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The limits of my language
are the limits of my world.

L udwig W ittgenste i n

C H A P T E R 1
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2 1.1. Communica t ion and its disorders

1.1 C o m m u n ica t ion a n d i ts d isor d e rs

Communication is the dynamic foundation of human interact ion, and the drive
behind our development as a social species. We exclaim, describe, argue, joke,
tease, explain, protest , quest ion, laugh, and express all other urges of our inner
world through communication. I t is a deep need of a human being to communi-
cate, as well as a basic human right . For communication to be successful, people
must be able to generate, exchange, and understand messages of one another.
A lthough we all use many di  erent forms of communication, natural language
and speech are the predominant channels of interact ing with our environment .

For those people who have di  cult ies with processing language, or with produc-
ing and comprehending speech, communication can be a significant challenge.
Speech and language di  cult ies may be temporal or permanent; they may be
due to congenital impairments, or result from brain injury or illness. T he gen-
eral term referring to these condit ions is communication disorders. Individuals
with communication disorders may face di  cult ies with social inclusion, with
access to services and information, result ing in an overall decreased quality of
life. Particularly, children who have di  cult ies speaking may need a great deal
of support to overcome the challenges on their way towards learning to com-
municate. In order to provide this kind of support and, more generally, improve
the quality of life of people with communication disorders, clinical professionals
are trained in the area of speech-language therapy.

T he scope of communication disorders which speech therapists treat may dif-
fer between countries and health insurance systems. Disorders in which speech
and language funct ions are a  ected direct ly may include: hearing impairment;
voice and resonance disorders; art iculation disorders; fluency disorders; apha-
sia; Motor Speech Disorders; specific language impairment (SLI) and language
delay. In certain cases, speech and language funct ions may become a  ected as
a consequence of the following condit ions: cognit ive impairment and disabili ty;
behavioral and emotional disabili t ies (e.g., autism, at tention defici t); psychi-
atric disabili t ies (e.g., schizophrenia, the dementias); structural abnormalit ies,
including congenital (e.g., cleft palate) and acquired abnormalit ies (e.g., la-
ryngectomy); cerebral palsy and other neuro-motor impairment; swallowing
disabili t ies.

Clinicians make use of a large variety of methods, techniques and tools for
treating patients with communication disorders, among them technology-based
methods. T his thesis explores a number of ways in which technology can sup-
port the work of speech-language therapists in dealing with one type of commu-
nication disorders, namely Motor Speech Disorders (MSD) (dysarthria, apraxia,
and stut tering). In this chapter, we shortly introduce the field of speech-language
therapy, the role of technological innovation in that field, and outline the re-
search and development act ivit ies described in this thesis.
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Sp eech and L anguage T herapy

Originally, the term Logopedics was used to identify the professional area of
treating communication disorders. Currently, the term most commonly used in
Europe is Speech Language Therapy (SLT ), and in the United States, Australia
and Canada - Speech Language Pathology (SLP). T hroughout this thesis, when
referring to professionals in the field of communication disorders, the terms
‘speech clinician’ and ‘speech therapist ’ will be used interchangeably.

In the process of treating patients with Motor Speech Disorders, a significant
aspect of the work of speech therapists consists of teaching, training, rehearsing
and sustaining new speech and language skills with their patients. In order to
perform these tasks, clinicians (and respect ively, their patients) may have the
following needs:

» Have the means to demonstrate the desired speech targets to their pa-
t ients , in a consistent and systematic way.

» Have access to detailed and ob ject ive information about the speech pro-
duct ions of their patients.

» Have access to standardized diagnost ic and treatment methodologies.

» Have the means to engage patients in repeated drill exercises, especially
with young children.

» Have the means to e  ect ively measure treatment results, and follow treat-
ment progress in the course of t ime.

» Have methods to enable autonomous training, and management of com-
munication outside the clinic.

» Have possibili t ies to e  ect ively exchange clinical experience with other
specialists, and share best-pract ice information.

T he need for systematic, e  ect ive, ob ject ive, engaging and autonomous features
of treatment delivery have led researchers to consider the ways in which tech-
nological tools can support the process of providing speech language therapy.
T he inert ia of technological innovation in the field has been driven by a number
of considerat ions. F irst , the large amount of t ime spent on mass-pract ice drills
with patients may not be an e  cient use of clinician’s t ime, which is, by default ,
in shortage. Clinical t ime could be bet ter spent if patients could perform the
routine drill elements of their treatment semi independently, under the guid-
ance and supervision of the clinician. Second, computer-based methods allow
the creation of conceptually novel tasks, which may go beyond the paper-based
training methods (Hubbard, 2006).
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1.2 Tech nologica l i n nova t ion i n S L T

Technological developments have had a considerable impact on the area of
health care. Speech-language therapy pract ice is relat ively not heavily based on
technology, although increasingly more technological developments have been
introduced into the field over the last decade. Broadly speaking, technological
innovation in the area of communication disorders can be associated both with
the field of assist ive technology (A T ), as well as with Computer-A ided Lan-
guage Learning (C A LL).1 A T devices are tools for enhancing the independent
funct ioning of people who have physical limitat ions or cognit ive impairments.
C A LL includes a wide range of applications and tools for learning languages.
Technology in the field of SLT can be roughly categorized into several types:

P rost he t ic dev ices aim at the rehabili tat ion of hearing funct ions, include
hearing aids and cochlear implants.

A l t e red A u d i tor y Feed b ack dev ices manipulate the user’s speech signal,
so that the altered signal is fed back to the person throughout the act of
speech. A A F devices are most ly used by individuals who stut ter for the
enhancement of speech fluency.

A ug m en t ed A l t e r n a t i ve C o m m u n ica t ion ( A A C ) dev ices are used to sup-
plement or replace speech for individuals with impairments in the pro-
duct ion of spoken language. A A C is used by people with a wide range of
speech and language impairments, such as cerebral palsy, autism, amy-
otrophic lateral sclerosis and Parkinson’s disease.

C o m p u t er A ided Sp eech L a ngu age T her a py ( C A S L T ) tools provide speech
clinicians with a plat form for teaching and training speech and language
skills of individuals with speech impairments, which is the most common
form of technological support in the treatment of MSD .

Sign la ngu age lea r n ing syst e ms provide support for the education of sign
languages, as well as automatic sign language recognit ion and translat ion.

C o m m u n ica t ion st i m u la t i ng syst e ms are designed to assist individuals with
intellectual impairment and autism to explore communicative interact ions
in a safe and controlled environment , as well as to promote collaborative
and social skills.

Tele-hea l t h syst e ms utilize advanced telecommunications technologies for
providing remote speech-language therapy services in the treatment of
fluency, voice, swallowing and childhood speech and language disorders.

1In this context we do not include technologies underlying various research instruments in
the study of communication disorders (such as Electromagenetic Articulography (EMA), Ul-
trasound Tongue Imaging (UTI) or brain imaging techniques), but rather refer to technologies
employed in the work of speech therapists.
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N ew app roaches to innova t ion in SL T

W hile some scientific fields have been tradit ionally involved in the support of
communication disorders (such as language technologies, phonet ics and clini-
cal linguist ics), new approaches and combinations are steadily taking form. In
recent years, there has been an increasing interest in applying methods from
the field of computational linguist ics (C L) to the management of communica-
t ion disorders. For example, advanced language models have been utilized for
improving automatic speech recognit ion of speakers with dysarthria (Sharma
and Hasegawa-Johnson, 2010), Natural Language G enerat ion techniques have
been applied to support narrative capabili t ies of children with complex com-
munication needs (B lack et al., 2010), and n-gram language predict ion models
were shown to improve the rate of binary switch typing on Augmentative and
A lternative Communication (A A C) devices (Roark et al., 2010).

Original applications may not be limited to the linguist ic domain. For exam-
ple, Brundage (2007) examined the potential of using the cognit ive aspects of
interact ions in virtual reality environments for the assessment and treatment
of stut tering. Light and Lindsay (1991) have applied insights from cognit ive
science (the limitat ions of working memory, the knowledge structures of long-
term memory) for improving the design of A A C systems. Developments of this
kind point out the advantage of a wide-angle view on the process of innovation
in SLT , which concurrently considers the abili t ies of several expert ise areas in
advancing development , as well as the prospect of integrating di  erent solutions
into broader, more systematic treatment plat forms.

C hal lenges for technologica l innova t ion in t he field

A number of challenges are encountered in the process of developing techno-
logical innovation in the field of communication disorders. F irst , the inherent
diversi ty among disorder manifestat ions and individual patients makes i t di  -
cult to develop generic tools and products. Since innovative tools in this field
often rely on speech and language technologies, their development involves a
considerable investment of resources, which becomes harder to just ify if even-
tually products can not be generalized and widely used (Ruiter et al., 2010).

Second, innovation e  orts in the field of communication disorders occur rather
sporadically, as there are only few dedicated research and development struc-
tures to advance these e  orts. T his stands in stark contrast to other fields of
assist ive technology (e.g., physical rehabili tat ion) for which ongoing research ac-
t ivit ies are organized within special interest groups, research consortia, special-
ized centers and laboratories. T his si tuation is, perhaps, the main obstruct ion
in propelling innovation in the field. T herefore, this thesis strives to comple-
ment e  orts towards establishing an ongoing scheme of innovative development
for supporting the management of communication disorders.
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1.3 P ro j ec t ove r v ie w

T he aim of this thesis is to apply and examine technological innovation in
the delivery of treatment for patients with Motor Speech Disorders (MSD).
T his aim is pursued from two complementary perspect ives. F irst ly, this the-
sis explores the quest ion of how new computer-based tools can refine current
methodologies in the treatment of MSD . On a second, and broader level, this
thesis aims at examining the necessary ingredients for a durable process of in-
novation in the field, in terms of an interdisciplinary research and development
framework .

T he purpose of act ivit ies on the first level is to invest igate the challenges and
opportunit ies of technology-based innovation, when considering a range of steps
in the delivery of treatment procedures. Specifically, the work in this thesis
addresses the following three main phases in the treatment delivery of MSD:

T he p rep a r a t ion of t rea t m en t p rogr a ms. In the first stages of MSD treat-
ment delivery, speech clinicians need to plan and design the treatment
program according to the needs of individual patients. W ithin a treat-
ment program, linguist ic i tems must be selected which best target the
relevant aspects of the speech disorder (background information on this
topic is provided in Chapter 2.2). Assist ing clinicians with the select ion of
speech treatment targets involves two steps - obtaining relevant linguist ic
materials, and providing the means for an e  ect ive generat ion of targets.

In Chapter 3 we address the first step, and demonstrate how techniques of
computational linguist ics can be brought into service for obtaining valu-
able linguist ic materials. We obtain the syllabic inventory of Dutch by
means of automatic syllabification of the spoken language data. Conse-
quently, we analyze the suspected discrepancy between the spoken and
canonical syllabic inventories, and prove insights on the applicabili ty of
the two data sets as speech training materials. T he content of this chapter
is partially extracted from the following publication:

Umanski, D ., Sangati, F ., and Schiller, N . O . How spoken language cor-
pora can refine current speech motor training methodologies. In Pro-
ceedings of the A C L 2010 Student Research Workshop, p. 37–42.

T he work described in Chapter 4 demonstrates how theoret ical advance-
ments in the field of Apraxia of Speech (A OS) can be applied to the devel-
opment of a new computer application for allowing clinicians to generate
customized treatment materials for their patients. We outline research
evidence for the benefits of a systematic manipulation of speech targets
based on syllabic parameters for the treatment of A OS. Based on these
insights, an application for generat ing word-lists according to clinically
relevant parameters is developed and evaluated.
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L ea r n ing a n d p r ac t icing sp eech m otor sk i l ls. T hroughout the treatment
process, much time is spent on pract icing speech motor skills. T he chal-
lenge of clinicians in engaging patients in training consists of a systematic
demonstrat ion of the desired speech targets, providing adequate feedback
on the quality of speech product ions, and st imulating patients to perform
a large amount of exercises (background information on this topic is pro-
vided in Chapter 2.3).

In addressing these challenges, in Chapter 5 we examine the possibili-
t ies of using a computer game to support the training of t iming skills in
speech of children with MSD . To this end, we invest igate what are the el-
ements necessary for construct ing a training system, in terms of exercise
methodology, the required technology, and usabili ty factors. We imple-
ment t iming accuracy exercises within a computer game, and evaluate
the feasibili ty of the game as a supplementary therapeutic tool. T he con-
tent of this chapter is partially extracted from the following publication:

Umanski, D ., Schiller, N . O ., Kogovšek D . & Ozbi  M . Development of a
voice-based rhythm game for training speech motor skills of children
with speech motor disorders. In Proceedings of the 2010 8th Inter-
national Conference on Disabi l ity, V irtual Real ity and Assoc iated
Technologies. p. 255–262.

T he a u tono m ous m a n age m en t of co m m u n ica t ion . A fter a treatment pe-
riod, individuals may need to maintain the acquired skills, and manage
their communication independently. One example of technology support-
ing this process is the utilizat ion of A ltered Auditory Feedback (A A F )
devices by some adults who stut ter, in order to retain improved fluency in
everyday speech. T he limitat ions and challenges associated with current
A A F procedures are described in Chapter 2.4.

In Chapter 6, we address these limitat ions, and propose a refinement to
the current A A F procedures for the enhancement of speech fluency. For
this purpose, an adaptive feedback procedure is proposed, which utilizes
digital signal processing techniques for real-t ime analysis of the speech
signal, and the dynamic act ivation of auditory feedback . T he proposed
A A F procedure is evaluated with adults who stut ter, in terms of fluency
enhancement , as well as comfortabili ty with the auditory cues. T he con-
tent of this chapter is partially extracted from the following publication:

Umanski, D . and Schiller, N . O . How do adaptive auditory feedback
procedures a  ect the speech of adults who stut ter. Stem-, Spraak-
en Taalpathologie 17 (supplement) , p.82
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M et hods and app roach

In addressing each of these steps, the process of development is grounded on
the frameworks of Instruct ional Systems Design (ISD) (Peterson, 2003), and
User-Centred Design (Gould and Lewis, 1985; Hersh, 2010). According to the
principles of these models, the following basic steps are involved in the process:

A n a l ysis P h ase involves the identification of a problem, a need, or an im-
provement opportunity, in regard to a specific methodology or procedure
in the treatment of MSD . T his phase may include observations of clinical
pract ice, interviews with clinicians and patients, and literature research.

