K · (K − 1) binary

classifiers must be trained with examples from class i and j for each (i, j) pair, where

i, j = 1 . . . K and i 6= j. A test example is given to each trained classifier. The final

result is obtained by weighting each classifier by its posterior probability, combining

the weighted votes, and selecting the class with the maximum vote.

6.3.4. B1vsALL: One-vs-All Classification based on LSS

Another multiclass scheme can be formed by using one-vs-all methodology. For

each class i, a binary classification is performed to classify whether the example belongs

to class i or one of the other classes. The binary classifier for class i uses the LSS of

class i.

For a problem of K classes, K binary classifiers must be trained with all the

examples of the training set where for each classifier Ci, i : 1 . . . K, examples of class

i are labeled as 0 and all other examples are labeled as 1. A test example is given to

each trained classifier. The final result is obtained by weighting each classifier by its

posterior probability, combining the weighted votes, and selecting the class with the

maximum vote.
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6.3.5. MFLC: Multiclass Classification based on Feature Level Combination

of LSS

In this scheme, the score spaces of each class are combined into a single feature

space and a multiclass classification is performed on this new feature space, as proposed

in [106]. The main disadvantage of this scheme is the memory consumption since the

resulting feature vector is the combination of multiple Fisher scores. When the input

dimensionality, the number of parameters of the generative models and the number of

classes are high, the dimensionality of the combined feature space will be extremely

high, making it hard, or sometimes impossible, to keep the training data in the memory.

6.4. A New Multi-Class Classification Scheme for Fisher Scores

We propose a new strategy, MDLC , which applies a multi-class classification on

the LSS of each class and then combines the decisions of each classifier. MDLC is espe-

cially suitable for applications where the number of classes is large and computational

resources are critical.

MDLC uses the Fisher scores of each class for the discrimination of all the other

classes, not just for the class that produces the scores. In the above schemes, for a

binary classification between class i and class j, Fisher scores extracted for related

generative models (models for class i or j) are used. However, we show that Fisher

scores extracted from class i may provide a discrimination for classes other than i (i.e.

discrimination between class j and k).

For a problem of K classes, we train K multi-class classifiers with all the examples

of the training set, using the original class labels. The main difference of this scheme

is that, each of the K classifiers is performing a multi-class classification, whereas in

the above schemes, except MFLC , each classifier is a binary classifier.

The decisions are combined via weighted voting: a test example is given to each

classifier and the final result is obtained by selecting the class with the maximum
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Figure 6.2. Artificial data generated from four Gaussian distributions

weighted vote, with posterior probabilities as the weights.

To demonstrate this multiclass scheme, let us consider a toy problem. We have

generated random data from four different Gaussian distributions (Figure 6.2):

• Class 1: N (0, 5)

• Class 2: N (10, 3)

• Class 3: N (2, 1)

• Class 4: N (−3, 1)

Fisher scores are extracted for each Gaussian model for the parameters (µ, σ).

The plots for score spaces can be seen in Figures 6.3 and 6.4 for all four classes.

The classification results of applying a multi-class classification on each score space

are shown in Table 6.2. Different rows show the score space used and the columns

show the classification accuracy among all the classes and also of each class pair.

The classification on each score space is performed with SVMs that apply multi-class

classification.
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Figure 6.3. Score space plot of (a) Class 1, N(0, 5) (b) Class 2, N(10, 3)
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Figure 6.4. Score space plot of (a) Class 3, N(2, 1) (b) Class 4, N(−3, 1)
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Table 6.2. Classification results of applying multi-class classification on each score

space

Classification Accuracy (%) for

Score Space(s) All Classes Classes Classes Classes Classes Classes

used classes 1&2 1&3 1&4 2&3 2&4 3&4

LLS1 79.25 65.00 65.00 64.83 93.67 93.50 93.50

LLS2 74.58 56.17 57.33 56.33 92.83 91.83 93.00

LLS3 78.50 65.83 60.83 65.33 91.67 96.17 91.17

LLS4 78.42 65.83 68.83 62.17 94.67 88.00 91.00

LLS1234 79.17 68.00 68.17 66.50 91.83 90.17 90.33

Classes 2, 3 and 4 are easily separated by any of the score spaces, with LLS1 pro-

viding the best discrimination among classes. As can also be seen from the distribution

of the classes (Figure 6.2), using only the generative model of class 1, one can obtain

very high classification performance. This small experiment shows that the score space

obtained from the generative model of class i is not only capable of discriminating

between class i and other classes, it also provides valuable discriminative information

for classes other than i, such as j and k. For example, in Table 6.2, we observe that

the score space of class 3, LLS3, provides the highest accuracy in discriminating classes

2 and 4.

6.5. Reducing the Computational Cost

In this section we first list the elements that affect the computational cost and

then discuss possible techniques that can be used to reduce it. The computational

complexity of Fisher score usage arises from two phases: calculation of Fisher scores

and classification.

In the calculation phase, critical parameters are the number of parameters of the

underlying generative model, the length of the input data sequence, and the number of

classes/models. In the classification phase, the Fisher score dimensionality (dependent
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on the number of parameters of the generative model) and the number of classes/models

are the critical parameters.

The computational cost of the calculation phase can be decreased by either using

simpler base models and simpler feature vectors or by considering only a subset of the

parameters of the base model for Fisher score calculation. For the rest of this section,

we will concentrate on reducing the complexity of processes directly related to the

Fisher score calculation and classification and assume that the models and the features

of the gesture sequences are fixed.

One way to reduce the complexity is to select a subset of the model parameters.

This effects both the Fisher score calculation time and the classification time since

dimensionality of the Fisher score spaces will be smaller. Some of the parameters

may have a greater effect on the classification performance and the optimal reduced

parameter set with an acceptable performance can be determined in a training phase.

For the proposed MDLC strategy, we can obtain classification decisions for all

classes even with a single Fisher score mapping. Similar to the parameter selection, a

score space selection strategy can be applied to find a reduced set of score spaces that

performs well enough. This selection will affect both the Fisher score calculation and

the classification time since the number of score spaces to work on will be smaller.

Finally, the classification time can be further reduced by applying dimensionality

reduction techniques, such as PCA and LDA, on the calculated Fisher scores.

6.5.1. Principal Component Analysis

Principal Component Analysis (PCA) [111] seeks components that maximize the

variance in the feature space. It is an unsupervised method, meaning that it does not

use the class labels. The method performs an orthogonal linear transform to a new

coordinate system where the variance is maximized. This new coordinate system is

assumed to be useful for representing the data.
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6.5.2. Linear Discriminant Analysis

Linear Discriminant Analysis (LDA) [111] is a supervised method that transforms

the feature space to a new coordinate system which best discriminates among classes. It

creates a linear combination of the features to maximize the distances between classes.

In order to apply LDA and prevent singularity conditions in the formulas, one must

have enough number of examples in the dataset. If the number of examples in the

dataset is less than the input dimensionality, the dimensionality must be reduced by

another technique, such as PCA, and LDA must be applied in this reduced feature

space.

6.5.3. Score Space Selection Strategies

In a multi-class classification task with Fisher scores, multiple score spaces are

obtained from the generative model each class. In MDLC strategy, as each score space

is able to provide a decision for all of the classes, a subset of these score spaces can be

used instead of using all of them. Then one should select the best subset that gives

the highest recognition accuracy. As the number of classes increases, the number of

possible subsets increases exponentially. Hence, efficient and effective search techniques

should be applied. We will use and compare the following search techniques, which are

commonly used in the literature:

Selecting the best performing N score spaces. Order the score spaces with respect

to their accuracy and select the first N as the subset.

Sequential Floating Forward Search. Sequential Forward Floating Selection (SFFS)

[112] is originally proposed as a feature selection algorithm that applies a top down

search strategy. At each iteration of SFFS, the algorithm attempts to add one of the

features to the combined feature set, which is initially empty. The feature to be added is

selected such that, when added to the combined set, it increases the accuracy the most.
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This step is called the forward optimization or the inclusion. The floating property

comes from the fact that after each forward optimization, a backward optimization (ex-

clusion) step, which attempts to remove one of the features from the combined feature

set, is applied. The feature to be removed is selected such that, when removed from

the combined set, it increases the accuracy the most. The algorithm stops when there

is no improvement in the accuracy at the end of forward and backward optimization

steps.

We use SFFS as a score space selection method, where each “score space” is a

classifier trained using the score space obtained from the generative model of each class.

Our aim is to select the classifiers (score spaces) to be combined by running Sequential

Forward Floating Selection (SFFS) with the classification accuracy as the objective

function.

1. Initialization: Start with the empty set of combined score spaces, Ωcomb = ∅. Set

the unused score spaces subset to all score spaces: Ωunused = {ss1, · · · , ssn};
2. Forward optimization: For each score space, ssi ∈ Ωunused, add this score space to

Ωcomb to obtain the candidate subset, Ωcand = Ωcomb

⋃
ssi. Select the candidate

subset and the score space which produces the highest accuracy, Ω∗
cand and ss∗i ,

respectively. If the accuracy of Ω∗
cand is higher than the accuracy of Ωcomb, then

set Ωcomb = Ω∗
cand and Ωunused = Ωunused − ssi

3. Backward optimization: For each score space, ssi ∈ Ωcomb, remove this score

space from Ωcomb to obtain the candidate subset, Ωcand = Ωcomb − ssi. Select

the candidate subset and the score space which produces the highest accuracy,

Ω∗
cand and ss∗i , respectively. If the accuracy of Ω∗

cand is higher than the accuracy

of Ωcomb, then set Ωcomb = Ω∗
cand and Ωunused = Ωunused

⋃
ssi.

4. Try the forward and backward optimization steps successively until there is no

performance improvement. Output the subset Ωcomb.

Sequential Floating Backward Search. Sequential Forward Backward Selection

(SFBS) is a variant of SFFS, in which, instead of starting with an empty set, the
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algorithm starts with all the features in the combined set and attempts to remove the

features at each iteration. Thus SFBS first performs a backward optimization step,

followed by a forward optimization step.

6.6. Experiments

We have performed experiments on two different databases. A two-handed ges-

ture database collected at IDIAP [82] and an American Sign Language dataset collected

during the eNTERFACE’06 workshop [2].

For the IDIAP database, following the hand detection and segmentation, we track

the hand with a Kalman Filter and use Kalman Filter estimates of hand position, (x, y)

in each frame (two features per hand per camera). Hand shape is modeled with a simple

ellipse and the lengths of the ellipse axes and the rotation angle, (a, b, θ), are used as

hand shape features (three features per hand per camera). The feature dimensionality

is 20 per frame. More information on feature extraction can be found in [8].

For the eNTERFACE ASL database, we concentrated on the manual component

for this work and extracted features only from the hand motion, shape and position.

Note that some signs can only be differentiated by the non-manual components and

the performance is expected to be low. The videos are first processed for hand and face

detection and segmentation. Then, sign features are extracted for manual signs (hand

motion, hand shape, hand position with respect to face). For hand motion analysis,

the center of mass (CoM) of each hand is tracked and filtered by a Kalman Filter. The

posterior states of each Kalman filter, x, y coordinates of CoM and horizontal, and

vertical velocity are the hand motion features. Hand shape features are appearance

based shape features calculated on the segmented hand images. These features include

the width, height and orientation parameters of an ellipse and seven Hu moments [7]

calculated on the binary hand image. The hand position is calculated with respect

to the face center of mass. The horizontal and vertical distance of each hand CoM

to the face CoM is used as hand position features. As a result, the feature vector

dimensionality is 32 per frame (four hand motion, 10 hand shape, two hand position
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features for each hand).

6.6.1. Comparison of Multiclass Strategies

For both of the databases, we trained a left-to-right continuous HMM for each

sign. Therefore, 7 and 19 HMMs are trained for IDIAP and eNTERFACE databases

respectively. Each HMM has four states, and a single Gaussian density is used in each

state. Fisher Score spaces are calculated for each HMM and a SVM classifier with an

RBF or a linear kernel is used for classification. For each strategy, the kernel type and

the parameters are determined separately by cross-validation over a set of parameter

values.

Comparison of the different multi-class strategies, together with the performance

of the underlying generative model on IDIAP and eNTERFACE databases are given in

Table 6.3. The baseline accuracies, obtained by HMMs, of these two databases are 99%

and 68.2% respectively. IDIAP is a small and easy dataset. The eNTERFACE database

is more difficult and performance figures are in the 60-70% range as expected when only

manual features are used. The advantage of using all score spaces to discriminate each

class pair can clearly be seen from the classification accuracies where MDLC outperforms

all other binary schemes. Instead of using binary classifiers, using multi-class classifiers

on each score space increases the accuracy and provides a better strategy for multi-

class classification. Although MFLC performs well on the IDIAP database, on the

eNTERFACE database the computation can not be completed as a result of the huge

memory requirement. For the IDIAP database, the baseline accuracy is already very

high and the significances between the different schemes may not be apparent as a

result of the ceiling effect. Despite the ceiling effect, there is around 0.6% increase

in the accuracy with lower or equal standard deviation. Results on the eNTERFACE

database show similar behavior with more significant differences between strategies:

5% increase in the accuracy with multi-class classification of Fisher Score Spaces. In

both of the databases, the accuracy drops down with binary classifiers and it is possible

to beat the base classifier accuracy only with multi-class classifiers.
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Table 6.3. Comparison of different multi-class schemes on IDIAP and eNTERFACE

databases. Average test accuracies of 10-fold cross validation ((%)±std) are reported

IDIAP ENTERFACE

Baseline Algorithm

HMM 99.00± 0.61 68.20± 2.54

Fisher Score MultiClass Strategy

B1vs1 97.76± 0.87 65.92± 2.86

B1vs1R 98.29± 1.01 66.84± 2.28

B1vsALL 92.29± 2.72 58.64± 3.25

MFLC 99.62± 0.49 NA

MDLC 99.71 ± 0.51 72.98 ± 1.25

6.6.2. Feature Selection and the Effect of HMM Parameters on the Classi-

fication Performance

Although one can use classifiers that do not suffer from the curse of dimensionality

(such as SVMs), the dimensionality of the Fisher Score Space can be extremely high

depending on the number of parameters of the underlying generative model and the

input dimensionality. In this section, we investigate the effect of each HMM parameter

on the classification accuracy. The computational cost of Fisher Score calculation can

be decreased by considering only the most important parameters.

With the HMM as the underlying generative model, the normalized Fisher like-

lihood score space is:

φOt = diag(ΣS)−
1
2

[
log p(Ot|θ) ∇aii

∇wim
∇µim

∇vec(Σ)im

]T

(6.11)

Thus, the number of features in this new feature space is:

Clog p(Ot|θ) + Caii
+ Cµim

+ CΣim
+ Cwim

(6.12)
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where

Clog p(Ot|θ) = 1

Caii
= N − 1

Cµim
= NMV

CΣim
= NMV 2

Cwim
= N(M − 1)

and N is the number of states, M is the number of mixtures and V is the number of

input dimensionality.

Among the parameters of the HMM, the discriminative power of all parameter

combinations are explored and the results are given in Table 6.4. The multi-class

classifications are performed via MDLC strategy.

All combinations of feature sets are explored and the best result is obtained by

(µ, Σ) on the IDIAP dataset and (a, µ) on the eNTERFACE dataset. The results of

these reduced sets are either equal or better than using the complete parameter set.

If the parameters are used alone, the results show that most discriminatory features

are the derivatives of the component means and variances. The least discriminatory

feature is found to be the derivatives of the transition probabilities. The log-likelihoods

on which the HMM decision is based are found to be less discriminative than expected.

This result follows from the fact that each Fisher score space is processed independently

with no regard to the relationship between log-likelihoods of the HMMs of each class.

This relationship is apparently lost in the normalization process of the score spaces

since the normalization of each score space is independent of others.

6.6.3. Dimensionality Reduction of Fisher Scores

We can reduce the dimensionality of the new feature space, by applying state-

of-the art dimensionality reduction techniques. We compare two techniques, PCA and
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Table 6.4. Effect of HMM parameters on the recognition performance. The

abbreviations refer to the score spaces: ll for logp(Ot|θ), a for ∇aii
, µ for ∇µik

, and Σ

for ∇Σik

Selected IDIAP eNTERFACE

HMM Parameters Test Acc. (%) & Std Test Acc. (%) & Std

(ll, a, µ, Σ) 99.71 ± 0.51 72.98 ± 1.25

(ll, a, µ) 99.33 ± 0.46 73.99 ± 1.36

(ll, a, Σ) 99.48 ± 0.57 73.07 ± 0.86

(ll, µ, Σ) 99.67 ± 0.45 72.98 ± 0.97

(a, µ, Σ) 99.67 ± 0.55 72.98 ± 0.93

ll, a) 81.86 ± 3.42 59.96 ± 3.92

(ll, µ) 99.33 ± 0.40 73.60 ± 1.29

(ll, Σ) 99.57 ± 0.61 72.94 ± 1.19

(a, µ) 98.95 ± 0.63 73.99 ± 1.28

(a, Σ) 99.62 ± 0.44 73.20 ± 0.96

(µ, Σ) 99.71 ± 0.46 72.94 ± 0.97

ll 76.81 ± 2.63 53.68 ± 1.55

a 45.62 ± 11.73 50.61 ± 4.11

µ 99.00 ± 0.52 73.51 ± 0.88

Σ 99.62 ± 0.49 72.98 ± 1.06

LDA, where the former aims to maximize the variance in the features and the latter

aims to maximize the class separability in the new feature space. For PCA, we select

the components that explain 99% of the variance. To apply LDA, we used the reduced

feature space found by PCA.

The results are given in Table 6.5. In both datasets, accuracy obtained by PCA

is less than the LDA accuracy, in the eNTERFACE06 datasets the difference is higher.

In that dataset, the LDA accuracy is even higher than the baseline accuracy of the

original Fisher mapping, without any dimensionality reduction.
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Table 6.5. Dimensionality reduction

IDIAP ENTERFACE

No reduction 99.71 ± 0.51 72.98 ± 1.25

PCA 99.52 ± 0.59 58.07 ± 2.40

LDA 99.67 ± 0.45 74.17 ± 1.39

6.6.4. Score Space Selection

In the MDLC strategy, each single classifier is capable of making a multi-class

decision and their decisions are combined at the decision level to obtain an improved

accuracy. Experiments show that sometimes a small subset of classifiers, or even a

single classifier, may perform equally well (see Table 6.2). Hence our aim is to find

techniques to select a subset out of K Fisher score mappings and use only the classifiers

based on this subset.

We first run an exhaustive search for all the possible combinations of the score

spaces. Figure 6.5 shows the results on the eNTERFACE dataset. With the 19 classes

in the eNTERFACE dataset, one can have 219 − 1 possible subsets. The highest

accuracy is obtained by using only eight score spaces.

Since exhaustive search is impractical for high number of classes, we implemented

Sequential Floating Forward and Backward Search (SFFS, SFBS) strategies and also

selecting the best of N score spaces (Best N SS). The results are given in Table 6.6.