D esign P h ase involves the considerat ion of alternative strategies for solving
the identified problem, while considering the areas of expert ise, whose
methods can contribute to at tain the solution. T his phase may include
the specification of requirements, preparation of user scenarios, use cases,
task flows and navigation structure.

D evelop m en t P h ase involves the implementation of the proposed solution
strategy, usually on a level of a prototype, where the core funct ionality
can be tested. I t is considered a good pract ice to present users with early
prototypes for evaluation, and iterate by re-designing in order to account
for problems identified in user test ing.

E va lu a t ion P h ase involves the test ing of the developed solution, ei ther by
evaluating the performance of the developed techniques direct ly, or by
means of a study with the user group. T his step proceeds with the analysis
of quantitat ive and qualitat ive results, in order to generate insights about
the feasibili ty of the proposed solution, and provide recommendations for
further research and development .

Quite naturally, upon reading about ‘new methods for speech therapy’, some
readers might expect to find reports about the e  ects of these methods on
the speech impairment of patients. However, the methods proposed in this
thesis are not comprehensive clinical interventions, but rather experimental
and complementary solutions. T herefore, before these methods can be fully
developed and undergo e  cacy test ing, preliminary studies are necessary to
evaluate the feasibili ty of the developed methods as valuable therapeutic tools.
By definit ion, the purpose of a feasibili ty study is to evaluate and analyze
the potential value of a proposed new method, in order to determine if the
investment of resources in this method is likely to generate a desirable result .
T his is important to keep in mind when interpret ing the reported results. T he
ob ject ive of this thesis is not to provide conclusive evidence for specific e  ects
of the proposed methods, but rather to delineate the limitat ions and potentials
of these methods.
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F inally, this thesis is concerned with the ways in which future e  orts of inno-
vation in the field may become more product ive, e  cient and sustainable, by
examining the ingredients necessary for an e  ect ive process of development .
T hrough the studies described in this thesis, we hope to provide evidence for
the benefits of a collaborative approach to providing support for the field. Fur-
thermore, in order to contribute to the ongoing e  orts of creating structured
frameworks for technological innovation in the field of SLT (Cucchiarini et al.,
2008), we will propose a model of interdisciplinary collaboration, and outline a
possible workflow for such a framework .

Personal mot i va t ion

T he urge for dealing with technological innovation for the support of speech
and language therapy arises from my personal experience with both domains.
Being a person who stut ters, I am aware of the importance of advancing speech
therapy methodologies. Coming from a background of computer science and
interact ion design, I am aware of the many opportunit ies of applying technology
for enhancing the abili ty of people to communicate. T he intersect ion of these
experiences has driven me to identify innovation potentials in various methods
of treatment delivery, and work on new solutions to problems in the field.





Speaking comes by nature; silence, by understanding.

A G erman sayi ng

C H A P T E R 2
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12 2.1. Speech motor cont rol and its disorders

2.1 Sp eech m o t or con t rol a n d i ts d isor d e rs

Speech is perhaps the most complex and extraordinary masterpiece of intri-
cate movement skills which humans have acquired. T he term ‘Speech Motor
Control’ refers to the systems and strategies involved in the coordination and
product ion of speech. Speech movements are not innate, and require pract ice
for an extended period of t ime, before they mature and become skillful (Smith
and Go  man, 2004). Speech motor skill is evident in highly organized, both
temporally and spatially, movement sequences, performed in an adaptive, cost-
e  ect ive, and purposeful way (Van Lieshout et al., 2004).

Speech product ion has been modeled both theoret ically (Dell, 1988; Level t ,
1999; Guenther, 2003; K alveram, 2001) and computationally ( Tourville and
Guenther, 2011; Roelofs, 2000), with models varying in focus and detail of the
underlying linguist ic and sensorimotor processes. For example, Dell’s account is
based on an interact ive model of phonological encoding, result ing in an ordered
set of discrete phonemes, so that each of the selected phonemes is translated
into an articulatory code for the control of the speech muscles (Dell, 1986).

T he model proposed by Level t (1999) shares the idea of a linearly ordered
string of speech motor plans. According to the model, once the target word has
been retrieved from the mental lexicon, the process of phonological encoding
results in abstract , syllabified phonological words, which are then incremen-
tally translated into art iculatory motor programs in the process of phonet ic
encoding (Level t and W heeldon, 1994). A crucial assumption of Level t ’s the-
ory is that speakers have access to a ‘mental syl labary’ - a reposi tory of syllabic
gestures, which contains the art iculatory scores for at least the high-frequency
syllables of the language (Cholin et al., 2006).

E vidence for a mental store of syllabic programs converged from three lines
of invest igation. F irst , researchers have observed that syllables exhibit an ex-
ponential distribution throughout a language. In fact , 500 syllables from En-
glish, Dutch, and G erman, i.e. less than 5% of the entire syllable inventory in
those languages, su  ce to produce approximately 80% of all speech in those
languages (Schiller et al., 1996). Second, a number of psycholinguist ic stud-
ies have shown that part icipants produced high-frequent syllables with shorter
response latencies than low-frequent syllables (Schiller, 1997). T hird, clinical
studies have consistently reported more accurate product ions of high-frequency
syllables in patients with apraxia of speech (Staiger and Ziegler, 2008).

O ther models emphasize the interact ion of motor and sensory components of
speech product ion (Guenther, 1995; Shaiman and Gracco, 2002; Schmidt and
Wrisberg, 2008). I t is generally accepted that movement control is grounded
on sensorimotor interact ion, and that the brain uses feedforward and feedback
(auditory, tact ile, and proprioceptive) information in a flexible and generat ive
manner, adapted to the context of ongoing performance (Van der Merwe, 1997).
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During motor learning, the control mode is assumed to be largely based on feed-
back control, which allow movement accuracy to be perpetually refined. A fter
skills acquisi t ion, control is assumed to rely most ly on feedforward project ions,
and feedback control may only be necessary if the brain’s predict ive models
need to be adjusted to novel circumstances (Guenther, 2003; Max , 2004).

T here is st ill much debate in the li terature regarding the nature and architec-
ture of speech motor plans, as well as the tangled interact ions between linguist ic
and sensorimotor processes (Caruso and Strand, 1999; Ziegler, 2009; McNeil,
2008). However, i t is evident that an intact speech motor system generates a
series of art iculatory movements, producing an acoust ic signal, such that an
intended linguist ic message of the speaker can be adequately comprehended by
a listener. W ith all i ts incredible complexity, for most adult humans, speech is
a robust and rather e  ort less act ivity, performed with a high degree of auto-
matici ty and adaptabili ty.

M otor sp eech d isor ders

As a result of certain developmental or acquired condit ions, the delicate coor-
dination involved in speech motor control may become impaired. T he group
of such impairments is typically termed ‘Motor Speech Disorders’ (MSD). A l-
though there is no consensus in the li terature as to precisely which disorders are
included in this group, the term generally implies dysarthria, apraxia of speech,
and fluency disorders, namely stut tering and clut tering ( K ent , 2000). F luency
disorders, being recognized as complex , multi-causal condit ions, are not consid-
ered exclusively as motor speech disorders, but have been extensively studied
from the speech motor skill perspect ive (Peters et al., 2000).

Dysarthria is a motor speech disorder result ing from central or peripheral ner-
vous system damage, characterized by an abnormal neuromuscular act ivity,
such as paralysis, spast ici ty or atrophy. People with dysarthria have di  cult ies
with respiration, phonation, resonance and articulation (Du  y , 2005). Conse-
quently, the control for speech movements is reduced and can result in incom-
prehensible speech on the levels of intelligibili ty, audibili ty and naturalness due
to nasalized speech, very poor art iculation and rate control problems.

Apraxia of speech (A OS) is considered to const i tute an impairment of the speech
motor programming or the phonet ic encoding stage of spoken language produc-
t ion (Du  y , 2005), although the pathomechanism underlying A OS is st ill not
well understood. A OS is thought to result from lesions to the dominant hemi-
sphere, and more specifically to anterior areas, including Broca’s area (Ziegler,
2008). Speakers with apraxia of speech produce phonemic and phonet ic errors,
their speech is laborious, halt ing, with false starts and with trial-and-error
groping movements, and is often characterized by a reduct ion of prosodic con-
trast (McNeil et al., 2004).
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Chi ldhood Apraxia of Speech (C AS) is a neurological motor speech disorder of
unknwon origin, which is thought to interfere with motor planning and pro-
gramming of speech movements, result ing in moderate to severe defici ts in
speech intelligibili ty (Caruso and Strand, 1999). C AS has been associated with
language defici ts, dysarthria and cognit ive defici ts. Characterist ics of C AS in-
clude a di  culty with producing and timing speech movement sequences, with
movement transi t ions between phonemes and syllables, vowel errors, lack of
proper stress pat tern (monotonous or expressionless), as well as reduced diado-
chokinet ic rates (McNeil, 2008).

Stutter ing is a complex communication disorder in which the flow of speech
is disrupted by involuntary repet i t ions, prolongations of sounds, and silent
blocks. I t is generally accepted that stut tering emerges from a complex inter-
act ion among factors including genet ics, language processing, emotional / social
aspects, and speech motor control ( W ingate and Howell, 2002). T hese factors
may play di  erent roles among individuals, as well as change in their expression
over di  erent periods of development (Smith and Zelaznik , 2004).

From a motor control perspect ive, stut tering has been described as a disorder in
the t iming and coordination of the systems involved in speech product ion (Pe-
ters et al., 2000). Caruso and Strand (1999) argue that viewing stut tering as
a motor speech disorder may o  er certain benefits for clinicians, such as facili-
tat ing the development of treatment protocols based upon principles of motor
learning. Van Lieshout et al. (2004) propose that stut tering reflects a limited,
or compromised level of sk i l l for preparing and performing the motor act ions
required for the product ion of fluent speech. T he elegance of this view is in ren-
dering the rather stat ic notion of a disorder into a more dynamic concept which
involves a range of sk i l l. T he concept of motor skills entails the possibili ty of
refinement , through a process of skill learning.

2.2 Sp eech m o t or sk i l l lea r n i ng

T he process of learning and maintaining product ive speech motor skills is re-
ferred to as speech motor training, which aims at teaching patients to produce
correct pat terns of speech, through gradually shift ing product ion from con-
scious control of learned speech movements to an over-learned, automatic level.
According to principles of motor learning (Schmidt and Lee, 2005), in order for
new learned movements to become over-learned and automatized, they must
be pract iced systematically, and adequate feedback must be provided. Motor
learning is known to be influenced by several factors: (1) the design of a treat-
ment program; (2) the provided feedback; (3) the motivation of the learner.

Learning, in its broad sense, should be viewed not only through the mastery of
behaviors which are being treated, but also through the degree of generalizat ion
and maintenance of the acquired skills (Schmidt and Lee, 2005). G eneralizat ion
refers to the transfer from learned behavior to related, but untrained targets,
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as well as to di  erent , unrelated targets. Maintenance refers to the preserva-
t ion of acquired skills in the long-term. Since therapy contact t ime is always
limited, the goal of treatment procedures is to encourage generalizat ion from a
relat ively small set of trained targets to a larger communicative context , and
to promote the maintenance of skills over t ime (Odell, 2002). T herefore, an
insight ful planning of treatment programs is of great importance.

Selec t ion of sp eech t rea t ment t a rge ts

One of the first considerat ions clinicians make when planning an intervention
for a certain patient , is the select ion of treatment targets. Treatment targets
are specified on several levels. F irst , the aspect of speech motor control is
identified, which impairs the patient’s speech product ion, and will be targeted
in treatment . Next , an inventory of speech items needs to be selected, in which
the impaired speech motor aspects are challenged. T he select ion of speech items
can be guided by a number of linguist ic parameters, as well as by considering the
idiosyncrat ic pat terns of a patient . Some treatment approaches target speech
elements which are stable and consistent within a patient . O thers choose to
work on the elements for which product ion is most impaired. Among the general
linguist ic parameters, clinicians may consider the following:

T he choice of t he sp eech t a rge t u n i t . Various linguist ic units (phonemes,
syllables, words, phrases) are utilized for training, according to a certain
treatment methodology. A lthough the syllable is considered as the core
unit of speech motor programming in Level t ’s model (Level t and Wheel-
don, 1994), psycholinguist ic evidence suggests that speakers plan their
speech on multiple levels (Schiller et al., 2002).

T he a r t icu la tor y co m p lex i t y of sp eech i t e ms. On a basic level, a certain
hierarchy is presumed, by which speech sounds vary in di  culty, with
vowels considered most easy, followed by single consonants, and consonant
clusters being the most complex . However, in recent work , Ziegler (2009)
presented a non-linear probabilist ic model of the phonet ic code which
involves units from a sub-segmental level up to the level of metrical feet .
T he model is verified on the basis of accuracy data from a large sample
of apraxic speakers, and thus provides a quantit ive index of a speech
segment’s motor complexity.

T he f requency of sp eech i t e ms. A lthough the frequency of speech tokens
in a language tends to correlate inversely with their art iculatory com-
plexity, frequency and neighborhood densi ty variables (number of words
that are phonologically similar to a target word), have been reported to
have a consistent influence on speech product ion (V itevitch, 2002). For
example, a study by Anderson (2007) revealed that young children are
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more likely to stut ter on low frequency words than high frequency words.
T he authors suggest that neighborhood and frequency variables not only
influence the fluency with which words are produced in speech, but also
have an impact on the type of dysfluencies. W ith respect to A OS, studies
reported a significant e  ect of syllable frequency on product ion accuracy
of speakers with A OS (Staiger and Ziegler, 2008; Laganaro, 2008). Odell
(2002) suggests that controlling for the frequency of speech targets is
expected to a  ect the learning process of new motor gestures.

T he emb edding of sp eech t a rge ts

F inally, i t needs to be specified whether and how the selected speech items
will be embedded in larger product ion units. For example, in the treatment of
A OS, clinicians typically target individual sound segments and embed them in
larger units such as syllables, words or phrases. Most often, target phonemes
are framed within words, as their meaningfulness and funct ional relevance are
thought to st imulate speech product ion (Odell, 2002). Clinicians may embed
speech targets within di  erent units throughout treatment phases. For example,
one method for training stress-pat terning ( T jaden, 2000), involves two levels
of intervention. F irst , the patient is required to produce sequences of syllables
with a certain stress pat tern (i.e., D Adada or daD Ada),1 while later, in order
to shift the trained skills towards real speech, a patient is asked to produce real
words (i.e., H Onesty or reH E A Rsal), with the corresponding stress pat tern.