Although the accuracy of the subsets found by SFFS and SFBS are not as high as that

of the exhaustive search, it is still higher than the accuracy of all score spaces. The

result found by SFFS uses only five score spaces, with an accuracy of 75.13%. If we

select best of N score spaces, the highest accuracy, 74.69%, is obtained with N = 8.
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Figure 6.5. Score space selection performances on eNTERFACE dataset (a)

Exhaustive search over all score space combinations, (b) Score space selection

strategies

Table 6.6. Score space selection results on eNTERFACE dataset

Method % Accuracy # of SS

Exhaustive 75.53 8

All SS 72.98 19

Best N SS 74.69 8

SFFS 75.13 5

SFBS 75.18 12

6.7. Conclusions

HMMs provide a good framework for recognizing hand gestures, by handling

translation and scale variances and by modeling and processing variable length se-

quence data. However, performance can be increased by combining HMMs with dis-

criminative models which are more powerful in classification problems. Fisher kernels

are suitable for combining generative models with discriminative classifiers and theo-

retically, the resulting combined classifier has the powers of both approaches and has

a better classification accuracy. However, as Fisher kernels are intrinsically binary, for

multi-class classification problems such as gesture and sign recognition, the multi-class

strategy must be defined properly in order to achieve high recognition accuracies.
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In this study, we applied Fisher kernels to gesture and sign recognition problems

and we proposed a multi-class classification strategy for Fisher Scores. The main idea

of our multi-class classification strategy is to use the Fisher score mapping of one

model in the classification process for all of the classes. As a result, each mapping is

able to discriminate all the classes up to some degree. When all of these mappings are

combined, higher accuracies are obtained when compared to the existing multi-class

classification approaches in the literature.
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7. Applications

In this thesis two applications have been designed and developed. The applica-

tions, SignTutor [2] and Signiary [113], are developed during the eNTERFACE’06 and

eNTERFACE’07 workshops respectivey. The development of these applications have

been through joint work, and will be acknowledged in the appropriate sections.

7.1. SignTutor: An Interactive System for Sign Language Tutoring

Sign Language, the natural communication medium for a deaf person, is difficult

to learn for the general population. The prospective signer should learn specific hand

gestures in coordination with head motion, facial expression and body posture. Since

language learning can only advance with continuous practice and corrective feedback,

we have developed an interactive system, called SignTutor, which automatically eval-

uates users’ signing and gives multimodal feedbacks to guide them to improve their

signing. SignTutor allows users to practice instructed signs and to receive feedback on

their performance. The system automatically evaluates sign instances by multimodal

analysis of the hand and head gestures. The time and gestural variations among dif-

ferent articulations of the signs are mitigated by the use of hidden Markov models.

The multimodal user feedback consists of a text-based information on the sign, and a

synthesized version of the sign on an avatar as a visual feedback. We have observed

that the system has a very satisfactory performance, especially in the signer-dependent

mode, and that the user experience is very positive.

7.1.1. SLR Assisted Sign Language Education

Practice can significantly enhance the learning of a language when there is val-

idation and feedback. This is true for both spoken and sign languages. For spoken

languages, students can evaluate their own pronunciation and improve to some extent

by listening to themselves. Similarly, sign language teachers suggest that their students

practice in front of the mirror. With an automatic SLR system, students can practice
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by themselves, validate and evaluate their signing. Such a system would be called

such as SignTutor, which would be instrumental in assisting sign language education,

especially for non-native signers.

SignTutor aims to teach the basics of the sign language interactively. The ad-

vantage of SignTutor is that it automatically evaluates the student’s signing and en-

ables auto-evaluation via visual feedback and information about the goodness of the

performed sign. The interactive platform of SignTutor enables the users to watch and

learn new signs, to practice and to validate their performance. SignTutor automatically

evaluates the users’ signing and communicates them the outcome in various feedback

modalities: a text message, the recorded video of the user, the video of the segmented

hands and/or an animation on an avatar.

One of the key factors of SignTutor is that it integrates hand motion and shape

analysis together with head motion analysis to recognize signs that include both hand

gestures and head movements. This is very important since head movements are one

aspect of sign language that most students find hard to perform in synchrony with hand

gestures. To put this advantage of SignTutor, we have dwelled mostly on signs that

have similar hand gestures and that are mainly differentiated by head movements. In

view of the prospective users and the usage environment of SignTutor, we have opted

for a vision-based user-friendly system which can work with easy to obtain equipment,

such as webcams. The system operates with a single camera focused to the upper body

of the user.

Figure 7.1 shows the graphical user interface of Sign Tutor. The system follows

three steps for teaching a new sign: Training, practice and feedback. For the training

phase, SignTutor provides a pre-recorded reference video for each sign. The users select

a sign from the list of possible signs and watch the pre-recorded instruction video of

that sign until they are ready to practice. In the practice phase, users are asked to

perform the selected sign and their performance is recorded by the webcam. For an

accurate analysis, users are expected to face the camera, with full upper body in the

camera field of view, and wear a colored glove as marker. The recording continues until
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Figure 7.1. SignTutor GUI: training, practice, information, synthesis panels and

feedback examples

both hands are out of the camera. SignTutor analyzes the hand motion, hand shape

and head motion in the recorded video and compares it with the selected sign.

We have integrated several modalities to the system for giving feedback to the user

as for the quality of the enacted sign. The goodness criteria are given separately for the

two components: the manual component (hand motion, shape, and position) and the

non-manual component, (head and facial feature motion), together with the sign name

with which it is confused (see Figure 1). Users can watch the video of their original

performance. If the sign is properly performed, users may watch a caricaturized version

of their performance on an animated avatar. A demonstration video of SignTutor can

be downloaded from [114].

In summary, SignTutor aims to facilitate sign language learning especially for

non-native beginners, by providing an interactive system. To assess the usability of
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the overall system, we have performed a user study, with the students of the Turkish

Sign Language beginner level course given in Boğaziçi University. We have collected

the test scores and the comments of users to gauge its effectiveness.

7.1.2. SignTutor Modules

The block diagram of the SignTutor consists a face and hand detector stage,

followed by the analysis stage, and the final sign classification box as illustrated in

Figure 7.2. The critical part of SignTutor is the analysis and recognition sub-system

which receives the camera input, detects and tracks the hand, extracts features and

classifies the sign. In the sequel, we present the analysis and recognition modules and

describe the synthesis and animation subsystem, which aims to provide a simple visual

feedback environment for the users.

Figure 7.2. SignTutor system flow. Detection, analysis and classification steps

7.1.2.1. Hand Detection and Segmentation. Although skin color features can be ap-

plied for hand segmentation in controlled illumination, segmentation becomes problem-

atic when skin regions overlap and occlude each other. In sign language, hand positions

are often near the face and sometimes have to be in front of the face. Hand detection,

segmentation and occlusion problems are simplified when users wear colored gloves.

The use of a simple marker as a colored glove makes the system robust to changing
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background and illumination conditions.

For each glove color, we train its respective histogram of color components us-

ing several images. We have chosen HSV color space due its robustness to changing

illumination conditions [115]. The H, S and V components are quantized into bins.

At each bin of the histogram, we calculate the number of occurrences of pixels that

correspond to that bin, and finally the histogram is normalized. To detect hand pixels

in a scene, we find the histogram bin it belongs to and apply thresholding. We apply

double thresholding, set at low and high values, to ensure connectivity: A pixel is

considered as a hand pixel if its histogram value is higher than the high threshold. If it

is between the two thresholds it is still labeled as glove (hand), provided one or more

of neighbor pixels were labeled as glove. The final hand region is assumed to be the

largest connected component over the detected pixels.

7.1.2.2. Analysis of Hand Motion. The system processes the motion of each hand by

tracking its center of mass (CoM) and estimating in every frame the position and

velocity of each segmented hand. However, the hand trajectories can be corrupted

by segmentation noise. Moreover, hands may occlude each other or there may be

sudden changes in lighting (e.g., a room light turned on or off), which may result in

detection and segmentation failures. Thus, we use two independent Kalman filters,

one for each hand, to smooth the estimated trajectories. The motion of each hand

is approximated by a constant velocity motion model, hence acceleration is neglected.

When the system detects a hand in the video, it initializes the corresponding Kalman

filter. Before each sequential frame, Kalman filter predicts the new hand position, and

the filter parameters are updated with the hand position measurements found by the

hand segmentation step. We calculate the hand motion features from the posterior

states of the corresponding Kalman filter: x, y coordinates of CoM and velocity [8].

When there is a detection failure due to occlusion or bad lighting, we only use the

Kalman filter prediction without updating the filter parameters. Finally, the system

assumes that the hand is out of the camera view if no hand segment can be detected

for a number of consecutive frames.
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The trajectories must be further normalized to obtain translation and scale in-

variance. We use a normalization strategy similar to [8]. The normalized trajec-

tory coordinates are calculated via min-max normalization. The translation normal-

ization is handled by calculation of the mid points of the range of x and y coor-

dinates, denoted as xm, ym. The scaling factor, d, is selected to be the maximum

of the spread in x and y coordinates, since scaling horizontal and vertical displace-

ments with different factors disturbs the shape. The normalized trajectory coordinates,

(< x1; y1 >; ...; < xt; yt >; ...; < xN ; yN >) such that 0 ≤ xt, yt ≤ 1, are then calculated

as follows:

x′t = 0.5 + 0.5(xt − xm)/d (7.1)

y′t = 0.5 + 0.5(yt − ym)/d (7.2)

Since signs can also be two handed, both hand trajectories must be normalized.

However, normalizing the trajectory of the two hands independently may result in

a possible loss of data. To solve this problem, the midpoint and the scaling factor

of the left and right hand trajectories are calculated jointly. Following the trajectory

normalization, the left and right hand trajectories are translated such that their starting

position is at (0, 0).