Another important choice is whether speech targets should be embedded within
real words or non-words. Some evidence has been reported for the advantage
of using real words. For example, K ahn et al. (1998) found that acquisi t ion by
their apraxic patient was significantly higher when the target was embedded
in real words rather than in non-words. However, the use of non-words can
bet ter challenge the motor component of speech product ion, since the e  ects of
higher-order linguist ic processing levels are minimized (Namasivayam and van
Lieshout , 2008). Furthermore, i t has been suggested that for some young chil-
dren, the task of producing non-words might be too abstract , and demotivate
them to perform speech motor exercises (Yaruss and Logan, 2002).

To conclude, the process of select ing treatment targets for MSD patients should,
ideally, by guided by factors based on principles of motor learning, advances
in psycholinguist ic theory, and on evidence from clinical studies. Since the de-
scribed factors have been shown to influence motor skills learning, clinicians
may benefit from having the means to systematically manipulate these param-
eters, in order to realize the optimal condit ions of pract ice and feedback . In
addressing this quest ion, Chapters 3 and 4 of this thesis will describe instances
of innovative solutions for assist ing clinicians with compiling speech treatment
programs.

1Capital letters denote the stressed syllable



B ackground 17

2.3 C o m p u t e r a i d e d sp eech l a ngu age t h e r a p y
Having dealt with the design of a treatment program, a clinician must now
address the remaining two aspects of motor learning, pertaining to the si tuation
of pract ice i tself – providing a meaningful form of feedback , and sustaining
the motivation of patients to pract ice. Addressing these challenges have lead
clinicians and developers to examine the possibili t ies of using computer-based
systems to support the process of pract icing speech and language skills.

Consequently, computer aided speech language therapy (C ASLT ) games have
been developed in order to engage children in therapy by seamlessly integrating
pract ice into an enjoyable process of gameplay. C ASLT games may provide
an opportunity to create fun and motivational forms of exercise. Ideally, such
games are designed to st imulate children to perform many repet i t ions, explore
the limits of their abili t ies, and solve motor problems (Sandlund et al., 2009b).
By combining visual feedback on specific speech parameters with motivating
gameplay scenarios, computer games may provide a training si tuation which
appeals to current theories of motor control and learning ( Wulf, 2007).

V isual feedback and exercise st r uc t u re

An advantage of interact ive games is the possibili ty to design tasks which
st imulate specific motor control aspects, such as amplitude, t iming, precision,
smoothness, or the coordination of several motor aspects, as well as providing
knowledge of performance ( K P) feedback on these aspects. K P provides infor-
mation about the nature of the movement pat tern itself, while knowledge of
result ( K R) is given after the movement or exercise is completed, and provides
information about the movement outcome in relat ion to the goal, often in terms
of the spatial or temporal deviat ion (Schmidt and Lee, 2005).

T his novel ty is often realized through the application of biofeedback principles.
Biofeedback is a powerful methodology, which involves the simultaneous mea-
surement and display of a physiological process in real-t ime, enabling a person
to increase awareness and control of this process (Maryn et al., 2006). Applied
to speech product ion, computer programs typically aim to visualize a certain
feature of the acoust ic speech signal in real-t ime, in order to allow the user to
gain bet ter control over that feature.

T he inherent structure of computer games o  ers some cardinal advantages
for integrating treatment procedures. F irst , tasks in computer games are pre-
sented in a consistent manner, while at the same t ime, adaptation and dynamic
changes in those tasks take place according to the real-t ime performance of play-
ers (Hourcade, 2008). T he combination of consistency and adaptabili ty forms
an excellent framework for learning procedures, as tasks remain relevant and
engaging throughout the treatment (Donker and Rei tsma, 2004). Second, com-
puter games typically involve a hierarchical structure of tasks. T his feature also
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promotes sustained motivation, as players remain challenged while progressing
through levels of di  culty (Cordova and Lepper, 1996).

When learning new motor skills, the motivation to pract ice is a necessary com-
ponent for e  ect ive learning (Schmidt and Wrisberg, 2008). Particularly intrin-
sic motivation is recognized as a powerful catalyst in promoting the learning of
new skills (Ryan and Deci, 2000). Studies stress the importance of the learner’s
at t i tude towards the pract ice si tuation in achieving progress in a variety of mo-
tor learning contexts (Green and Bavelier, 2008). Pract icing in environments
that have a meaning for learners improves motor learning, motivation, and
generalizat ion of new skills to novel environments (Graybiel and Saka, 2004).

Typically, computer games for speech therapy are based on a microphone input .
Signal processing techniques are then applied to the acoust ic signal in order to
derive meaningful speech or voice parameters. For example, within the recent
’Comunica’ project , a comprehensive set of speech training tools has been de-
veloped (Vaquero et al., 2006). T he phonation skills module presents games for
the training of five speech skills (voice act ivity, intensi ty, breathing, tone and
vocalizat ion). Another module is oriented at training the art iculation abili t ies
of the patient in isolated words and short sentences.

F i g u r e 2 . 1 : Screenshots from ’Comunica’ games. Players control the height of the
butterfly with the pitch of their voice (left). Players receive visual feedback on their
productions of vowel targets (right).

To conclude, the process of engaging patients in the training of speech motor
skills involves a number of challenges, pertaining to a systematic demonstrat ion
of the desired speech targets, providing adequate feedback , and st imulating
patients to perform a large amount of exercises. We address these quest ions
in Chapter 5, where we examine the possibili t ies of using a computer game
to support the training of one kind of speech motor skill, namely the speech
timing accuracy skills of children with MSD .
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2.4 Tech nolog y i n t h e m a n age m e n t of st u t t e r i ng

B iofeedback app l ica t ions

Dedicated computer games developed for training speech skills direct ly related
to stut tering are rare. One example is a game designed for a study on E M G
biofeedback treatment (B lock et al., 2004). In this study, 12 children were
instructed to keep muscle act ivity, as detected by E M G electrodes and displayed
on a computer screen, below a certain level. As a reward, children pract iced
with a computer game based on E M G feedback , called ‘speech muscle tennis’.
In this game, two players move the bats up and down by tensing and relaxing
speech muscles. T he participants reported that the treatment had an e  ect on
their stut tering, and they enjoyed using a computer to learn to stut ter less.

Few biofeedback applications have been developed for adults. T he Computer-
A ided F luency Establishment and Trainer (C A F E T ) was a program which
monitored vocal volume through a microphone, as well as respiration through
a chest strap ( Tellis, 1996). T he program helped to train relaxed, continuous
breathing, and ‘gentle onsets’, where speakers have to increase their vocal vol-
ume gradually and smoothly. T he Modifying Phonation Intervals (M PI) pro-
gram is a computer based application, in which adults who stut ter at tempt to
reduce the frequency of short phonation intervals (PI), which are assumed to
be funct ionally related to stut tering (Ingham et al., 2001).

A l tered A udi tor y Feedback met hodologies

A technology which enjoys a strong revival in the management of stut tering in
recent years is A A F - A ltered Auditory Feedback (Bakker, 2006). A A F can be
defined as a manipulation of one’s speech signal, in which the altered signal is
fed back to the person throughout the act of speech. Two most common forms
of A A F are delayed auditory feedback (D A F ), whereby speakers hear their own
voice with a short t ime delay, and frequency altered feedback ( FA F ), whereby
the frequency spectrum of the speaker’s voice is shifted up or down, result ing
in an altered pitch.

T he enhancing e  ects of D A F on the fluency of people who stut ter were dis-
covered decades ago (Goldiamond, 1965). Later, the group led by Howell has
demonstrated similar e  ects with FA F (Howell et al., 1987). Since then, numer-
ous studies have invest igated both D A F and FA F , with convergent evidence
that these condit ions tend to reduce stut tering by 50-80% in some people who
stut ter (Lincoln et al., 2006). Modern micro-electronic technologies have en-
abled the manufacturing of miniaturized A A F devices (Stuart et al., 2003),
while current generat ions of smart-phones o  er su  cient computational re-
sources for integrating A A F applications, opening a perspect ive for low-cost
fluency enhancing solutions.
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F luency enhancing e  ec ts

T he fluency enhancing e  ects of A A F have been thoroughly demonstrated for
reading tasks, although most authors have reported a considerable individual
variabili ty among their part icipants (Lincoln et al., 2010). Only a few stud-
ies have examined the e  ects of A A F on stut tering during spontaneous speech,
with rather divergent findings (Antipova et al., 2008). Two studies reported pos-
it ive results which remained stable over t ime (A rmson et al., 2006; Van Borsel
et al., 2003), while the results of others were inconclusive (Ingham et al., 1997;
Zimmerman et al., 1997; A rmson and Stuart , 1998). T he e  ects of A A F proce-
dures have not yet been well established beyond the laboratory and the clinic,
nei ther has the e  ect of a prolonged exposure to A A F been invest igated system-
atically (Lincoln et al., 2006). In a study with the SpeechEasy device, measuring
fluency levels in naturalist ic set t ings, Pollard et al. (2009) reported no group
treatment e  ects for the nine adult part icipants.

F i g u r e 2 . 2 : AAF hardware device (left) & a mobile AAF application (right)

T heore t ic accounts

Despite many decades of research on A A F methods, the observed phenomenon
of fluency enhancement is not yet explained. According to the group led by K ali-
nowski (who has commercialized the SpeechEasy device), the e  ects of D A F
and FA F on stut tering are at tributed to the presence of a second speech signal,
which is hypothesized to link speech perception with speech product ion by act i-
vating ‘mirror neurons’, thus " temporarily restoring the integrity of the neural
pipeline that is compromised " ( K alinowski and Saltuklaroglu, 2003). Howell’s
group, however, presents an alternative account , by which A A F enhances fluent
speech by a  ect ing a timekeeping process that controls execution rate direct ly.
Howell argues that A A F does not create a second speech signal, but rather a
second rhythmic signal. T his concurrent rhythmic signal presumably changes
the cerebellar t imekeeping operat ion (Howell, 2004).
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M et hodologica l chal lenges

T he lack of an accepted theoret ical explanation for the e  ects of A A F , can,
at least part ly, be ascribed to the fact that A A F research involves a number
of methodological pit falls, leading to a di  culty in a consistent interpretat ion
of fluency enhancement phenomena. F irst , the choice of experimental task and
set t ing has been shown to play a role (Van Borsel et al., 2007). On the one
hand, the wish to keep variables under control has led most researchers to
employ reading tasks. On the other hand, the social relevance of A A F methods
demands a bet ter understanding of the e  ects of A A F on spontaneous speech.

Second, i t has been established that an individual speaker reacts di  erently to
various A A F set t ings, such as the length of delay, or the amount of frequency
shift (Lincoln et al., 2006). Ideally, i t would be useful to examine the ’optimal’
e  ects of A A F procedures, which would involve a di  erent , customized set t ing
for each individual. However, such experimental design would not be replica-
ble. On the other hand, a study design which delivers standard set t ings to all
part icipants is prone to overlook the full potential e  ects on each individual.

F inally, a debatable methodological aspect is the evaluation of fluency levels
in individuals who stut ter. Commonly used measures are percentage of stut-
tered syllables (%SS), and the percentage of discontinuous speech time (P DST ).
F luency data based on the P DST is presented in Ludlow and Braun (1993);
Grosser et al. (2001); Natke and K alveram (2001). P DST is a measure of dys-
fluency which takes into account the durational impact of dysfluent events on
speech (Natke et al., 2001), introduced by Starkweather in 1993. I t is believed
that P DST is a sensi t ive indication of fluency levels, since i t expresses the t ime
aspect in the experience of dysfluent speech. A longer block , for example, would
reasonably have a larger impact on the experience of the speaker and listener
alike, compared to a short syllable repet i t ion. However, with %SS measures,
both events would influence the overall dysfluency measure equally.

L im i t a t ions of cu r ren t A A F p rocedu res

One obvious weakness of A A F procedures is that they provide no audio signal
at the moment when phrases are init iated. At that moment , the audio signal
contains nothing but the silent interval which typically precedes a new phrase.
T he relevance of this limitat ion is highlighted by evidence that in spontaneous
speech, stut tering is more likely to occur at the beginning of sentences ( Koop-
mans et al., 1991). Words are more likely to be stut tered when they are at the
beginning of a sentence than when they appear at the end of the sentence (Ja-
yaram, 1984). If that is the case, A A F procedures may not provide support at
a rather crit ical moment for speakers who stut ter (Lincoln et al., 2006).

Support for this notion comes from a recent study by Saltuklaroglu et al. (2009).
T he authors were interested in the relat ive distribution of stut tering events
across ut terances under A A F and choral speech condit ions. T hey used a reading
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task which was broken down into smaller t imed trials, requiring participants
to init iate speech at the beginning of every trial. T heir results show that A A F
can be highly e  ect ive after speech is init iated but does relat ively li t t le to aid
with init iat ion (84% versus 23% reduct ion, respect ively).

Moreover, some evidence exists that A A F procedures are less e  ect ive during
spontaneous speech, where more frequent phrase init iat ions are required, than
during reading (A rmson et al., 2006). T he notion that D A F and FA F do not
e  ect ively assist the init iat ion of sentences can also be found in usabili ty re-
ports elici ted from A A F users (Lincoln and Walker, 2007). Addressing these
limitat ions, Chapter 6 examines the development of adaptive feedback proce-
dures, with the idea of select ively target ing those regions of speech which are
at higher risk of being dysfluent .



Words – so innocent and powerless as
they are, as standing in a dictionary,
how potent for good and evil they
become, in the hands of one who
knows how to combine them!

N athan iel H awthor ne, 1847

C H A P T E R 3

U t ilizing techniques of Computat ional L inguist ics for
obtaining speech treatment materials

23
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3.1 I n t ro d uc t ion

In this chapter, we wish to demonstrate how techniques of Computational Lin-
guist ics can be employed for refining the linguist ic material needed for generat-
ing customized treatment targets. We obtain the syllabic inventory of Dutch by
means of automatic syllabification of the spoken language data. Consequently,
we analyze the suspected discrepancy between the spoken and canonical syl-
labic inventories, and prove insights on the applicabili ty of the two data sets
as speech training materials.

M ot i va t ion for ob t a in ing a sy l lab ic inventor y

Tradit ional speech motor treatment programs are based on a rather stat ic in-
ventory of speech items, and speech clinicians usually do not have access to
a methodological way of select ing treatment targets for training. In order to
provide clinicians with e  ect ive computer-based tools for compiling customized
treatment targets and exercises for their patients, a database of linguist ic ma-
terials is necessary, which is annotated with clinically relevant parameters. As
described in Chapter 2.2, clinicians may utilize di  erent linguist ic units for
creating speech exercises, such as syllables, words, non-words or phrases. Par-
t icularly, the possibili ty to generate custom non-word forms can be a valuable
supplement for the clinician’s toolbox .

For example, in SM T exercises,1 children are asked to repeat non-word syl-
lable sequences modeled by the clinician. Since non-word repet i t ion has been
proposed as a reliable index of phonological memory (Sahlen et al., 1999), non-
word reading task has been used in the assessment and training of phonological
awareness skills of children with childhood apraxia of speech (C AS) (Moriarty
and Gillon, 2006; McNeill et al., 2009). Since a parametric generat ion of non-
word forms requires a pool of syllables to be combined, i t would be beneficial
to have access to the syllabic inventory of a language, so that treatment targets
can be selected based on relevant syllabic combinations.

T his importance of obtaining a detailed syllabic inventory is supported by
empirical findings from clinical linguist ics. For example, Staiger and Ziegler
(2008) report that syllable frequency and syllable structure play a decisive role
with respect to art iculatory accuracy in the spontaneous speech of patients
with apraxia of speech (A OS). In a recent study with A OS patients, Schoor
et al. (2012) have shown that syllable learning e  ects spread to unlearned syl-
lables with a specific structural kinship with the training syllables, i.e., with
a posi t ion-true overlap on syllable const i tuents of the training and the trans-

1Speech Motor Training (SMT) is a common methodology employed in the Netherlands
for teaching speech motor skills to children who stutter, as well as to children with other
motor speech disorders. The complexity of syllable sets varies systematically in terms of
number of syllables (1-4), the syllable structure (CV, VCV, VCCV, CVCCVC, etc.), and the
number of voiceless consonants in the set (Riley and Ingham, 2000).
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fer syllables. More specifically, the inclusion of coarticulatory adjustments was
crucial for the training success. Considering the clinical perspect ive, (Schoor
et al., 2012) argue for the benefits of treatment protocols based on syllabic
targets, because at the phonet ic encoding level the phonemes of syllables and
words are not context-independent entit ies, but are rather embedded in the
structural framework of a syllable, including coarticulations and transi t ions.
T his reasoning can be extended when considering pract icing with non-word
syllable sequences, and suggest the benefit of embedding exercises within a
prosodic structure. Studies have demonstrated that performance on non-words
repet i t ion task is influenced by the prosodic structure of the non-word (Roy
and Chiat , 2004), the phonotact ic probabili ty of the const i tuent phonemes (Ed-
wards et al., 2004), and the art iculatory complexity of the nonword (A rchibald
and Gathercole, 2006). In part icular, invest igating the e  ects of coarticulation
on non-word repet i t ion, (A rchibald et al., 2009) report that valid coarticulatory
cues (across syllabic units), as well as within-word stress information facili tated
non-word repet i t ion performance.

In summary, in order to allow a systematic assembly of treatment targets based
on non-word syllable sequences, i t is necessary to obtain a syllabic inventory
which contains detailed information on both intra-syllabic and inter-syllabic
levels. T he inner composi t ion of syllables is useful in order to allow a para-
metric search for structurally related syllables, such as obtaining units with
certain phonological neighborhood relat ionships. Apart from list ing single syl-
lable types of a language, i t would be beneficial to obtain a list of syllable
pairs which have been ut tered consecutively. T he specification of ’syllable- tac-
t ics’ (inter-syllabic constraints), such as frequencies of syllable combinations
or stress pat terning, can be useful for placing the exercise in a framework of
natural speech product ion Odell (2002).

A ccessing spoken language

W hen aiming at construct ing a syllabic inventory of a spoken language, sev-
eral linguist ic sources can be accessed. T he most readily available solution is
scanning a dict ionary or a lexicon of a language, which most often include
the canonical syllabification of words. However, these data lack any contextual
information about language use, such as frequency of occurrence for various
syllable types. Next , one can rely on the widely available corpora of writ ten
language, such as the often used C E L E X corpora for English, G erman, and
Dutch (Baayen et al., 1996). T hese corpora do include frequency information
for the occurring word forms and syllable types, but corpora which are most ly
based on newspaper text may not be faithfully representative of the pat terns
in spoken language. T herefore, corpora which transcribe natural spoken lan-
guage use may be a more appropriate source for obtaining syllabic inventories,
both for the academic study of speech product ion phenomena, as well as for
preparing speech training materials.
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As one embarks on surveying the transcribed ut terances in a corpus of spoken
language, one faces a choice between two representations of spoken words – the
canonical pronunciat ion of words (as specified in dict ionaries), or the actual
phonet ic realizat ion of words (spoken word forms), as they are actually ut tered
by speakers. Speakers most often deviate from the canonical pronunciat ion, pro-
ducing segment reduct ions, delet ions, insert ions and assimilat ions, throughout
spontaneous speech (Mit terer, 2008; Greenberg, 1999). Statist ical analysis of a
manually annotated subset of the Switchboard corpus indicates that pronun-
ciat ion variat ion observed in spoken American English is highly structured at
the level of the syllable, particularly when prosodic stress accent (i.e., syllable
prominence) is taken into account (Greenberg, 1997, 2003). Interest ingly, the
authors point out that the phenomena of pronunciat ion variat ion should not
be viewed as a side-e  ect of spontaneous speech product ion, but rather as re-
flect ing exceedingly high-level processing, as specific pat terns of pronunciat ion
are likely to be indicative of the speaker’s project ion of the listener’s internal
knowledge model (Greenberg et al., 2002).

In connected speech, syllable boundaries may di  er from a word’s canonical
syllabification due to morphophonological processes such as inflect ion, deriva-
t ion or cli t icisation (Booij , 1996). Furthermore, spoken syllables change as a
result of suprasegmental processes: a syllable can be intensified, reduced, or
lengthened, as a results of stress, or its posi t ion within a word. In American
English, the phonet ic identity of vocalic syllable nuclei as well as the probabil-
i ty of delet ion in the coda are largely associated with stress accent (Greenberg
et al., 2003). Studies of pronunciat ion variat ion suggest that the syllabic in-
ventory of natural speech may be rather dist inct from the canonical syllabary
represented in a lexicon of a language. T herefore, i t would be beneficial to
analyze the suspected discrepancy between the spoken and canonical syllabic
inventories, and to evaluate in how far the two data sets may be appropriate
as materials for speech training.

Both types of syllabic inventories have their potential merits and disadvantages
in the context of speech training. Since the phonet ic realizat ions of word forms
represent the way people produce speech more faithfully than canonical forms,
spoken word forms may const i tute a more natural speech material, especially
when considering the inter-syllabic level, where the e  ects of contextual assim-
ilat ion across word boundaries are captured within the spoken syllabary. T he
importance of contextual assimilat ion information can be demonstrated in stud-
ies of synthet ic speech, where the absence of coarticulatory cues across word
boundaries has been shown to lead to a decrease in sentence recall, as compared
to naturally produced speech (Paris et al., 2000; Werner et al., 2004). As far as
their disadvantage, spoken word forms may include very irregular phonological
pat terns, which may not be appropriate to be used as speech training material.
T he canonical syllabification of word forms represents the other side of the
tradeo  – while canonical syllable types are, by default , regular and normative,
they may not capture the context-dependant pat terns of connected speech.
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In order to engage with the analysis of both kinds of syllabic inventories, we
need to obtain the corresponding data sets. T he growing availabili ty of an-
notated language corpora presents new opportunit ies for retrieving valuable
linguist ic data. However, phonet ic annotations of spoken word forms in a cor-
pus typically report the phoneme sequence as i t was ut tered by the speaker, and
provides no information on syllable boundaries. T herefore, we turn to examine
how a syllabic inventory can be obtained from a corpus of spoken language
through an automatic syllabification of spoken word forms.

A u tom a t ic sy l lab ifica t ion techn iques

Several principles have been proposed to model the process of automatic syllabi-
fication, ranging from predefined sets of rules to data-driven models. Rule-based
automatic syllabification methods at tempt to enforce one or more phonotact ic
principles, i.e., maximum onset , sonority sequencing, legality theory, optimal-
ity theory (Bartlet t , 2007). In contrast , data-driven methods utilize language
corpora and stat ist ical machine learning techniques to rely on the pat terns in-
herent in the data itself. Supervised automatic syllabification have been mainly
performed on English, G erman and Dutch. A lthough di  erent works in the
li terature are not always easy to compare, due to di  erent corpora and di  er-
ent evaluation metrics, state of the art systems include Hidden Markov Mod-
els (Bart let t et al., 2008), Joint N-Gram Models (Schmid et al., 2007), Syllab-
ification by A nalogy (Marchand et al., 2009), Context-Free Grammars ( T ian,
2004), and Neural Networks (Daelemans and van den Bosch, 1992).

3.2 M e t ho ds

In order to obtain the syllabic inventory of spoken Dutch, a study on auto-
matic syllabification of spoken word forms has been carried out . T he Corpus
G esproken Nederlands (C G N) is a large corpus of spoken Dutch2 . T he C G N
contains manually verified phonet ic transcript ions of 53,708 spoken forms, sam-
pled from a wide variety of communication si tuations. A spoken form reports
the phoneme sequence as i t was actually ut tered by the speaker, but includes
no annotation on how the phoneme sequence is segmented into syllables.

We define the task of syllabification as the assignment of syllable boundaries to
the phonet ic transcript ion of a given word. Two methods for dealing with the
syllabification task were proposed, the first based on an n-gram model defined
over sequences of phonemes, and the second based on stat ist ics over syllable
units. Both algorithms accept as input a list of possible segmentations of a
given phonet ic sequence, and return the one which maximizes the score of the
specific funct ion they implement . T he list of possible segmentations is obtained
by exhaust ively generat ing all possible divisions of the sequence, satisfying the

2See http://lands.let.kun.nl/cgn/
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condit ion of keeping exact ly one vowel per segment . Both methods are trained
on stat ist ics over the canonical pronunciat ion data of the C G N lexicon.

T he first method is a reimplementation of the work of Schmid et al. (2007).
T he authors describe the syllabification task as a tagging problem, in which
each phonet ic symbol of a word is tagged as ei ther a ‘B ’ (indicating a syllable
boundary after the phone) or as ‘N ’ (indicating no syllable boundary). Given a
set of possible segmentations of a given word, the aim is to select the one, viz.
the tag sequence b̂n1 , which is more probable for the given phoneme sequence
pn

1 , as shown in equation (3.1). T his probabili ty in equations (3.3) is reduced to
the joint probabili ty of the two sequences: the denominator of equation (3.2) is
in fact constant for the given list of possible syllabifications, since they all share
the same sequence of phonemes. Equation (3.4) is obtained by introducing a
Markovian assumption of order 3 in the way the phonemes and tags are jointly
generated

b̂n1 = argmax
bn1

P (bn1 jpn
1 ) (3.1)

= argmax
bn1

P (bn1 ; pn
1 )=P (pn

1 ) (3.2)

= argmax
bn1

P (bn1 ; pn
1 ) (3.3)

= argmax
bn1

n + 1∏

i = 1

P (bi; pi jbi−1
i−3 ; pi−1

i−3) (3.4)

T he second syllabification method relies on stat ist ics over the set of single syl-
lables and bi-grams (two consecutive syllables) in the training corpus. Broadly
speaking, given a set of possible segmentations of a given phoneme sequence,
the algorithm selects the one which maximizes the presence and frequency of
i ts segments. More precisely, for each given segmentation tm1 , we compute four
di  erent scores Þ1(tm1 ), Þ2(tm1 ), Þ3(tm1 ), Þ4(tm1 ) summarized as follows:

Þ1(tm1 ) =
m∑

i = 1

ex ists(ti) (3.5)

Þ2(tm1 ) =
m−1∑

i = 1

ex ists(ti; ti + 1) (3.6)

Þ3(tm1 ) =
m−1∑

i = 1

f r eq(ti; ti + 1) (3.7)

Þ4(tm1 ) =
m∑

i = 1

f r eq(ti) (3.8)
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T he funct ion ex ists(ti) in equation 3.5 returns 1 if the segment ti has been
observed in the training corpus at least once, and 0 otherwise (analogously
for bisegments of equation 3.6), and f r eq(ti) in equation 3.8 returns the total
number of occurrences of ti in the training data (analogously for bisegments in
equation 3.7).

Next , we define a total order over the set of possible segmentations of a given
phoneme sequence. For every two segmentations T and T ′ we compare the
alpha scores in a priority fashion as follows:

1. We give absolute priority to the number of segment types observed in the
training data (Þ1 ). If this number is di  erent in the two variat ions, we
consider the segmentation with highest Þ1 as the more appropriate one.

2. Only if Þ1 is equal in the two variat ions we rely on Þ2 which corresponds
to the number of bisegment types observed in the training data.

3. If necessary, the same idea is i terated for the remaining alpha scores,
giving priority to bisegment token frequencies (Þ3 ) over single fragment
token frequencies (Þ4 ).

Given the set of possible syllabifications T1 ; T2 ; : : : ; Tk of a given phoneme
sequence, we will select the one which is maximal in respect to this order:
T̂ : T̂ ½ Ti for i 2 f1; 2; : : : ; kg.3

3.3 R esu l ts

T he first step involved the evaluation of the two algorithms on performing syl-
labification of canonical word forms. Four corpora comprising three di  erent
languages (English, G erman, and Dutch) were evaluated: the C E L E X2 cor-
pora for the three languages, and the Spoken Dutch Corpus (C G N). In this
step, the algorithms are trained on a subset of the lexicon with syllabification
data provided, and are then tested on another subset of the lexicon, with the
syllabification data omit ted.

A 10-fold cross validation on each of the corpora was performed to evaluate the
accuracy of both methods. T he evaluation is presented in terms of percentage
of correct syllable boundaries, and percentage of correct ly syllabified words.4

Table 3.1 summarizes the results obtained. For the C E L E X2 corpora, both
methods produce almost equally high scores, which are comparable to the state
of the art results reported in Adset t and Marchand (2009). For the C G N , both
methods demonstrate high scores, with the phoneme-level method showing an
advantage, especially with respect to correct ly syllabified words.