7.1.2.3. Extracting Features from a 2D Hand Shape. Hand shape and finger config-

uration contribute significantly to sign identification, since each sign has a specific

movement of the head, hands and hand postures. Moreover, there are signs which

solely depend on the hand shape. Our system is intended to work with a single low-

resolution camera whose field of view covers the upper body of the user, hence is not

directly focused on the hands. In this setup, we face several difficulties:

• Low resolution of hand images, where each hand image is smaller than 80x80

pixels,

• Segmentation errors due to blurring caused by fast movement
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• More than one hand posture can result in the same binary image (silhouette).

These problems constrain us to use only low-level features, which are robust to

segmentation errors and work well with low resolution images. Therefore we use simple

appearance-based shape features calculated from the hand silhouettes. The features are

selected to reflect differences in hand shape and finger postures. They are also required

to be scale invariant so that hands with similar shape but different size result in the

same feature values. However recall that our system uses a single camera, hence we do

not have depth information, except for the foreshortening due to perspective. In order

to maintain some information about the z-coordinate (depth), five of the 19 features

were not scale normalized. Prior to the calculation of the hand shape features, we

take the mirror reflection of the right hand so that we analyze both hands in the same

geometry; with thumb to the right. All 19 features are listed in 7.1. It is important

to note that these features are not invariant to viewpoint, and the users are required

to sign facing the camera for an accurate analysis. The classifier is tolerant of small

rotations that can naturally occur while signing.

Seven of the features (#1,2,4,5,6,7,8) are based on using the best fitting ellipse (in

the least-squares sense) to the hand silhouette. The inclination angle assumes values

in the range [0, 360]. In order to represent the 4-fold symmetry of the ellipse, we use

sin(2α) and cos(2α) as features, where α is in the range [0, 180].

Features #9 to 16 are based on using “area filters”. The bounding box of the

hand is divided into eight areas, in which, percentage of hand pixels are calculated.

Other features in 7.1 are perimeter, area and bounding box width and height.

All 19 hand shape features are normalized into values between 0 and 1. This

is obtained by dividing the percentage features (#9 to 16) by 100, and the cardinal

number features by their range, that is, by using Fn = (F −min)/(max−min) where

min is minimum value of the feature in the training dataset and max is maximum

value. Any value exceeding the [0, 1] interval is truncated.
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Table 7.1. Hand shape features

# Feature Invariant

Scale Rotation

1 Best fitting ellipse width X
2 Best fitting ellipse height X
3 Compactness (perimeter2/area) X X
4 Ratio of hand pixels outside / inside of ellipse X X
5 Ratio of hand / background pixels inside of ellipse X X
6 sin(2α) α = angle of ellipse major axis X
7 cos(2α) α = angle of ellipse major axis X
8 Elongation (ratio of ellipse major/minor axis length) X X
9 Percentage of NW (north-west) area filled by hand X

10 Percentage of N area filled by hand X
11 Percentage of NE area filled by hand X
12 Percentage of E area filled by hand X
13 Percentage of SE area filled by hand X
14 Percentage of S area filled by hand X
15 Percentage of SW area filled by hand X
16 Percentage of W area filled by hand X
17 Total area (pixels) X
18 Bounding box width

19 Bounding box height

7.1.2.4. Analysis of Head Movements. Once the face is detected, rigid head motions

such as head rotations and head nods are determined by using an algorithm inspired

by the human visual system. First, we apply a filter following the model of the human

retina [116]. This filter enhances moving contours with Outer Plexiform Layer (OPL)

and cancels static ones with Inner Plexiform Layer (IPL). This prefiltering mitigates

any illumination changes and noise. Second, we compute the fast Fourier transform

(FFT) of the filtered image in the log polar domain as a model of the primary visual

cortex (V1) [99]. This step allows extracting two types of features: the quantity of

motion and motion event alerts. In parallel, an optic flow algorithm extracts both

orientation and velocity information only on the motion event alerts issued by the

visual cortex stage [117]. Thus, after each motion alert, we estimate the head velocity

at each frame. After these three steps, the head analyzer outputs three features per

frame: the quantity of motion, and the vertical and horizontal velocities.

These three features provided by the head motion analyzer can vary with different
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performances of the same sign. Moreover, head motion is not directly synchronized

with the hand motion. To handle the inter- and intra-subject differences, weighted

average smoothing is applied to head motion features, with α = 0.5. The smoothed

head motion feature vector at time i, Fi, is calculated as Fi = α Fi + (1 − α) Fi−1.

This smoothing has the effect of mitigating the noise between different performances

of a sign and creating a slightly smoother pattern.

7.1.2.5. Preprocessing of sign sequences. The video sequences obtained contain frames

where the signer is not performing any sign (beginning and terminating parts) and some

frames that can be considered as transition frames. These frames of the sequence are

eliminated by considering the result of the hand segmentation step:

• All frames at the beginning of the sequence are eliminated until a hand is detected.

• If the hand fails to be detected during the sequence for less than N consequent

frames, the shape information is copied from the last frame where there was still

detection to the current frame.

• If the hand fails to be detected for more than N consequent frames, the sign is

assumed to be finished. The remaining frames including the last N frames are

eliminated.

• After these prunings, transition frames, defined as the T frames from the start

and end of the sequence, are deleted.

7.1.2.6. Classification: A Sequential Fusion Approach. At the classification phase, we

have used HMMs to model each sign and the classification decision is given via the

likelihood of the observation sequence with respect to each HMM. HMMs are preferred

in gesture and sign recognition as the changes in the speed of the performed sign or

slight changes in the spatial domain are successfully handled.

The classification module receives all the features calculated in the hand and

head analysis modules as input. For each hand, there are four hand motion features

(position and velocity in vertical and horizontal coordinates), 19 hand shape features
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and three head motion features per frame. We also use the relative position of the hands

with respect to the face CoM, yielding two additional features (distance in vertical and

horizontal coordinates) per hand per frame. We normalize these latter distances by the

face height and width, respectively, and use the normalized and pre-processed sequences

to train the HMM models. Each HMM model is a continuous 4-state left-to-right model

and is trained for each sign, using the Baum-Welch algorithm.

We use the sequential likelihood fusion method for combining manual and non-

manual parts of the sign, as explained in Section 5.4.4.1. The strategy uses the fact that

there may be similar signs which differ slightly and cannot be classified accurately in

an “all signs” classifier. These signs form a cluster and their intra-cluster classification

must be handled in a special way. Thus, our sequential fusion method is based on two

successive classification steps: In the first step, we perform an inter-cluster classification

and in the second step we do intra-cluster classifications. Since we want our system to

be as general as possible and adaptable to new signs, we do not use any prior knowledge

about the sign clusters. We let the system discover potential sign clusters, that are

similar in manual gestures, but that differ in non-manual motions. Instead of rule-

based programming of these signs, we opt to extract the cluster information as a part

of the recognition system.

7.1.2.7. Visual Feedback via a Synthesized Avatar. As one of the feedback modalities,

SignTutor provides a simple animated avatar that mimics the users’ performance for

the selected sign. The synthesis is based on the features extracted in the analysis part.

Currently the avatar only mimics the head motion of the user and hand motions are

animated from a library.

Our head synthesis system is based on the MPEG-4 Facial Animation Standard

[118]. As input, it receives the motion energy, the vertical and horizontal velocities

of the head motion and the target sign as well. It then filters and normalizes these

data in order to compute the head motion during the considered sequence. The result

of the processing is expressed in terms of Facial Action Points (FAP) and is fed into
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the animation player. For head animation, we use XFace [119], an MPEG-4 compliant

3D talking head animation player. The hands and arms synthesis system is based on

OpenGL, and an animation is prepared explicitly for each sign. We merge the head

animation with the hands and arms animation to form an avatar with full upper body.

7.1.3. Evaluation of the System Accuracy

7.1.3.1. Classification by Using Only Manual Information. This classification is done

via HMMs that are trained only with the hand gesture information related to the

signs. Since hands form the basis of the signs, these models are expected to be very

powerful in classification. However, absence of the head motion information precludes

correct classification when signs differ only in head motion. We denote these models

as HMMM .

7.1.3.2. Feature Fusion. The manual information and the non-manual information can

be combined in a single feature vector to jointly model the head and hand information.

Since there is not a direct synchronization between hand and head motions, these

models are not expected to have much better performance than HMMM . However

using head information results in a slight increase in the performance. We denote

these models as HMMM&N .

7.1.3.3. Sequential Fusion. The aim of this fusion approach is to apply a two-tier

cluster-based sequential fusion strategy. The first step identifies the cluster of the

performed sign within a general model, HMMM&N , and the confusion inside the cluster

is resolved at the second step, with a dedicated model, HMMN , which uses only head

information. The head motion is complementary to the sign thus it cannot be used

alone to classify the signs. However, in the sequential fusion methodology, indicated

as HMMM&N HMMN , they are used to perform intra-cluster classification. We report

the results of our sequential fusion approach with different clusters, first on base sign

clusters and then on automatically identified clusters based on the joint confusion

matrix.
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Table 7.2. Signer-Independent test results

Sbj1 Sbj2 Sbj3 Sbj4 Sbj5 Sbj6 Sbj7 Sbj8 Average

Base Sign Accuracy

HMMM 100 100 100 100 96.84 100 100 100 99.61

HMMM&N 100 100 100 100 97.89 100 100 100 99.74

HMMM&N ⇒HMMN 100 100 100 100 97.89 100 100 100 99.74

Overall Accuracy

HMMM 66.32 77.9 60.00 71.58 57.9 81.05 52.63 70.53 67.24

HMMM&N 73.68 91.58 71.58 81.05 62.11 81.05 65.26 77.89 75.53

HMMM&N ⇒HMMN 82.11 72.63 73.68 88.42 56.84 80.00 81.05 71.58 75.79

Base Sign Clusters

HMMM&N ⇒HMMN 85.26 76.84 77.89 89.47 63.16 80.00 88.42 75.79 79.61

Auto. Identified Clusters

We report two sets of results: the base sign accuracy and the overall accuracy.