3All ties are broken even.
4Note that recall and precision coincide since the number of boundaries (one less than the

number of vowels) is constant for different segmentations of the same word.
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Corpus Number of words Phonemes-based method Syllables-based method
Boundaries Words Boundaries Words

C G N _ Dutch 86,551 98.62 97.15 97.58 94.99
C E L E X2 _ Dutch 282,905 99.12 97.76 99.09 97.70
C E L E X2 _ G erman 311,951 99.77 99.41 99.51 98.73
C E L E X2 _ English 88,047 98.86 97.96 96.37 93.50

T a b l e 3 . 1 : Summary of syllabification results on canonical word forms, in terms
of percentage of correct syllable boundaries, and percentage of correctly syllabified
words.

T he next step is applying the syllabification algorithms on the spoken word
forms. T he process of evaluating syllabification of spoken word forms is com-
promised by the fact that there exists no ‘gold’ annotation for this task in the
corpus. T herefore, the next step involved applying both methods on the data set
and comparing the two solutions. T he results revealed that the two algorithms
agree on 94.29% of syllable boundaries and on 90.22% of whole word syllabifica-
t ion. Based on the high scores reported for canonical word forms syllabification,
an agreement between both methods most probably implies a correct solution.
T he ‘disagreement’ set represents the class of ambiguous cases, typically involv-
ing a consonant cluster, where syllable boundaries can be assigned in mult iple
ways.5

T hrough a manual evaluation of the disagreement set , we were able to con-
clude that both methods weaken in their performance when tested on spoken
word forms, revealing an advantage for the phoneme-based method. For the
syllable-level method, the reason could be the drop in syllable coverage in re-
spect to the training corpus. Since this method is trained on stat ist ics over
canonic syllables present in the lexicon, i t runs into trouble if the set of spoken
syllables di  ers from the training set . A possible explanation for the weak-
ness of the phonemes-level method is that it relies entirely on sequences of
single phonemes, without utilizing higher organizational units. T his seems an
apparent limitat ion, considering that humans rely on mult iple levels of repre-
sentation in the comprehension and product ion of a speech signal (Guenther,
1995). Motivated by the high agreement score between the two algorithms, we
have compiled the syllabic inventory by means of syllabifying the sub-set of
spoken word forms in the C G N , for which the two methods are in agreement .

5As an example, consider the following pair of possible syllabifications, on which the two
methods disagree: [or-sprONk-l@-k@] vs [or-sprON-kl@-k@], pronunciation variants of the
Dutch word oorspronkelijke, meaning original, pristine.
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3.4 T h e ob t a i n e d sy l l a b ic d a t a

As a result of the automatic syllabification procedure, 832,236 single syllable
tokens were retrieved from spoken (phonet ic) word forms, comprising a total of
11,054 syllable types. Furthermore, an inventory of all bi-syllabic types in the
corpus was retrieved. Bi-syllabic types are pairs of syllables which were ut tered
consecutively within a word, as well as syllable pairs across word boundaries
within the same ut terance6 . A total of 722,814 tokens were encountered in the
corpus, of which 194,152 were dist inct bi-syllabic types.

In order to evaluate in how far the obtained spoken syllabaries (both single
and bi-syllabic) are dist inct from canonical forms, we have compiled parallel
inventories, by considering the canonical syllabification of the same word forms
in C G N which were used for retrieving the spoken syllabaries. In the discus-
sion which follows, we term the set of spoken syllables – SP O , and the set of
corresponding canonical syllables – C A N .

For the purpose of comparing the two syllabaries, i t is useful to consider their
intercession and di  erence sets. T he intersect ion set includes all types which
are common to both sets. A di  erence set contains all types, which are present
in the one set , but not the other. Table 3.2 shows the 10 most frequent single
syllable types in respect to the di  erent sets. A list of the top-100 syllables and
their frequencies for both the single-syllable types and the bi-syllabic types is
provided in the same format in Appendix A .

SPO ∩ CAN SPO \ CAN CAN \ SPO
Type Freq. SPO Freq. CAN Type Frequency Type Frequency
[d@] 4.15 3.89 [dAd] 0.33 [gO:t] 0.020
[t@] 2.52 1.89 [Ig] 0.32 [w2uw] 0.016
[ja] 2.45 2.51 [@d] 0.26 [b2uwt] 0.005
[x@] 1.86 1.60 [og] 0.17 [t@nts] 0.003
[En] 1.66 1.90 [mEd] 0.11 [Juw] 0.003
[j@] 1.36 1.49 [fel] 0.11 [prOx] 0.003
[In] 1.23 1.27 [wAd] 0.10 [pA:] 0.003
[dAt] 1.19 2.07 [hEb] 0.10 [sx2uwt] 0.002
[di] 1.11 1.26 [@N] 0.10 [kOrbz] 0.002
[@t] 1.08 1.16 [nOG] 0.09 [t2uw] 0.002

T a b l e 3 . 2 : The top 10 syllable types and their frequencies for the intersection and
difference sets of the spoken (SPO) and canonical (CAN) syllabaries. Frequency ex-
pressed as percentage of all syllable tokens in the set.

6Utterance boundaries were determined by orthographic punctuation marks ("." "?" "!").
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T he frequency distribution for single spoken syllables, as well as single canon-
ical syllables, as can be seen in F igure 3.1, exhibits a Zipf curve, a result con-
sistent with earlier reported findings (Schiller et al., 1996). According to our
stat ist ics, 4% of unique syllable types account for 80% of all encountered syl-
lables, and 10% of unique types account for 90% of all syllables, respect ively.
T he distribution of frequencies for bi-syllabic types supports the notion that
speakers recurrently use a set of over-learned, high-frequency syllabic combi-
nations (Cholin et al., 2006), albei t to a lesser degree than the distribution of
single syllables. Results reveal that 10% of unique bi-syllabic types account for
64% of all encountered bi-syllabic tokens, and 22% of unique bi-syllabic types
account for 75% of all tokens, respect ively.
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F i g u r e 3 . 1 : Syllable frequency distribution for the spoken and the corresponding
canonical syllables in the CGN. The x-axis represents 625 ranked frequency bins. The
y-axis plots the total number of syllable tokens extracted for each frequency bin.

An insight ful comparison between the syllabaries can be made through ex-
amining the frequencies of various syllable structures. T he Dutch language is
characterized by a heterogeneous phonological structure of i ts syllables, which
can assume a wide range of pat terns due to the occurrence of consonant clus-
ters (Vroomen and G elder, 1994). However, the frequencies obtained from the
C G N reveal a relat ively consistent syllabic structure in spoken Dutch – over
85% of syllable types are of a simple syllabic structure. Table 3.3 shows the
distribution of the 12 most frequent syllable structures found in the spoken syl-
labary (SP O), the canonical syllabary (C A N), and in the C G N lexicon (L E X),
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Syllable structure Lexicon C A N SP O
Simple
[ C V ] 43.8 35.4 39.6
[ C V C ] 28.4 32.3 29.7
[ V C ] 4.2 14.5 14.7
[ V ] 2.3 4.7 3.3
Sub-total 78.8 86.9 87.4
Complex
[ C V C C ] 7.3 5.4 4.9
[ C C V ] 5.8 2.5 2.8
[ C C V C ] 4.9 2.2 2.6
[ V C C ] 0.5 1.2 0.9
[ C C V C C ] 1.3 0.8 0.8
[ C V C C C ] 0.5 0.3 0.2
[ C C C V ] 0.3 0.2 0.2
[ C C C V C ] 0.4 0.1 0.2

T a b l e 3 . 3 : The relative frequency of various syllable structures found in the spo-
ken syllabary (SPO), the corresponding canonical syllabary (CAN), and in the CGN
lexicon (LEX), expressed in percentage from all syllable types in each set.

expressed in percentage from all syllable types in each set (note that while both
L E X and C A N refer to canonical syllable types, the C A N counts pertain to ac-
tual instances of occurrence, while the L E X counts refer to syllable frequency
within the dict ionary, independent of their frequency of occurrence).

A similar widespread occurrence of simple syllabic structures has been reported
for spoken English – over 83% of syllable tokens in the Switchboard corpus are
of a simple structure (Greenberg, 1997). In the C G N , this pat tern is almost
identical for the spoken and canonical syllabaries (87.4& and 86.9% respec-
t ively). O verall, the two syllabaries exhibit a very similar frequency distribu-
t ion of syllabic structures, with a slight tendency for C V C forms to reduce to
C V structure (a decrease of 2.6% in C V C forms with an increase of 4.2% in
C V forms for the spoken syllables in relat ion to canonical ones).

In order to further examine the degree of similarity between the spoken and
canonical syllables, Table 3.2 summarizes the number of dist inct types and the
number of total tokens in the two sets, as well as in their intercession and dif-
ference sets, for single and bi-syllabic types respect ively. One can est imate the
divergence between the spoken and canonic syllabaries by examining the pro-
portion between the size (the number of types) of the di  erence set in respect
to the sets examined. In the case of single syllables, for the spoken syllables set ,
this proportion is: 5254=11054 = 0:47, meaning that nearly half of the obtained
types are unique to the spoken syllabary. However, this account does not con-
sider the frequency of occurrence of syllable types. T herefore, a more precise
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evaluation examines the ‘weight’ of each set (the total number of tokens). T his
account reveals a proportion of 44; 615=832; 236, meaning that only 5.36% of
all ut tered spoken syllables are not found in the canonical syllabary. Indeed,
when examining the 100 most frequent syllables, we find that 80 of them are
present in both syllabaries.

Single-syllable types Bi-syllabic types
Syllable set # T ypes # Tokens # T ypes # Tokens
SP O 11,054 832,236 194,152 722,814
C A N 6572 908,076 134,753 850,163
SP O \ C A N 5800 787,621 78,621 467,655
SP O n C A N 5254 44,615 115,531 255,159
C A N n SP O 772 4904 56,132 113,965

T a b l e 3 . 4 : Number of distinct syllable types and of total syllable tokens, for the set
of spoken syllables (SPO), the corresponding set of canonical syllables (CAN), their
intersection and difference sets.

255159255159 1139651139654676554676554461544615 49044904787621787621

F i g u r e 3 . 2 : Venn diagrams of the spoken and canonic sets for single syllables (left),
and bi-syllabic tokens (right). In both diagrams, the spoken set is represented in the
left circle, and the canonic set in the right.

In the case of bi-syllabic types, the convergence is less pronounced. In terms of
number of types, the proportion is: 27; 691=48; 404 = 0:57, meaning that more
than half of the bi-syllabic types are unique to the spoken inventory. When fre-
quency is considered, the proportion is: 255; 159=722; 814 = 0:35, meaning that
roughly a third of all spoken syllable pairs are not found in the corresponding
canonical syllabary. T he divergence is further illustrated by the finding that
from the 100 most frequent bi-syllabic types, only 57 are found in both the
spoken and canonical sets.
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3.5 D isc ussion a n d conc l usions

Having defined our aim as obtaining appropriate linguist ic materials for com-
piling customized non-word speech treatment targets, we argued for the clinical
relevance of obtaining a detailed syllabic inventory of the spoken language. Con-
sidering the phenomena of pronunciat ion variat ion and contextual assimilat ion
in connected speech, we have anticipated a divergence between a syllabary ob-
tained from syllabification of the actual phonet ic realizat ion of words, and the
one derived from the canonical pronunciat ion of the same words. T herefore, our
goal in this project was extract ing the spoken and canonical syllabaries from a
corpus of spoken Dutch, examining the consistency of both syllabic inventories,
and providing insights on their applicabili ty as speech training materials.

In our study on the Dutch Spoken Corpus, syllabic inventories were obtained by
means of automatic syllabification of the spoken language data. We have tested
two syllabification methods, the first based on an n-gram model defined over
sequences of phonemes, and the second based on sequences of syllabic units.
Our results have shown that both methods were very successful in syllabifying
canonical word forms. T herefore, the high agreement rate between the two
algorithms when tested on spoken word forms indicates a high probabili ty for a
correct solution. T he syllabic inventory has been compiled by syllabifying the
set of words for which the two methods agree.

Describing the obtained syllabic data, we have compared the set of syllables
derived from spoken word forms (SP O) with a set of corresponding canonical
syllables (C A N), derived from the canonical syllabification of the same word
forms. To this end, we summarized the frequency distribution for both single
syllables, as well as bi-syllabic types, confirming previous psycholinguist ic ev-
idence for the reliance of speakers on a relat ively small set of high frequency
syllabic types (Cholin, 2008). Next , the relat ive occurrences of syllabic struc-
tures was compared, indicating that the two syllabaries exhibit a very similar
frequency distribution of syllabic structures. F inally, a direct comparison of
single syllable types in the SP O and C A N syllabaries has revealed a consid-
erable convergence of the two sets, especially for the high-frequency syllable
types. Spoken syllables which are not found in the canonical inventory belong
to the class of very low-frequency types, and together const i tute only 5.36% of
all ut tered syllables.

T he comparison of bi-syllabic types indicates a divergence of the two sets,
with roughly a third of all spoken syllable pairs not found in the correspond-
ing canonical syllabary. T he observed divergence can be at tributed to the in-
fluence of contextual assimilat ion in syllable pairs across word boundaries, a
phenomenon which is captured within the spoken bi-syllabic types, but can-
not be represented within canonical types, since syllable pairs are derived from
context-independent specifications in the lexicon.



36 3.5. D iscussion and conclusions

T he observed similarity between the spoken and canonical sets for single sylla-
ble types, in terms of syllable frequency distribution, the distribution of syllabic
structures and identity of syllabic types, indicates that the set of canonical syl-
lables form a good approximation of the spoken syllabary. T herefore, for the
generat ion of monosyllabic speech treatment targets, the canonical syllabary
can be seen as an appropriate material. For the purpose of compiling customized
multi-syllabic non-word sequences, materials based on bi-syllabic types may be
more appropriate, since these data capture the pat terns of pronunciat ion on
the inter-syllabic level. However, due to the observed divergence between the
spoken and canonical sets, a strategy must be sought which combines the ad-
vantages of both syllabaries. One possibili ty is to extract the intersect ion set of
the two syllabaries, which assures that syllable pairs are both natural (in so far
as having been ut tered by speakers with certain frequency), as well as norma-
tive (in so far as the const i tuent syllables are present in the lexicon with certain
frequency). An addit ional step to optimize the acquisi t ion of syllables for treat-
ment materials is filtering the various categories of speech sources available in
the corpus. For example, the C G N corpus is structured to include several cat-
egories of recordings, varying in the degree of formality of the communication
context . In order to prepare materials for speech training, i t is possible to in-
clude in the syllabification procedure only these categories where a normative
speech style is expected, such as news broadcasts, lectures, language lessons.

An important specification on the inter-syllabic level which was not taken into
account in the current study is the prosodic stress accent (i.e., syllable promi-
nence). A lthough it has been shown that high-quality prosodic annotation can
be obtained by non-experts when enough training is provided (Buhmann et al.,
2002), manual prosodic annotation is cost ly, and most large-scale spoken cor-
pora do not currently include this level of detail. Once prosodic annotation
becomes available for large portions of spoken corpora, future at tempts to
compile a syllabic inventory for a given language should include the promi-
nence context of syllables. Such data can further refine the procedure of gener-
at ing parametrized non-word speech targets, since stress assignment for target
syllable combinations can be based on the pat terns found in spoken language.

T he collected syllabic data may also be used for promoting ongoing psycholin-
guist ic research. T he finding that over 85% of syllable types in spoken Dutch
are of a simple syllabic structure, similar to earlier reports for English (Green-
berg, 1997), may support the notion that syllables play an important role in
the structuring of speech, since simple syllabic structures are likely to facili tate
the process of syllabic segmentation and aid listeners in the decoding of a con-
tinuous speech stream. Furthermore, by examining the relat ions between the
single syllable inventory and the set of bi-syllabic combinations, new quest ions
about ’syllable- tact ics’ in speech could be formulated. For example, one could
study whether the frequency of syllable pairs is associated with the frequency
of the single syllables comprising it .
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F inally, i t is important to note that the results and implications summarized in
this chapter may not obviously hold for other languages than Dutch. A lthough
the analyses pertaining to syllable structure and syllable frequency distribu-
t ions revealed similar pat terns to those reported for English, a generalizat ion
to other languages is not straight forward, and language-specific invest igations
with appropriate spoken corpora are necessary. Moreover, the methodology
of such invest igations will depend on the quality and detail of annotations
available in spoken language corpora, which may considerably di  er from one
language to another.

Computational linguist ics techniques can be utilized to uncover the stat ist ical
regularit ies of spoken language and provide a quantitat ive analysis of these
pat terns. W ith the work presented in this chapter we wish to demonstrate how
the results of such invest igations can be harvested for refining the materials
used for generat ing speech treatment targets. In the next chapter, we wish to
address the subsequent step in these e  orts – the design of an intuit ive interface
for speech clinicians for allowing the compilat ion of customized speech targets.





All my life I’ve looked at words as though
I were seeing them for the first time.

E r nest H emi ngway

C H A P T E R 4

Computer-aided generat ion of customized speech
treatment materials
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4.1 I n t ro d uc t ion

In this chapter, a pract ical tool for assist ing speech clinicians with compiling
customized treatment materials for their patients is described. T he design of a
computer application, based on current knowledge about the pathomechanism
of apraxia of speech (A OS), is outlined, and its feasibili ty as an e  cient clinical
tool is evaluated through a usabili ty study with speech therapists.

Selec t ion of sp eech t a rge ts in A O S t rea t ment p rogra ms

An insight ful design of speech treatment programs for apraxia of speech (A OS)
patients must address a clinically relevant choice of speech items to be used in
exercises throughout the program.1 Ideally, treatment targets should be struc-
tured according to the units on which the apraxic speech mechanism operates,
as well as considering the structural propert ies of these units (Ziegler, 2008).
Recent research findings suggest that A OS treatment targets should not be con-
fined to the level of individual phonemes, and involve higher level speech motor
units, such as syllables or metrical feet (Odell, 2002). T his view receives strong
support from evidence on the pathomechanism in A OS (A ichert and Ziegler,
2004; Staiger and Ziegler, 2008). T he authors have conducted a comprehensive
invest igation into the factors which influence the proportion of speech errors of
A OS patients. T he primary factors identified were: (1) syllable frequency, (2)
syllable posi t ion, (3) metrical structure, (4) art iculatory complexity.

In an invest igation of patients with mild and moderate impairment due to
A OS, A ichert and Ziegler (2004) found that low frequency syllables (which
were embedded in two-syllable words) were more prone to errors than high fre-
quency syllables, a result also reported by Laganaro (2008). In addit ion, A ichert
and Ziegler (2004) discovered an influence of syllable posi t ion on the product ion
accuracy of consonant clusters. Rates of simplification errors varied, depending
on the posi t ion of a cluster (ei ther at syllable onset , the coda, or at the bound-
ary between two syllables). Further, an influence of the metrical content of an
ut terance on the error pat terns in speakers with A OS has been found. A ichert
and Ziegler (2009) compared the product ion accuracy of two-syllabic G erman
words with stress on the first syllable (trochees) with words stressed on the sec-
ond syllable (iambs). Trochaic words were generally produced more accurately
than iambic words.

Another factor influencing the error probabili ty in patients with A OS is art ic-
ulatory complexity. Patients tend to make more errors on speech units with
complex internal structures (i.e., containing consonant clusters), and they tend
to replace complex units by less complex ones. A ichert and Ziegler (2008) inves-
t igated whether the training of less complex syllables will generalize to benefit

1For a review on the process of selecting treatment targets, see Chapter 2.2.
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the product ion of related, and more complex syllables (for example, whether
exercising syllables like / nas / , / kas / , and / nast / would improve the product ion
of / knast / ). T his turned out to be the case, and the authors conclude that pa-
t ients with A OS may re-learn complex syllables by exercising their less complex
relat ives (Riecker et al., 2008).

Following the indication that the architecture of speech motor plans spreads
below and above the level of the syllable (Ziegler, 2009), relevant parameters
for specifying treatment targets should regard the nature of certain phonemes
(manner and place of art iculation, the presence of voice, etc.) comprising a
speech item (Odell et al., 1990), as well as the metrical pat tern by which mul-
t iple syllables are combined into words.

Towar ds custom ized t rea t ment p rogra ms

T he cumulation of research evidence indicates that treatment protocols may
benefit from a systematic manipulation of treatment targets according to the
factors linked to the pathomechanism of A OS. Furthermore, treatment pro-
grams may achieve an optimal impact if speech targets are selected individ-
ual ly for each patient , in accordance with the specific needs of that patient .
Currently, there are no available computer-aided tools that allow speech clin-
icians to compile individual treatment materials. Considering the strong time
constraints in speech clinics, a computer-based application can render the pro-
cess more t ime saving, e  cient , and flexible. Moreover, a digital database of
linguist ic materials can be easily extended and updated.

T he Clinical Neuropsychology Research Group (E K N) at K linikum Bogen-
hausen in Munich has created a software application which allows for an auto-
mated construct ion and analysis of speech materials in G erman (A ichert et al.,
2005). T he program is based on materials from the C E L E X database for G er-
man (i.e., 365.530 word types). However, since the application was designed
mainly for research act ivit ies, i t comprises a variety of rather specific and com-
plex funct ions (such as the determining of syllable onset and rime frequencies),
making it unsuitable for clinical purposes, in terms of pract icality and usabili ty.
Considering this shortcoming, we have teamed up with the E K N in order to
create an e  ect ive and ’user-friendly’ computer program for speech clinicians.

As a first step, the E K N team has compiled (through a select ive retrieval from
the C E L E X database) a set of words which are suitable for serving as treatment
targets in clinical programs (Riegel and Buedel, 2010).2 Next , words were man-
ually annotated for parameters implicated in the pathomechanism of A OS, as
described above, in 4.1. T his work has provided the necessary linguist ic materi-
als for the next step – the construct ion of a new computer application allowing
the compilat ion of customized speech targets for treatment programs of A OS.

2Excluding very low-frequency words, and words with more than 5 syllables.
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4.2 G e n e r a t i ng c ust o m i ze d t r ea t m e n t t a rge ts

T he phoNavigate application has been designed and developed in a tight collab-
oration with the E K N team. I t has been decided to start out with a relat ively
simple funct ionality, allowing clinicians to generate treatment materials based
on a limited scope of parameters and configurations. T he application consists
of two modules - ’Material G enerat ion’, where words are selected according
to the described parameters, and ’List Processing’, where the result ing list of
lexical items can be further format ted and stored. We provide an overview of
each module, and its relevant funct ionalit ies.

M a ter ia l G enera t ion

T he ’Material G enerat ion’ module consists of several menus which correspond
to linguist ic parameters considered most relevant in the treatment of A OS
(see F igure 4.1). A user indicates the number of syllables that words may
contain. Select ion is made from 1 to 4 syllables, also allowing for a select ion
of multiple sizes. Next , art iculatory complexity can be determined by choosing
’simple’, ’complex’, or ’any’. A word is considered ’simple’ only if all syllables
comprising the word are of a simple structure (C V , V C , C V C , V), and, there
are no consonant clusters at syllable boundaries (as in C V C . C V C , C V C . C V ,
or V C . C V). W hen a single syllable number is selected, an appropriate menu
appears which allows for the specification of the word stress parameter.3 T he
menu includes all possible stress pat terns4 , according to the number of syllables.
An addit ional menu allows users to indicate the desired word frequency rank .
For simplici ty, words are divided into ’high’ and ’low’ frequency ranks.5

T he generated material can be further refined by specifying the set of permit ted
word-init ial phonemes. To that end, an interact ive table of phonemes is depicted
(rendered as G erman International Phonet ic A lphabet (IPA ) symbols), which
allows users to select , or de-select individual phonemes, as well as phoneme
groups defined by G erman phonology.6 T he grid of phoneme toggle but tons,
together with ’include-all’ and ’exclude-all’ but tons, provide the user with a
flexible and fast mechanism for select ing arbitrary sets of phonemes.

T he order in which menus and but tons are operated is irrelevant . Upon input
gestures from the user, the application re-calculates and displays the results
for the current configuration, providing a ’real-t ime’ preview of the obtained
material. Results are displayed as a list of words satisfying the current select ion
criteria, arranged in a 5-column table, together with a count of the retrieved
items. At any point , the user can reset the interface to the init ial configuration,
at which no words are selected, and start afresh.

3No such menu is presented when mono-syllabic words are selected.
41st, 2nd, 3rd, or 4th syllable stressed.
5High and low word frequency ranks are divided by a threshold of 10 words per Million.
6Vowels, Vocals, Plosives, Fricatives, Affricate, Nasals, and Others.
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F i g u r e 4 . 1 : A screenshot of the ’Material Generation’ module

F i g u r e 4 . 2 : A screenshot of the ’List Processing’ module



44 4.3. R esults & D iscussion

L ist P rocessing

T he ‘L ist Processing’ interface (see F igure 4.2) features a table, which contains
a list of selected words, and a number of funct ions for processing this list .
F irst , a list can be sorted according to the criteria employed in the ’Material
G enerat ion’ module (number of syllables, complexity, word stress, frequency
rank), as well as by alphabet ic or random order. Upon sorting, for the sake of
clarity, the result ing groups of i tems are separated by two empty rows.

Next , a user can select these i tems which are to be included in the final list ,
by means of toggling on and o  individual cells in the table, in combination
with ’include all’ and ’exclude all’ but tons. When select ion is complete, a list
can ei ther be saved for later processing, or printed to a P D F file.7 Saving a list
prompts the user to enter a filename where the data is saved.8 W hen printing
the list to a P D F file, the user can specify certain format ting variables (font
size, number of columns, vert ical space between cells).

U sab i l i t y st ud y

In order to evaluate the application and collect user feedback , we have con-
ducted a usabili ty study with speech clinicians in G ermany. In total, 19 clini-
cians have participated, who had various degrees of experience with the treat-
ment of A OS. T he task of the participating clinicians was to simulate two cases
of specific patients (ei ther current patients, or from their past clinical experi-
ence), for whom a customized list of treatment targets must be configured.

Clinicians were instructed to include the following steps in the process of us-
ing the application: (1) generat ing material, (2) saving the list , (3) opening
the list , (4) sorting the list , (5) printing the list to a P D F file. Once clinicians
completed their experimentation with the program, they answered a quest ion-
naire designed to elici t usabili ty information. I tems were presented in a 4-point
Likert-type scale, and included statements regarding the overall structure of
the application, the specific modules, and the potential value of the application
in clinical pract ice.

4.3 R esu l ts & D isc ussion

T he results for each item on the usabili ty quest ionnaire are presented in terms
of the frequency distribution of possible answers. T he accompanying comments
of clinicians are summarized in order to elaborate on the results and provide
insights into their experience with the application.

7We use the term print to PDF in order to indicate that the data is formatted and ready
for actual printing on paper, and to distinguish this from saving the data for later processing.

8Data is saved in a format specific to the application.
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(1) T he structure of the application is clear.

Do not at all agree Do not agree Agree Entirely agree
0% 0% 15.8% 84.2%

(2) T he menus and the but tons in the application are clear.

Do not at all agree Do not agree Agree Entirely agree
0% 0% 21.1% 78.9%

(3) Navigation through the application is easy.

Do not at all agree Do not agree Agree Entirely agree
0% 0% 31.6% 68.4%

(4) I tems were selected correct ly, according to my specifications.

Do not at all agree Do not agree Agree Entirely agree
0% 0% 15.8% 84.2%

(5) Working with the phonet ic symbols for select ing init ial consonants is easy.

Do not at all agree Do not agree Agree Entirely agree
0% 0% 5.3% 94.7%

(6) T he select ion process is based on parameters which are relevant for treat-
ment goals.

Do not at all agree Do not agree Agree Entirely agree
0% 0% 21.1% 78.9%

(7) I t was comfortable to process the selected word lists, to save and to print .

Do not at all agree Do not agree Agree Entirely agree
0% 26.3% 31.6% 42.1%
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(8) I t is important in my work to create customized treatment targets for my
patients.

Do not at all agree Do not agree Agree Entirely agree
0% 0% 5.3% 94.7%

(9) T his application is potentially useful in my own clinical pract ice.

Do not at all agree Do not agree Agree Entirely agree
0% 5.3% 21.1% 73.6%

(10) I believe that speech clinicians, in general, would be interested in such an
application.