To report the base sign accuracy, we assumed that a classification decision is correct

if the classified sign and the correct sign are in the same base sign cluster. The base

sign accuracy is important for the success of our sequential fusion method based on

sign clusters. The overall accuracy reports the actual accuracy of the classifier over

all the signs in the dataset. These accuracies are reported on the two protocols: the

signer-independent protocol and the signer-dependent protocol.

Signer-Independent Protocol. In the signer-independent protocol, we constitute

the test sets from instances of a group of subjects in the dataset and train the system

with sample signs from the rest of the signers. For this purpose, we apply an 8-fold

cross-validation, where at each fold test set consists of instances from one of the signers

and the training set consists of instances from the other signers. In each fold there are

665 training instances and 95 test instances. The results of signer-independent protocol

are given in Table 7.2

The base sign accuracies of each of the three classifiers in each fold are 100%

except for the fifth signer, which is slightly lower. This performance result shows us
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that a sequential classification strategy is appropriate, where specialized models are

used in a second step to handle any intra-cluster classification problem.

The need for the usage of the head features can be deduced from the high increase

of the overall accuracy with the contributions of non-manual features. With HMMM&N ,

the accuracy increases to 75.5% as compared to the accuracy of HMMM , 67.2%. Further

increase is obtained by using our sequential fusion methodology with automatically

defined clusters. We also report the accuracy of the sequential fusion with the base

sign clusters, to show that using those semantic clusters results in a 4% lower accuracy

than automatic clustering.

Signer-Dependent Protocol. In the signer-dependent protocol, we put examples

from each subject in both of the test and training sets, although they never share the

same sign instantiation. For this purpose, we apply a 5-fold cross validation where at

each fold and for each sign, four out of the five repetitions of each subject are placed

into the training set and the remaining one to the test set. In each fold there are 608

training examples and 152 test examples. The results of signer dependent protocol are

given in Table 7.3.

The base sign accuracies of each of the three classifiers are similar to the signer-

independent results. The overall accuracies become much higher and the sequential

fusion technique does not contribute significantly this time. This is probably a result

of the ceiling effect and the differences between the approaches are not apparent as a

result of the already high accuracies.

7.1.4. User Study

We have conducted a user study to measure the real-life performance of SignTutor

and to assess the usability of the overall system. Our subjects were volunteers, two

males and four females, six out of seven students taking an introductory Turkish Sign

Language course given in Bogazici University. Two of the students (one male and one
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Table 7.3. Signer-dependent test results

Fold 1 Fold 2 Fold 3 Fold 4 Fold 5 Average

Base Sign Accuracy

HMMM 99.34 100 98.68 100 100 99.61

HMMM&N 100 100 98.68 100 100 99.74

HMMM&N ⇒HMMN 100 100 98.68 100 100 99.74

Overall Accuracy

HMMM 92.76 89.47 89.47 94.08 92.76 91.71

HMMM&N 92.76 95.39 93.42 96.05 94.08 94.34

HMMM&N ⇒HMMN 92.76 95.39 92.76 95.39 94.08 94.08

Base Sign Clusters

HMMM&N ⇒HMMN 92.76 95.39 92.76 96.05 94.08 94.21

Auto. Identified Clusters

female) are from the Computer Engineering Department and the rest are from the

Foreign Language Education department. All subjects were highly motivated for the

experiment and were excited about the SignTutor when they were first told about the

properties of the system.

We performed the experiments in two sessions, where in each session, subjects

were asked to practice three signs. The second session was conducted with a time

lapse of at least one week after the first session. Before the first session, we present the

SignTutor interface to the subjects in the form of a small demonstration. At the second

session, the users are expected to start using the SignTutor without any presentation.

For each subject, we measured the time on task, where each task is defined as the

learning, practicing and evaluating one of the three signs. At the end of the experiment,

we interviewed the subjects and asked them to fill a small questionnaire.

We asked three questions in the questionnaire and the subjects scored at five

levels, from strongly disagree (1) to strongly agree (5). The results are shown in Figure

7.3. The average scores for all questions are above four, indicating the favorable views

of the subjects on the usability of the system.
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Figure 7.3. Usability questionnaire results

In session 1, the subjects are asked to practice three signs: AFRAID, VERY

AFRAID and DRINK (NOUN). These three signs are selected such that the first

two are variants of the same base sign, performed by two hands; and the third is a

completely different sign, performed by a single hand. We measured the number of

seconds for each task and the results are shown in Figure 7.4. The subjects practiced

each sign until they received a positive feedback. The average number of trials is around

two. The average time is 85 seconds for the first task and decreases to 60 seconds for

the second and third tasks. These results show that after the first task, the subjects

are more comfortable in using the system.

In session 2, the subjects are asked to practice another set of signs: CLEAN,

VERY CLEAN and TO DRINK. As in the first session, the first two are variants of

the same base sign, performed by two hands; and the third is a completely different

sign, performed by a single hand. From the six subjects who participated in the first

session, only five participated in the second one. In this session, the subjects directly

started using the system without any help about the usage. The results are shown

in Figure 5 and they reflect that the subjects recall the system usage, without any

difficulty, and the average time on task has decreased with respect to the first session.

The average number of trials is again around two for the first two signs, similar to

the first session, which shows that the subjects perform a new sign correctly after two

trials on average. For the third sign, all the subjects succeeded in their first trial.
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(a) (b)

Figure 7.4. Task analysis for (a) Session 1 and (b) Session 2. For each session, the

number of trials and the average time on task is plotted

During the interviews, the subjects made positive comments about the system

in general. They find the interface user friendly and the system easy to use. All of

the subjects indicate that using SignTutor during sign language learning can help to

learn and recall the signs. The subjects find the practice part, especially its capability

to analyze both hand and head gestures, very important. They commented that the

possibility of watching the training videos and their own performance together with the

animation makes it easier to understand and perform the signs. They note, however,

that it would be nice to have more constructive feedback about their own performance,

explaining what is wrong and what should be corrected. One of the subjects found the

decisions of the SignTutor very sensitive and she noted that the decision-making can

be relaxed.

The subjects had no difficulty in using the glove but they commented that it

would be better to be able to use the system without any gloves. One of the subjects

suggested adding a picture, possibly a 3D image, of the hand shape used during the

sign in addition to the sign video. This will help to understand the exact hand shape
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performed during the signing. During the experiments, we were able to observe the

system performance in a real life setting. A very important requirement of the system

is that the camera view should contain the upper body of the user and the distance

between the camera and the user should be at least one meter. We have performed the

experiments in an office environment with normal lighting conditions, without using

any special lighting device. The hand segmentation requires a reasonably illuminated

office environment and the user’s clothes should have a different color than the gloves.

If these conditions are met, the system works accurately and efficiently.

7.1.5. Acknowledgments

SignTutor is developed as a group project during the eNTERFACE 2006 Work-

shop on Multimodal Interfaces [2]. I would like to acknowledge the other members of

the group and their work on the development of SignTutor: graphical user interface is

implemented by Ismail Ari, head motion feature extraction is developed by Alexandre

Benoit, hand shape feature extraction is developed by Pavel Campr and sign synthesis

is implemented by Ana Huerta Carrillo, Franois-Xavier Fanard.

7.2. Signiary: An Automatic Turkish Sign Dictionary

We present, Signiary, an automatically created sign dictionary where the user

enters a word as text and retrieves videos of the related sign. The word is searched

from a collection of videos recorded from the broadcast news for the hearing impaired.

In these videos, the news is presented by multiple modalities: the speaker also signs

with the hands as she talks and there is corresponding sliding text. We retrieve the

occurrences of the entered word from the news videos, via the recognized speech and

sliding text. The retrieved videos are further analyzed to detect clusters among the

signs that reflect pronunciation differences or sign homonyms.

As the video source, we used videos recorded from the Turkish broadcast news

for the hearing impaired. The news video consists of three major information sources:

sliding text, speech and signs. Figure 7.5 shows an example frame from the recordings.
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The three sources in the video convey the same information via different modalities.

The news presenter signs the words as she talks. However, sign languages have their

own grammars and word orderings and it is not necessary to have the same word

ordering in a Turkish spoken sentence and in a Turkish sign sentence [59]. Thus, the

signing in these news videos should not be considered as Turkish sign language (Turk

Isaret Dili, TID) but Signed Turkish: the sign of each word is from TID but their

ordering would have been different in a proper TID sentence. In addition to the speech

and sign information, a corresponding sliding text is superimposed on the video. Our

methodology is to process the video to extract the information content in the sliding

text and speech components to generate segmented and annotated sign videos. The

main goal is to use this annotation to form a sign dictionary. Once the annotation is

completed, techniques are employed to check pronunciation differences or homonyms

among the retrieved signs.

Figure 7.5. An example frame from the news recordings. The three information

sources are the speech, sliding text, signs

7.2.1. System Information

The application receives the text input of the user and attempts to find the word

in the news videos by using the other modalities that convey the same information.
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Figure 7.6. Modalities and the system flow

By using a speech recognizer, the application returns several intervals from different

videos that contain the entered word. If the resolution is high enough to analyze

the lip movements, audio-visual analysis can be applied to increase accuracy. Then,

sliding text information may optionally be used to control and correct the result of the

retrieval. This is done by searching for the word in the sliding text modality during

each retrieved interval. If the word can also be retrieved by the sliding text modality,

the interval is assumed to be correct. The sign intervals are extracted by analyzing the

correlation of the signs with the speech. Sign clustering is necessary for two reasons.

First, there can be false alarms of the retrieval corresponding to some unrelated signs

and second, there are homophonic words that have the same phonology but different

meanings; thus possibly different signs. The system flow is illustrated in Figure 7.6.

7.2.2. Spoken Term Detection

Spoken Term Detection (STD) is used as a tool to retrieve the signs in the news

videos based on speech information. An HMM based speech-to-text system converts the

audio data into a textual representation. When the user enters a query, the retrieval
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engine returns program name, time and relevance information of the corresponding

query [120].

7.2.3. Sliding Text Recognition

The news videos are accompanied by a sliding text band, which includes simul-

taneous transcription of what is being said. It is placed at the bottom of the screen

and contains characters with a specific font, displayed in white pixels over a solid back-

ground. Speed of the sliding text is approximately constant throughout the whole

video sequence (4 pixels/frame), which allows each character to appear on the screen

for at least 2.5 seconds.

Sliding Text Recognition (STR) is used to control and correct the result of the

retrieval. Sliding text band is found at the first frame, by calculating horizontal and

vertical projection histograms of the binarized image. Then each character is cropped

from the figure and recognized by the template matching method using Jaccard’s dis-

tance [113].

7.2.4. Sign Analysis

7.2.4.1. Hand and Face Tracking. We apply a joint particle filter based on the joint

likelihood calculation for the hands and the face, which ensures that the particles of

each object will not jump to other objects and the tracking continues without problems

during and after occlusion (see Chapter 4).

7.2.4.2. Sign Alignment and Clustering. The tracking algorithm provides five features

per object of interest, 15 features in total. Gaussian smoothing of measured data in

time is applied to reduce noise. We then translate the origin to the head center and scale

with respect to the width of the head ellipse. In total, 30 features from tracking are

provided, 15 smoothed features obtained by the tracking algorithm and 15 differences.
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After obtaining relevant sequences using the retrieval engine, we use Dynamic

Time Warping (DTW) algorithm for alignment. We use the coordinates and the co-

ordinate differences between two consecutive center points of the hands. We align

sequences pairwise using DTW and find the best aligning paths between each pair.

Then we combine these paths using a progressive multiple alignment algorithm and

find the common parts that minimize the alignment scores for each sequence.

After the alignment, we want to find out whether the signs in those videos are

the same or are different (in case of homonyms or mistakes of the speech recognizer).

For this purpose we use clustering. The goal is to calculate the similarity of these two

signs and to determine if they are two different performances of the same sign or two

totally different signs. If the signs are considered to be the same, they should be added

to the same cluster.

To cluster multiple signs, we construct a dendrogram tree and determine the

separation level:

1. Calculate pairwise distances between all compared signs and store those distances

in an upper triangular matrix

2. Group two most similar signs together and recalculate the distance matrix (it will

have one less row and column)

3. Repeat step 2. until all signs are in one of the groups.

4. Mark the highest difference between two distances as the distance up to which

the signs are in the same cluster

7.2.5. System Integration and Evaluation

The speech and sliding text modalities are integrated via a cascading strategy.

Output of the STR is used as a verifier on the STD. STD hypotheses are checked

with STR and accepted if the word can also be found in the sliding text modality.

The retrieved intervals are given to the sign analysis module and the sign intervals are

extracted as a result of the sign alignment step.
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Figure 7.7. Screenshot of the user interface

We have tested the overall system performance on a manually annotated ground

truth data of 15 words. For each selected word, the system retrieves all 10 occurrences,

except two words, which have eight occurrences. Among these 146 retrievals, 134 of

them are annotated as correct, yielding 91.8% correct retrieval accuracy. If we extend

the intervals by 0.5 seconds from the start and the end, in 100% of the correct retrievals,

the sign is contained in the interval.

The screenshot of the user interface is shown in Figure 7.7. The “Search” section is

where the user inputs a Turkish word or a phrase and sends the query. The application

communicates with the engine on the server, retrieves data and processes it to show

the results. The stars next to each result are used to inform the user about the

reliability of the found results. When the user selects a result, it is played in the

“Video Display” window. The original news video or the tracking results is shown in

this section according to the user’s selection. “Player Controls” and “Options enable

the user to expand the duration to left/right or adjust the volume/speed of the video

to analyze the sign in detail.
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8. Conclusions

The focus of this thesis is the advancement of the state of the art in vision

based hand gesture and sign language recognition systems, in three main tasks: ac-

curate markerless tracking in a less restricted environment, integration of manual and

non-manual components and better classification models to increase the classification

performance in isolated sign recognition. For each task, we developed principled tech-

niques that will enable their use, not only in sign language or hand gesture recognition

but also in other related areas of computer vision.

We aim to design and develop methods and systems that can work on inexpensive

and easy to find hardware, such as ordinary computers with ordinary equipment. With

this perspective, the vision based recognition methods presented in this thesis rely on

commercial, easy-to-find web cameras. Although hand gestures and signs are performed

in 3D and a stereo camera system can be able to extract 3D information as well, we used

single camera setup in most of our study. The advantage of the single camera setup

is that it can be easily obtained and used by every user, experienced or inexperienced,

and single web cameras are now a standard part of the computer equipment, and are

included in laptops as standard equipment.

The joint particle filter method proposed in this thesis provides a robust multiple

object tracking approach for problems where there are multiple identical objects and

the objects do not move independently, with frequent interactions as well as occlusions.

In order to be able to achieve real time or close to real time tracking, instead of modeling

the whole upper body and the arms, we model only the two hands and the face, and

their respective motion and positions. For all the objects, a single joint likelihood is

calculated, which takes into account the relative motion and position of the objects.

We have performed experiments on normal speed signing videos, recorded from Turkish

broadcast news for the hearing impaired, and achieved around 97% accuracy on a 15

minute recording. As the computational complexity of the particle filter depends on

the number of particles, achieving real time accuracy is only possible by reducing the
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number of particles. For this purpose, we have integrated the mean shift algorithm

to the particle filter, which allows us to achieve similar accuracies with fewer number

of particles. Our experiments show that for medium resolution images the proposed

method runs close to real-time with high accuracy. The main disadvantage of the

method is the excessive number of parameters that need to be set. Although some of

the parameters can be automatically estimated, for most of the parameters, manual or

semi automatic determination, based on the image resolution and the distance between

the camera and the subject, is necessary.

The recognition of signs with manual and non-manual components is a challeng-

ing task and is rarely addressed in SLR literature. In this thesis, we present one of the

frontier works on the subject and propose a sequential fusion strategy for the integra-

tion of manual signs and non-manual signals in a recognition framework. Non-manual

signals in sign language are displayed in the form of head movements, facial expressions

and body posture. In our study, we consider the head movements and partly, body

motion. Although facial expressions are frequently used as non-manual signals, cur-

rently, accurate analysis of facial expressions is only possible with high resolution face

areas. As we use a single camera setup, and record the whole upper body with medium

resolution, the face resolution is low. Moreover, our aim in this study is to model the

temporal characteristics and design a recognition framework that integrates the manual

and non-manual components. As tracking and feature extraction of facial expressions

is another challenging topic, the analysis of facial expressions in non-manual signals is

not considered in this study and left as a future direction.

The eNTERFACE ASL database is collected during this thesis and is used to

evaluate the performance of the methods developed. This database contains variations

of base signs in the form of variations in manual signing and also in the form of non-

manual signals. Moreover, we have collected the database from eight signers, which

allow us to make experiments on signer independent recognition tasks. Although the

number of signs in the database is small, the high number of signers makes it a good

test bed to experiment new signer independent models and approaches.
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Gesture and sign sequences are variable length sequences that contain both the

spatial and temporal information about the performed hand gesture. As in speech

recognition literature, HMMs have outperformed other approaches and become the

state-of-the art in modeling gestures and signs with their power of modeling spatial

and temporal information and their ability to work with variable length data. HMMs

are generative models in which for each gesture, sign or a sub-unit, a dedicated HMM

model should be trained. Standard HMMs are pure generative models and only positive

examples are used to train the models.

Generative models provide a good framework, especially for difficult data types

such as speech, vision, text and biosequence data, where sequences of array of variable

sizes are processed. However, for classification problems, discriminative methods are

superior as they provide decision boundaries. In order to have better classification ac-

curacy when processing difficult data types, we should investigate models that combine

the powers of generative and discriminative methods. Fisher kernels are an example of

such methods.

In this thesis study, the combination of generative and discriminative approaches

is facilitated via Fisher scores derived from HMMs. These Fisher scores are then used as

the new feature space and trained using a SVM. We have shown that the performance

of the combined classifier is directly related to the multi-class classification strategy

and should be carefully selected. We propose a new multi-class classification scheme

which outperforms the existing multi-class classification strategies. The main disad-

vantage of Fisher kernels is the increased computational complexity. We also present

several methods to decrease the computational complexity, based on dimensionality re-

duction, score space selection, and feature selection, and show that the computational

complexity can be reduced without affecting the performance. However, the methods

to decrease the computational complexity and the suitability of this approach in a

real-time setting should be further investigated.

Finally, we present two applications that are based on the methods and ap-

proaches presented in this thesis. The SignTutor application is designed such that it
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can be used by a wide range of users in home or office environments, just by connecting

a single web camera to the computer. The performed user study has shown that the

users find the system easy to use and helpful in learning signs. The Signiary appli-

cation provides an automatically created sign dictionary, where the users can search

for signs and see different pronunciations, homonyms of the signs and their usage in

signed Turkish. Both of these applications are at their first prototype phase and can be

improved to increase the performance and usability and to decrease the computational

complexity.