Do not at all agree Do not agree Agree Entirely agree
0% 0% 26.3% 73.7%

Concerning the overall structure of the program (Quest ion 1), clinicians re-
ported (84.2% full agreement) that the structure is very clear and it is intuit ive
to use the application. Some remarked that no explici t instruct ions are neces-
sary. T he convenience of but tons and menus (Quest ion 2) has also been judged
posi t ively (78.9% full agreement), with a suggest ion to extend the select ion of
word stress when words with di  erent number of syllables are selected. T his
suggest ion is reasonable, as i t will involve the addit ion of two menu placehold-
ers, which should not harm the simplici ty of the interface.

Navigation through the application (Quest ion 3) has been described as easy
(68.4% full agreement), with a suggest ion to allow the marking of whole rows
and columns in the ’L ist processing’ table. Since in this table words within a
row or a column are not grouped according to any meaningful category, an
advantageous solution allowing faster marking of words would be the dragging
of a computer mouse, or a keyboard key combination.

Regarding the ‘Material Select ion’ module, clinicians observed that items were
selected correct ly according to specifications (Quest ion 4, with 84.2% full agree-
ment), and that working with the IPA phonet ic symbols presented no problem
(Quest ion 5, with 94.7% full agreement). Nevertheless, i t was proposed to in-
clude an explanatory IPA chart , as a help feature for clinicians who may have
more di  cult ies with these symbols. Clinicians confirmed (78.9% full agree-
ment) the relevance of select ion parameters for treatment goals (Quest ion 6).
Addit ionally, a number of extensions were proposed for future versions:
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» Include possibili t ies for select ion of word-medial and word-final phonemes.

» A possibili ty to select words according to their syntact ic word class.

» A possibili ty to determine all phonemes in the selected words.

» A way to include or exclude phonemes and phoneme classes separately
for each word on the list .

» A way to di  erentiate between intra- and intersyllabic clusters.

» Including a special class of ‘every-day-relevant’ words for select ion.

» A possibili ty to create ‘minimal-pairs’ (words contrast ing in one phoneme).

T he experience of clinicians with the ‘L ist Processing’ module, although gen-
erally posi t ive, has revealed a number of shortcomings (Quest ion 7). Upon
opening a previously saved list , i t is currently not possible to add new words
to it , which would be desirable in certain cases. Addit ionally, going back to the
’Material Select ion’ module would reset the list currently being processed, so
that the select ion would have to start from scratch, which may be disadvan-
tageous. T his calls for a more flexible mechanism of updating word select ion
while preserving the intermediate results.

Several clinicians found the ’Print P D F ’ funct ion rather confusing, as some have
expected the list to be li terally printed out . I t was suggested to label the but ton
with ’Save as P D F ’. Furthermore, i t was proposed to o  er addit ional formats
for saving the lists ( Word or E xcel), in order to allow further edit ing of the
material, as well as extending the edit ing options within the program. F inally,
a number of clinicians suggested that a Preview funct ion will be beneficial,
which allows to review the format ted material before saving it . Concerning
the importance of creating customized treatment targets for their patients,
94.7% of the clinicians answered with full agreement (Quest ion 8). When asked
about the potential value of the application in their own pract ice (Quest ion 9),
73.6% answered with full agreement , equally so regarding the interest in the
application by G erman speech clinicians in general (Quest ion 10).

In their open remarks, clinicians expressed highly posi t ive views on this line of
development . For example, i t was stated that the application created a much
faster and easier work-flow with creating speech material than the otherwise
’ t ime expensive’ procedures. I t was stressed that clinicians tend to use standard,
’non-individual’ speech materials, and the application would greatly benefit the
customization of treatment targets. F inally, i t was mentioned that the program
may be useful for working with other speech and language disorders than A OS.

A longside the evaluation of the current prototype, clinicians have produced a
number of proposals for funct ional extensions in future versions. For example,
i t was suggested to facili tate the creation of customized treatment exercises
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and worksheets, where selected lexical items are integrated into dynamic tem-
plates (such as ‘missing word’ exercises). One proposal concerned the linking of
visual st imuli to the lexical items, as clinicians, otherwise, spend a considerable
amount of t ime in the search for appropriate materials.

4.4 C onc l usions

Highlighting a range of evidence concerning the linguist ic units implicated in
apraxic speech, we have indicated that treatment methodologies of A OS can
benefit from a systematic manipulation of speech targets based on the struc-
tural make-up of these units. T his proposi t ion formed the rat ionale for pro-
viding speech clinicians with the means for compiling customized treatment
materials for their patients. In order to realize this goal, a new computer ap-
plication has been developed specifically for speech clinicians, and evaluated
through a usabili ty study.

Encouraged by the results of the study, and equipped with user-defined speci-
fications for addit ional funct ionality, the development of a widely-used clinical
application lays ahead as a promising undertaking. Future development should
provide an advanced module for material generat ion, o  ering more elaborated
and flexible mechanisms for specifying targets. T he module will address detailed
configurations of syllabic parameters (i.e., syllable internal structure, syllable
frequency), the clustering of i tems by phonological similarity (e.g. minimal
pairs), and linkage of i tems with visual materials. A challenge in the design
of this module is in increasing the complexity of material generat ion, while
preserving the intuit ive nature of navigation through the interface.

Looking further ahead, a logical extension is the creation of an addit ional mod-
ule allowing clinicians to construct whole treatment programs from the speech
targets they have previously selected. W ithin this module, i t will be possible
to specify the di  erent ways in which speech items are grouped into exercises,
and how exercises are scheduled between treatment sessions. Principles of train-
ing structure design have been elaborated in Maas et al. (2008). According to
the authors, training structure is specified by pract ice amount , pract ice dis-
tribution, pract ice variabili ty, pract ice schedule, at tentional focus, and target
complexity. T hese principles could serve as a start ing point for creating a mod-
ule for treatment program construct ion. For example, according to the choice of
pract ice schedule (blocked vs. random), groups of di  erent speech targets can
ei ther be grouped in successive blocks, distributed along the treatment sessions,
or randomly intermixed throughout all treatment sessions.

F inally, the composed treatment programs can, in turn, serve as input to an-
other module in which training itself takes place, and where feedback and eval-
uation of performance are given and stored. T he precise design of the training
module depends largely on the chosen training methodology, and can vary from
the bare display of speech targets on the screen, to providing real-t ime audio
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and visual cues (Mauszycki and Wambaugh, 2008; Brendel and Ziegler, 2008),
or feedback on certain aspects of speech product ion. In any case, speech targets
previously selected by the clinician will be seamlessly inserted into the displayed
exercises, freeing him / her from keeping track of a pile of printed pages.

A workflow in which the select ion of speech targets, composi t ion of treatment
programs, and the execution of training exercises are all contained within the
same application, could facili tate a more consistent and systematic delivery of
treatment . In addit ion, utilizing systematic treatment procedures in the context
of clinical research studies could produce more reliable measures, since speech
materials and modes of presentation are standardized within the application.

I t is worthwhile to note that the application described in this chapter includes
rather language-specific elements. While the concept of designing an intuit ive
computer interface which reflects composi t ion parameters based on theoret ical
and clinical knowledge is universal, the specific implementation presented here
reflects the particularit ies of G erman, such as the select ion among typically
occurring metrical pat terns of words. T herefore, in order to implement such an
application for other languages, i t would be necessary to adapt the annotations
of language-specific materials for clinically relevant parameters, as well as the
design of the corresponding select ion criteria.

In summary, the work described in this chapter demonstrates how computer
applications can facili tate the generat ion of treatment materials, and allow
clinicians to fine-tune the generat ion process according to current theoret ical
advancements in the field of A OS.





We don’t stop playing because we grow old;
we grow old because we stop playing.

G eorge B er na rd Shaw

C H A P T E R 5

Developing methods for training t iming skills in speech
of children with motor speech disorders
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5.1 I n t ro d uc t ion

T his chapter addresses the stage in MSD treatment delivery in which patients
learn and pract ice speech motor skills. Particularly, the appropriate condit ions
for creating a computer game for training timing accuracy in speech of children
with motor speech disorders are invest igated. T his chapter does not focus on
the aspects of treatment e  ects as the result of training. Rather, our goal is
to examine the necessary elements for construct ing a training application, in
terms of exercise methodology, the required technology, and usabili ty factors.

T im ing defici t in ch i ld ren w i t h sp eech-language d isor ders

Speech motor skills entail an intricate coordination and timing of motor events
throughout the act of speech. T herefore, accurate t iming skills in speech can
be seen as one of the elements comprising speech motor skills. Recent studies
have argued for the presence of a central t iming defici t in children with speech
and language disorders. For example, reports have shown that children with
dyslexia have problems with musical rhythmic tasks, and performance on these
tasks correlated with reading abili t ies ( Wol  , 2002; Goswami, 2010). For chil-
dren with specific language impairment (SLI), slow processing rates in percep-
tual and motor tasks have been associated with language defici ts (Schul et al.,
2004; B ishop, 2002). T here is some, albei t limited, evidence of motor timing de-
ficiencies of children who stut ter ( Westphal, 1933; Howell et al., 1997). Olander
et al. (2010) reported that a subgroup of young stut tering children exhibited
a non-speech motor timing defici t , after assessing between-hands coordination
and rhythmic motor timing in 17 children who stut ter and 13 controls.

Particularly, a problem with timing accuracy in speech is thought to be impli-
cated in childhood apraxia of speech (C AS). Peter and Stoel-Gammon (2008)
invest igated timing accuracy of children diagnosed with C AS, by means of
non-word imitat ion, clapped rhythm imitation, and paced repet i t ive tapping
tasks. T heir results showed less t iming accuracy in their C AS participants, as
well as stronger associat ions among measures, than in typically developing con-
trols. T he authors interpret the results as suggest ing a central t iming defici t ,
expressed in both verbal and limb modalit ies.

A ssessing t im ing accu racy in sp eech

A common way to evaluate t iming accuracy is employing rhythmic pat terning
tasks. In the domain of speech, non-word repet i t ion tasks are used, in which
sequences of syllables in various rhythmical structures are presented, and parti-
cipants are asked to imitate the pat tern as accurately as possible. O ften, these
tasks involve stress pat terning, with sequences of stressed and unstressed sylla-
bles varying in length and metrical complexity ( T jaden, 2000; Shriberg et al.,
2003; Peter and Stoel-Gammon, 2008). However, stress pat terns may not be
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optimally suitable for evaluating timing accuracy per se, since the phonet ic
realizat ion of stress pat terns involves an interact ion between duration, ampli-
tude and pitch modulations, making the t iming aspect rather implici t (Shriberg
et al., 2003; K im and Beutnagel, 2011). Stressed syllables, besides having longer
duration, tend to have higher pitch levels and loudness than unstressed sylla-
bles (Silipo and Greenberg, 1999; Kochanski et al., 2005). In order to target
t iming accuracy more explici t ly, tasks which isolate the temporal component
of syllable product ion may be more appropriate. E xplici t t iming tasks can fa-
cili tate assessment and training procedures. T he evaluation of performance in
stress pat terning tasks is based on the perceptual assessment of the therapist
or teacher ( Koike and Asp, 1981), which does not allow for autonomous modes
of training. For evaluating the accuracy of events within explici t t iming tasks,
automatic procedures are more likely to be implemented.

P ract icing t im ing sk i l ls in sp eech

At this point , an important dissociat ion must be made – the skill addressed
in this chapter, referred to as ‘ t iming skills in speech’ is not equivalent to the
notions of ‘speech timing’, which usually refers to the natural temporal organi-
zation of spontaneous speech. Consequently, the proposed training methodology
does not target to model and exercise the correct t iming pat terns of natural
speech. Rather, the methodology aims at developing the sensi t ivity to timing in
a broader sense, and targets the skill of t iming speech gestures in an arbitrary
temporal sequence. By placing demands on the learner to voluntary regulate
the t iming of producing speech segments, the learning process aims at enabling
a higher degree of temporal precision in speech product ion, with the idea that
this skill will benefit spontaneous speech.

In order to pract ice t iming skills in speech, abstracted from imitating the t iming
pat terns of natural speech, the training methodology can be grounded on the
most basic framework of temporal organization – the musical rhythm. A lthough
rhythmic skills may seem rather remote from language processing, strong links
have been drawn between the two. For example, researchers have shown that
children with SLI are impaired in rhythmic entrainment tasks such as tapping
to a metronome ( T homson and Goswami, 2008). T he authors consider the abil-
i ty to process low-level aspects of auditory temporal structure to have conse-
quences for rhythmic behaviors that are integral both for the sense of musicality
as well as for language development . In this view, musical training may have
the potential to remediate language disorders which are related to defici ts in
basic auditory processing. T hanks to the explici t rhythmic structure in music,
interventions which involve rhythmic coordination, such as playing an instru-
ment in time with a song, singing along, or synchronizing limb movements with
product ion of syllables, may enhance the skill of rhythmic organization, and
have a posi t ive e  ect on the development of language (Corriveau and Goswami,
2009; Goswami, 2010).
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Music therapy is a developing clinical field which explici t ly utilizes musical
rhythmic exercises within speech-language interventions. Research has demon-
strated that rhythmic auditory st imulation arouses the motor system, prompts
i t into a state of readiness, and facili tates more e  cient , coordinated muscle
movements ( T haut et al., 2001). Music-based speech protocols have been used
for the rehabili tat ion of patients with non-fluent aphasia ( K im and Tomaino,
2008). Speech timing cues have been provided as external rate control to en-
hance verbal intelligibili ty in dysarthric speakers (Pilon et al., 1998). For both
speech and singing, the careful manipulation of rhythm to match and enhance
the patients’ expectancy was an important factor in achieving improved word
retrieval, prosody, and articulation ( Wan et al., 2010). In an intervention devel-
oped to facili tate speech output in non-verbal children with autism, the ther-
apist introduces the target words or phrases by intoning (singing) the words
on two pitches, while simultaneously tapping the drums, to facili tate bimanual
sound-motor mapping. T he child is led from listening, to unison product ion, to
part ially-supported product ion and eventually to repet i t ion ( Wan et al., 2011).
F inally, an e  ect ive treatment program for pre-school children who stut ter has
been based on learning to produce speech with the isochronous t iming of syl-
lables ( Tra jkovski et al., 2011).