Sign language recognition is a challenging and relatively new research area. Just

as spoken languages, sign languages have a grammar, morphology, syntax, co-articulation,

accents, pronunciation differences and homonyms. However, linguistic studies on sign

languages are still at the preliminary stage, and not all the properties of sign languages

are yet revealed. Besides the linguistic challenges, the technical challenges of sign lan-

guage recognition are related to several facts: First, the source of signs is a video which

is computationally expensive to process. Second, the environment, the clothing, the

background and also the occlusions, camera view, affect the processing quality, result-

ing poor quality features. Third, sign languages use the visual world and use multiple

visual modalities in parallel to convey the message. The analysis and integration of

these multiple modalities is challenging both due to its computational complexity but

also due to the difficulty of the task. This thesis study addresses these challenging

problems in sign language recognition and proposes several techniques for the solution

of these problems. Although our results are not conclusive, we obtain promising results

for each of these challenging problems, which encourage further research.

The future directions on sign language recognition are on signer independent,

large vocabulary systems in both isolated and continuous recognition tasks. All kinds of

non-manual information, including head motion, body posture and facial expressions,

should be further analyzed and fully integrated with the manual signs. The most

important issue in this integration task is on how to handle the different temporal

characteristics of the manual and non-manual signals. Not only the integration of

manual and non-manual components but also the integration of the components within
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manual signs, including hand shape, motion and position information for both hands,

is crucial to achieve higher classification accuracy. Variants of Bayesian networks, such

as coupled HMMs, input-output HMMs, or other approaches can be designed and

utilized. These models should be able to handle diverse sign types: signs that use both

hands or a single hand, signs that have a global motion, a local motion or no motion

at all, etc. Hand shape analysis should be further investigated for signs with global

motion. Linguistic studies show that when there is fast, global motion, the hand shape

is less important. Furthermore, during fast motion, the hand image can be blurred due

to low camera frame rate and also the frontal view of the hand shape is changed and

self-occluded due to rotations. To overcome these difficulties, event-based hand shape

can be investigated, where the analysis is only done on specific events, in which the

exact hand shape is visible and informative.
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APPENDIX A: Hidden Markov Models

A.1. Definition

The elements of an HMM are prior probabilities of states, πi, transition proba-

bilities, aij and observation probabilities, bi(Ot) where 1 ≤ i ≤ N and N is the number

of states. In the discrete case, observation probabilities are stored in a N ×M matrix,

M being the number of symbols in the alphabet. In the continuous case, observation

probabilities are modeled by mixture of multivariate Gaussians.

bi(Ot) =
K∑

k=1

wikN (Ot; µik, Σik) (A.1)

N (Ot; µik, Σik) =
1√

(2π)V |Σik|
e[−1

2
(Ot−µik)2Σ−1

ik (Ot−µik)2] (A.2)

where µik, Σik are component means and covariances, respectively, and K denotes the

number of components in the mixture. V is the dimensionality of the observation

vectors and Ot is the observation at time t.

For a sequence classification problem, one is interested in evaluating the prob-

ability of any given observation sequence, O1O2...OT , given a HMM model, Θ. This

probability, or the likelihood, P (O|Θ), of an HMM can be calculated in terms of the

forward variable.

P (O|Θ) =
N∑

i=1

αT (i) (A.3)

where the forward variable, αT (i), is the probability of observing the partial sequence

O1...OT until the end of the sequence, T , and being in state i at time T , given the
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model Θ. The forward variable can be recursively calculated by going forward in time:

α1(j) = πjbj(O1) (A.4)

αt(j) = bj(Ot)
N∑

i=1

αt−1(i)aij (A.5)

For long sequences, the computation of the forward variable will exceed the pre-

cision range of the machine. Thus, a scaling procedure is needed to prevent underflow.

The scaling coefficient, ct is calculated as follows:

ct =
1∑N

i=1 αt(i)
(A.6)

α̂t(i) = ctαt(i) (A.7)

The computation of P (O|Θ) must be handled differently since αT (i)s are already

scaled. P (O|Θ) can be calculated via the scaling coefficients. However we can only

calculate the logarithm of P since P itself will be out of the precision range [121]:

log(P (O|Θ)) = −
T∑

t=1

logct (A.8)

The likelihood of an HMM can also be calculated in terms of both the forward and

backward variables.

P (O|Θ) =
N∑

i=1

αt(i)βt(i) (A.9)

where the forward variable, αt(i), is the probability of observing the partial sequence

O1...Ot until time t and being in state i at time t, given the model Θ and the backward

variable, βt(i) is the probability of observing the partial sequence Ot+1...OT given that

we are in state i at time t and the model Θ.
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The backward variable can be recursively computed by going backwards:

βT (i) = 1 (A.10)

βt(i) =
N∑

j=1

βt+1(j)aijbj(Ot+1) (A.11)

The probability of being in state i at time t given the model, Θ, can be computed

by

γi(t) =
αt(i)βt(i)∑N

j=1 αt(j)βt(j)
=

αt(i)βt(i)

P (O|Θ)
(A.12)

and in the continuous case, the probability of the component k in state i at time t

given the model can be computed by

γik(t) =
αt(i)βt(i)wikN(Ot; µik, Σik)

bi(Ot)P (O|Θ)
(A.13)

and

γi(t) =
K∑

k=1

γik(t) (A.14)

A.2. Derivation of HMM Gradients

The gradient of the loglikelihood is given by

∂lnP (O|Θ)

∂θ
=

−1

P (O|Θ)

∂P (O|Θ)

∂θ
(A.15)

where θ stands for a parameter of the HMM: transition probabilities, aij, observation

probabilities, bi(Ot), and in the case of continuous HMM, parameters of the component

probabilities, wik, µik, Σik.
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A.2.1. Gradient with respect to Transition Probabilities

Using the chain rule in Equation A.9,

∂P (O|Θ)

∂aij

=
T∑

t=1

∂P (O|Θ)

∂αti

∂αt(i)

∂aij

+
T∑

t=1

∂P (O|Θ)

∂βti

∂βt(i)

∂aij

=
T∑

t=2

βt(i)bi(Ot)αt−1(j) +
T−1∑
t=1

αt(i)bj(Ot+1)βt+1(j)

=
T−1∑
t=1

[βt+1(i)bi(Ot+1)αt(j) + βt+1(j)bj(Ot+1)αt(i)] (A.16)

For left-to-right HMMs with no skips, using only self transition parameters will

be enough. Hence, for i = j,

∂P (O|Θ)

∂aii

=
T−1∑
t=1

[βt+1(i)bi(Ot+1)αt(i) + βt+1(i)bi(Ot+1)αt(i)]

= 2
T−1∑
t=1

βt+1(i)bi(Ot+1)αt(i)

≈
T−1∑
t=1

βt+1(i)bi(Ot+1)αt(i) (A.17)

A.2.2. Gradient with respect to Observation Probabilities

Using the chain rule in Equation A.9,

∂P (O|Θ)

∂bi(Ot)
=

∂P (O|Θ)

∂αti

∂αt(i)

∂bi(Ot)
+

∂P (O|Θ)

∂βti

∂βt(i)

∂bi(Ot)

= βt(i)
αt(i)

bi(Ot)
+ αt(i)

∂βt(i)

∂bi(Ot)

Since ∂βt(i)
∂bi(Ot)

= 0

∂P (O|Θ)

∂bi(Ot)
= βt(i)

αt(i)

bi(Ot)
(A.18)
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A.2.3. Gradient with respect to Component Probabilities

Using the chain rule in Equation A.9 and ∂βt(i)
∂bi(Ot)

= 0

∂P (O|Θ)

∂wik

=
T∑

t=1

∂P (O|Θ)

∂αti

∂αt(i)

∂bi(Ot)

∂bi(Ot)

∂wik

(A.19)

∂P (O|Θ)

∂µik

=
T∑

t=1

∂P (O|Θ)

∂αti

∂αt(i)

∂bi(Ot)

∂bi(Ot)

∂µik

(A.20)

∂P (O|Θ)

∂Σik

=
T∑

t=1

∂P (O|Θ)

∂αti

∂αt(i)

∂bi(Ot)

∂bi(Ot)

∂Σik

(A.21)

Then the partial derivatives can be calculated as

∂bi(Ot)

∂wik

= N(Ot; µik, Σik) (A.22)

∂bi(Ot)

∂µik

= N(Ot; µik, Σik)(Ot − µik)
T Σ−1

ik (A.23)

∂bi(Ot)

∂Σik

= N(Ot; µik, Σik)[−Σ−1
ik +−Σ−T

ik (Ot − µik)(Ot − µik)
T Σ−T

ik ] (A.24)

Using equations A.15 and A.18, gradients of the loglikelihood can be calculated:

∂lnp(O|θ)
∂wik

=
T∑

t=1

βt(i)αt(i)wikN(Ot; µik, Σik)

P (O|Θ)bi(Ot)

1

wik

∂lnp(O|θ)
∂µik

=
T∑

t=1

βt(i)αt(i)wikN(Ot; µik, Σik)

P (O|Θ)bi(Ot)
(Ot − µik)

T Σ−1
ik

∂lnp(O|θ)
∂Σik

=
T∑

t=1

βt(i)αt(i)wikN(Ot; µik, Σik)

P (O|Θ)bi(Ot)
[−Σ−1

ik +−Σ−T
ik (Ot − µik)(Ot − µik)

T Σ−T
ik ]
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Using equation A.13,

∂lnp(O|θ)
∂wik

=
T∑

t=1

γik(t)

wik

(A.25)

∂lnp(O|θ)
∂µik

=
T∑

t=1

γik(t)(Ot − µik)
T Σ−1

ik (A.26)

∂lnp(O|θ)
∂Σik

=
T∑

t=1

γik(t)[−Σ−1
ik +−Σ−T

ik (Ot − µik)(Ot − µik)
T Σ−T

ik ] (A.27)
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APPENDIX B: Belief Functions and the Transferable Belief

Model

B.1. Belief Functions

In this section, we briefly present the necessary background on belief functions.

Interested readers may refer to [95, 96, 97, 98] for more information on belief theories.

Frame: Let Ω be the set of N exclusive hypotheses: Ω = {Ω1, Ω2, . . . ΩN}. Ω is

called the frame. It is the evidential counterpart of the probabilistic universe.

Powerset: Let 2Ω, called the powerset of Ω, be the set of all the subsets A of Ω,

including the empty set: 2Ω = {A/A ⊆ Ω}

Belief function (BF): A belief function is a set of scores defined on 2Ω and

adds up to 1, in exactly the same manner as a probability function (PF) defined on

Ω. Let m(.) be such a belief function. It represents our belief in the propositions that

correspond to the elements of 2Ω:

m : 2Ω → [0, 1]

A 7→ m(A) with
∑
A⊆Ω

m(A) = 1

A focal element is an element of the powerset to which a non-zero belief is as-

signed. Note that belief can be assigned to non-singleton propositions, which allows

modeling the hesitation due to the absence of knowledge between elements.

Dempster’s rule of combination: To combine several belief functions into

a global belief function, one uses the Dempster’s rule of combination. For N BFs,

m1 . . . mN , defined on the same hypothesis set Ω, the Dempster’s rule of combination
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is defined as:

∩© : BΩ ×BΩ × . . .×BΩ → BΩ

m1 ∩©m2 ∩© . . . ∩©mN 7→ m∩©

with BΩ, the set of BFs defined on Ω, and m∩©, the global combined BF, which is

calculated as:

m∩©(A) =
∑

A=A1∩...∩AN

(
N∏

n=1

mn(An)

)
∀A ∈ 2Ω (B.1)

Decision making: After fusing several BFs, the knowledge is modeled via a

single function over 2Ω. There are alternative ways to make a decision from the knowl-

edge of a BF [122, 123, 124]. A very popular method is to use the Pignistic Transform

(PT), such as defined in the Transfer Belief Model [97], where the belief in doubtful

focal elements is equally shared between the singleton hypotheses which are implied by

them. Moreover, as the decision is supposed to be made within the defined hypotheses,

the whole belief is normalized so that the belief in the empty set is not considered. One

defines BetP(.) [97], the result of the PT of a BF m(.), as:

BetP (h) =
1

1−m(∅)
∑

h∈A, A⊂Ω

m(A)

|A| ∀h ∈ Ω (B.2)

where |A| denotes the cardinality of A. The division by 1−m(∅) is a normalizing factor.

We will use the following notation of conditioning to express this normalization: .|Ω.

In BF formalism, it is possible to make decisions based on other assumptions.

For instance, it is possible to associate a plausibility to any element of the powerset,

and then select the most plausible element [125, 126]. The plausibility of an element is

the sum of all the belief associated with the hypothesis which fails to refute it. Hence,

the bigger the cardinality of an element of the powerset is, the higher its plausibility

is. Then, deciding according to the plausibility measure is likely to lead to a decision
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on a set of hypotheses of high cardinality, including the entire Ω, which is finally an

absence of decision. It may be wiser to prevent any decision making than making an

inaccurate decision, especially in case of a decision with a huge cost of erring (juridic

decision, for instance).

Basically, these two stances, to make a bet, or to wait for a cautious decision

are typically opposed in decision making. For sign language recognition, we have the

necessity to make a decision on which a reasonable mistake is acceptable, but one needs

to reject a bet when excessive amount of information is missing: when classifying a

sign with both manual and non-manual information, we accept a part of indecision on

the non-manual gesture, but we have to make a complete decision on its manual part

(see next sections). Hence, we need to use an intermediate way to make a decision:

We need to precisely set the balance between cautiousness and the risk of a bet.

We propose to define a new method based on the PT. We generalize the PT so

that we can decide whether any focal element has a too large cardinality with respect

to the amount of uncertainty we allow, or, on the contrary, it is small enough (even if

it is not a singleton focal element), to be considered. We call this transformation as

Partial Pignistic Transform (PPT).

Partial Pignistic Transform: Let γ be an uncertainty threshold, and let 2|Ω|γ

be the set of all elements of the frame with cardinality smaller or equal to γ. We call

2|Ω|γ the γth frame of decision.

2|Ω|γ = {A ∈ 2Ω/|A| ∈ b0, . . . , γc} (B.3)

Let Mγ(.) be the result by γ-PPT of a BF m(.). It is defined on 2|Ω|γ as:
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Mγ(∅) = 0

Mγ(A) = m(A) +
∑

B⊇A, B /∈2|Ω|γ

m(B)
|A|

∑γ
k=1

[(|B|
k

) · k
] , ∀A ∈ 2|Ω|γ\∅ (B.4)

where B are supersets of A, and |A| denotes the cardinality of A. Then, the decision

is made by simply choosing the most believable element of the γth frame of decision:

D∗ = argmax2|Ω|γ (Mγ). Note that, the 1-PPT is equivalent to the PT.

B.2. Belief Function Definition from HMM Log-likelihoods

We define an Elemantary Belief Function (EBF) over the powerset of the two

HMMs involved. Then, the belief of each EBF is distributed over one HMM, the other

HMM, and the hesitation among the two HMMs. We modify this partition so that

the HMM which has the smaller value among the two has a zero-valued belief. So, we

simply define the repartition between one HMM and the union of the two involved.

This is what we call the hesitation distribution, b, and it is modeled on the behavior

of an expert human being. Then, for each pair of HMMs (HMMi, HMMj) an EBF mij

is defined as

mij({i, j}) = b, b ∈ [0, 1] (B.5)

mij({i}) = 1− b

mij({j}) = 0

assuming that HMMi gives a higher score than HMMj. Then, the only point is to

define the hesitation distribution, b, for each EBF.

We should keep in mind that, although the HMM scores are derived from prob-

abilities, they are indeed log-likelihoods and it is not possible to compute the inverse

and to go back to likelihoods because of the scaling operation carried out to prevent

underflow of the probabilities when the sequences are long. Hence, if scaling is used,
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only the log-likelihood is defined, and not the likelihood itself, due to the limits of

machine representation of numbers [121].

This “conversion” problem is far more complicated when converting a real proba-

bility function into a belief function. The simple solution would be to convert the scores

to probabilities by scaling and normalization operations and to remain in a ”normal-

ized” problem. However, this simple solution does not guarantee efficiency. Instead,

we propose to fit a distribution to each pair of log-likelihoods and later combine them

to produce belief values. We set this hesitation distribution experimentally and even-

tually tune it on a validation set. We use a simple model which assumes the belief

in the hesitation distribution to follow a zero-mean Gaussian function with standard

deviation, σ, with respect to the margins (the differences of scores). We define σ as

σ =
√

α · σs, where σs is the variance of the margins of pairwise log-likelihoods for the

HMM case. The coefficient α controls the level of uncertainty in the belief function.

The bigger it is, the more hesitation the belief function contains. If α is too small, the

belief function will be equivalent to a max function over the likelihoods: argmax(L(.))

will focus all the belief, and the rest will be zero-believed (L(.) denotes the likelihood

of each model). On the contrary, if α is too big, the belief is focused on the widest

hypothesis (the complete hesitation), and making a non-random decision over such a

function is impossible.

Having defined the hesitation distribution, the EBFs are calculated and they are

fused together with Dempster’s rule of combination:

m = ∩©i,j 6=i mij (B.6)

The entire algorithm to compute a belief function from a set of nonhomogeneous

scores is given in Figure B.1. So far, we described how to obtain the hesitation distri-

bution for each EBF, and the influence of these models on the global belief function

(step 4 of Figure B.1), but we have not defined how to create this global belief function

from the EBFs. This is done by (1) refining the EBFs so that they are defined on the
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complete powerset of Ω instead of on a part of it [6](see step 4 of Figure B.1), and (2)

fusing all the EBFs with Dempster’s rule of combination (step 5 of Figure B.1).

Let Ω be the set of all the hypotheses (or classes): Ω = {H1, H2, . . . HN}
1. For all pairs, (Hi, Hj), in Ω, where i 6= j, compute Vij = L(Hi)− L(Hj).

2. Compute σs of Vij for all (Hi, Hj) pairs.

3. Set α to define the level of hesitation of the hesitation distribution.

4. For each Vij , create a belief function mij(.) over the powerset of {Hi, Hj}. This

BF defines the belief on {Hi}, {Hj} and {Hi, Hj}, with zero-belief for ∅ and

one of {Hi} or {Hj}. Then refine the EBFs to make them combinable :

mij({i, j}) = exp(
−V 2

ij

2∗(α∗σs)2
) , mij({i, j}) refinement−−−−−−−→ mij({Ω})

mij({i}) =





1−m({i, j}) if Vij > 0

0 otherwise
, mij({i}) refinement−−−−−−−→ mij({Ω\j})

mij({j}) =





1−m({i, j}) if Vij < 0

0 otherwise
, mij({j}) refinement−−−−−−−→ mij({Ω\i})

5. Apply Dempster’s rule of combination to these belief functions mij(.).

6. The result is the combined belief function m∩© over Ω on which a decision can be made

(Equation B.1).

Figure B.1. Algorithm to compute beliefs from a set of nonhomogeneous scores.
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