Musical rhythmici ty is also used in the area of language teaching. For example,
a method called ‘Jazz Chants’ has been developed to teach spoken American
English to foreign students (Graham and Rosenthal, 1993). In exercises (chants)
each stressed word is pronounced with an extra emphasis (often together with
physical act ivit ies such as clapping or jumping) and with an equal t ime interval
(i.e., isochronism). Chants are normally performed with music that progresses
regularly in 4 /4 time (based on tradit ional Jazz progressions) where each beat
corresponds to each stressed word. E xercises are based on sets of two bars (i.e.,
motive), which consists of eight beats in 4 /4 time, or their mult iples. So-called
‘null stressed’ words are inserted in a chant (e.g., " B lack , yellow, brown. N U LL .
Jack fell down. N U LL " ), for which words are not actually pronounced but can
be expressed with physical act ivit ies such as a clap (Nagata et al., 2011).

In summary, considering the converging reports from the areas of clinical lin-
guist ic, music therapy and language learning, we assume that musical rhyth-
mici ty is an appropriate framework for developing the sensi t ivity to timing, and
can be utilized for pract icing timing skills in the context of speech product ion.
T herefore, an exercise in the proposed methodology requires the reproduct ion
of a sequence of syllables arranged in a specific rhythmic pat tern. A pat tern
is defined by a sequence of intervals between subsequent syllables, whose du-
rations are multiples of the shortest interval. T his definit ion is similar to the
musical notation, so that intervals in an exercise can be described as various
combinations of 1

8 , 1
4 , 1

2 , and whole notes. As with a musical score, the tempo
of performance can be scaled by defining an absolute duration for the shortest
note, and multiplying the duration of all other notes accordingly.
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T his task is somewhat similar to a form of jazz-singing known as ‘scat-singing’
(see 5.1 for an example). In vocal jazz, scat singing is vocal improvisation with
nonsense words and syllables or without words at all. Scat singing gives singers
the abili ty to sing improvised melodies and rhythms, to create the equivalent
of an instrumental solo using their voice.

F i g u r e 5 . 1 : A riff from Louis Armstrong’s 1926 Heebie Jeebies.

E x ist ing systems for t he t ra in ing of t im ing sk i l ls

An application for training rhythmic skills in the context of musical perfor-
mance has been developed and tested in Sadakata et al. (2008). T he authors
describe a real-t ime visual feedback system, which represents changes in loud-
ness and timing of drumming gestures as parameters of an abstract visual im-
age, transforming in size and shape. Among computer games for speech therapy,
some include elements of rhythm training (V icsi et al., 2001). However, most of-
ten these games only target isochronous rhythms, and do not focus on training
accurate t iming in speech through repet i t ion of various rhythmic pat terns.

Recently, a new genre of commercial video games has emerged, in which timing
skills are explici t ly targeted. In these games, players must press but tons with
precise t iming, following a specific sequence dictated by a visually presented
score. T he game evaluates the precision of input gestures in relat ion to the
score, and provides feedback on the performance. Two eminent examples are
‘Dance Dance Revolution’, where players stand on a ‘dance plat form’ and hit
colored arrows with their feet in react ion to visual cues, and ‘Guitar Hero’,
where players use a guitar-shaped game controller to match scrolling on-screen
notes to colored but tons on the controller in t ime to the music (see F igure ??).

Commercial rhythm video games include many of the elements for forming an
ideal plat form for training timing accuracy with children, including a systematic
variat ion in rhythmic pat terning, a coherent exercise and feedback presentation
scheme, as well as elaborate visual environments for boost ing motivation. How-
ever, although these games often feature novel input devices, such as special
joyst icks, gamepads, and touch sensors, no voice-based games have so far been
conceived for utilizat ion in the speech training domain. T herefore, we aim to
address this gap, by considering how the principles of rhythm games design can
be combined with audio input and acoust ic analysis, in order to form a basis
for a computer system for training timing skills in speech.
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5.2 A co m p u t e r ga m e for t r a i n i ng t i m i ng i n sp eech

In order to experiment with the proposed methodology, a game for pract icing
timing skills in speech – Logoped Sk i , has been implemented. T he theme of the
game is a downhill slalom ski compet i t ion (see F igure 5.2). T he goal of the
player is to produce a sequence of syllables with precise t iming, so that each
syllable product ion corresponds with taking a well-t imed turn at a flag. T he
player uses speech input to control the movement of a slalom skier, so that each
ut tered syllable causes the skier to change direct ion on his way down the piste.
Rhythmic pat terning is realized by posi t ioning the flags in such a manner that
their relat ive distances faithfully represent the rhythmic pat tern to be pract iced
– the spatial distance between flag i and flag i + 1 corresponds to the duration
of interval i in the exercise. Such spatial correspondence provides the basis for
predict ive feedforward control, which has been shown to support the motor
init iat ion of rhythmic product ions (Zatorre et al., 2007).

F i g u r e 5 . 2 : A screenshot from the game.

For the sake of visual clarity, the exact points of expected syllables are marked
with a cross, and the flags change colors (from blue to red) once they are passed
by the skier.1 T he game follows the cal l & response format , in which the correct
rhythmic pat tern is first demonstrated, and the player is required to repeat

1Depending on feedback mode, flags change color upon an accurate interval production.
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the pat tern (B laine and Perkis, 2000). A clinician selects an exercise from a
menu of available exercises, and sets i t in a M O D E L or PL AY mode. F irst ,
an exercise is modeled by means of animating the skier to perform an optimal
slalom ride, synchronized with an audio playback of that exercise.2 Modeling
the exercise can be repeated several t imes, until the player is comfortable with
it . A clinician provides instruct ions as to which speech targets should be ut tered
in the exercise, and prompts the player to perform the exercise by set t ing the
game in PL AY mode. T he skier then sets o  towards the first flag, but the
t imely taking of turns now relies on the acoust ic input from the player.

E valua t ion and feedback

In order to evaluate the t iming accuracy produced by the player in relat ion to
a given exercise, vowel onsets (corresponding to syllable nuclei) are detected
and the durations of inter-onset-intervals (IO I) are calculated. T he duration of
the detected IO I is compared with the expected duration for the corresponding
interval in the exercise, and their absolute di  erence is obtained. T he t iming
accuracy is then expressed as the percentage of deviat ion from the expected
interval duration, and is calculated as follows:

A ccur acy = 100  (
jproduced IOI duration  expected IOI durationj

expected IOI duration
ð 100)

T he percentage of t iming accuracy is scaled to a 0 to 10 range, and displayed as
the score for that interval, next to the corresponding flag. A score of 10 indicates
a near-perfect t iming performance (90% to 100% accurate). T he average of all
interval accuracy scores produces an overall score for the exercise, which is
displayed next to the F INISH flag upon complet ion of the exercise. Displaying
the scores for timing accuracy is provided not only for knowledge of result ,
which is an important ingredient in motor learning, but serves to motivate
players to achieve higher scores in subsequent exercises.

D etec t ing t he t im ing of sy l lab les

In speech rhythm literature i t has been well established that listeners base
their perception of the rhythmic structure of speech on the so-called perceptual
centers (p-centers) (Morton et al., 1976; Marcus, 1981). T he best approximation
to p-center location has been found to be the vowel onset , which also coincides
with the point of maximal variat ion in the speech signal (Janker, 1996). In the
case of our exercises, the task of detect ing the t iming of produced syllables is

2Played back with MIDI notes – an industry specification for encoding, synchronizing, and
transmitting the musical performance and control data of electronic musical instruments.
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expressed as detect ing (in real-t ime) the onset of the vowel which corresponds
to the nucleus of each syllable.

A widely used detect ion funct ion is based on the assumption that , within the
task of non-word sequence product ion, acoust ic energy peaks correspond with
syllable nuclei ( Kochanski and Orphanidou, 2008). Wu et al. (1997) has demon-
strated an accurate detect ion of vowel onsets in about 85-90% of the cases, using
relat ively simple signal processing techniques. de Jong and Wempe (2007) have
developed a PR A A T script which automatically detects syllable nuclei using
intensi ty and voicedness. However the script operates o  -line, taking advantage
of signal averages across the whole ut terance, and therefore may not be suitable
for real-t ime processing.

In our implementation, the funct ion aims at detect ing the rising of intensi ty
above a certain threshold (Collins, 2005).3 Upon a threshold crossing, the func-
t ion assumes an inter-syllable energy break of at least 250 ms, so that no
addit ional onset triggers are issued within this t ime period. T his mechanism
provides a low-pass filter for threshold crossings, and helps to prevent spurious
onset triggers. T he interface of the computer game includes manual set t ings for
the noise-floor and the onset threshold levels.4 T he task of the clinician is to
set the appropriate levels, in accordance with the acoust ic environment where
training takes place, and the voice of a specific child. T he interface includes a
visual indicator for assist ing clinicians with correct threshold set t ing.

A dap t ab i l i t y

When a player produces an inaccurate interval, the game dynamically adapts
the motion of the skier in order to sustain the synchrony between the next
expected interval duration and the visual representation of that interval. For
example, if a syllable is produced later than expected, the tra jectory of the
skier towards the next flag will be adjusted, so that the skier will arrive at the
next flag on time for the next expected interval. T his way, the player is not
‘punished’ for imprecise product ions, and can immediately synchronize back to
the correct rhythmic pat tern after going ‘out of sync’. Furthermore, a clinician
can set the appropriate speed for a specific child, so that both the rhythmic
pat tern and the motion of the skier are scaled accordingly.

3Treating intensity on a logarithmic scale provides a better approximation for the percep-
tual quality of changes in voice intensity.

4A mechanism for canceling the ambient noise present in the room. The input below the
noise-floor level is ignored, which can help to avoid irrelevant fluctuations of the signal.
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5.3 U sa b i l i t y st u d y

P ar t icipan ts

A usabili ty study has been conducted in the School for the Deaf and Hard of
Hearing in L jubljana, Slovenia. Speech clinicians of the school provide speech
therapy to the hard of hearing children, as well as to ambulant patients with
a wide variety of speech and language disorders. Six clinicians and 26 children
took part in the usabili ty study.5 Clinicians were asked to select a group of
children with MSD or related speech disorders, who would, according to the
clinician’s experience, benefit from the training of t iming skills in speech. T he
select ion resulted in a group of 26 children, with 7 girls and 19 boys, aged 4-10
(M = 6;6 years; SD = 1;6). Among the group of participants, 7 children were
diagnosed with stut tering, 7 with specific language impairment (SLI), 2 were
hard of hearing, 2 with suspected childhood apraxia of speech (C AS), and the
rest with motor speech disorders of unknown origin.

P rocedu re

During the study period of 6 weeks, clinicians used the computer game for
pract icing timing skills in speech with their patients. Each child completed 3
pract ice sessions with the computer game on separate occasions. Each prac-
t ice session lasted for 15 minutes, in which clinicians presented exercises to the
child, and provided verbal feedback on the performance. Each exercise con-
sisted of a sequence of 1

8 , 1
4 , or 1

2 note intervals, adding up to one whole note
(8 ð 1

8 intervals). T he game contained 10 di  erent exercises, covering a variety
of rhythmical pat terns. Clinicians were instructed to present the exercises in
ascending order of complexity, as well as choose appropriate speech targets to
be produced, in accordance with the child’s abili t ies.

E valua t ion

At the end of the study period, clinicians were presented with a quest ion-
naire which included 10 items aiming at evaluating various usabili ty aspects
of conduct ing timing skills training with the computer game. T he quest ion-
naire was adapted from Öster (2006), where i t was used for evaluating the
usabili ty of several computer games for speech language therapy (quest ions are
listen in 5.3. For each item, clinicians chose the most appropriate answer on
a 4-point Likert-type scale, and elaborated their comments on that quest ion,
where appropriate.6

5Initially, eight clinicians engaged in the study, but two of them dropped out.
6For items 9 & 10, dealing with appropriate age groups and clinical populations, multiple

answer selection was possible.
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R esu l ts & discussion

We present the results for the usabili ty quest ionnaire and refer to observations
collected from clinicians in order to elaborate on each item.

(1) How much previous experience with computers is required for using the
computer game?

A lot Some Not much None
0% 33.3% 50% 16.7%

Concerning previous computer knowledge required for using the game, 50% of
the clinicians found that no previous knowledge is needed, while 33.3% found
that some knowledge is warranted. Interest ingly, 2 out of 8 clinicians stopped
shortly after engaging in the study, as a result of being uncomfortable with a
computer-based system. T hese were the eldest clinicians in the team, and their
lack of comfort with the computer is an important factor for considerat ion.
When computer-based methods are introduced into clinical set t ings, i t might
be worthwhile dedicating special at tention to the group of clinicians who are less
confident with technology, by providing addit ional instruct ion and guidance.

(2) How easy was i t (for the clinician) to work with the computer game?

Di  cult Not so easy Easy Very easy
0% 16.7% 50% 33.3%

As for the game being easy to use by clinicians as a training tool, 50% judged
the game to be easy, and 16.7% as very easy. However, some clinicians reported
di  cult ies with manual set t ings for the noise-floor level and the onset detect ion
threshold. T his di  culty is understandable, as these set t ings involve rather
technical concepts, which may not be intuit ive to most speech clinicians. Future
design should be concerned with mechanisms for automatic threshold level
set t ings, in order to minimize the demands put on clinicians for this task .

(3) How well did children understand the feedback provided by the game?

Badly Not so well Well Very well
0% 50% 50% 0%

T he quest ion whether children understood the visual feedback provided by the
game remains inconclusive, with 50% posi t ive replies. Clinicians report that
while children understood that the skier turns in react ion to them produc-
ing speech, as well as the changing colors of flags, some did not understand
the meaning of the numbers presented on the screen. For younger children,
presenting the score in a numerical form might be too complex , and a more
simplified visualizat ion scheme is needed. One solution would be including an
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option for a binary feedback on performance, indicating whether a produced
interval was accurate or not .

(4) In how far were children motivated to pract ice with the computer game?

Unmotivated Not so motivated Motivated Very motivated
0% 16.7% 66.7% 16.7%

Concerning the motivation to pract ice with the game, 66.7% of clinicians report
that children were motivated to pract ice in this way, 16.7% that they were very
motivated, and another 16.7% replied with ’not so motivated’. A clear trend
reported by the clinicians was that children were very motivated to pract ice
during the first few exercises, but their enthusiasm faded after a few trials. T his
is not surprising considering the rather stat ic nature of the current game.

(5) How was the interact ion between the clinician and children during training?

Bad Not so good Good Very good
0% 16.7% 33.3% 50%

T he interact ion between the child and the clinician during pract ice has been
judged by 50% of clinicians as very good, and by 33.3% as good. Clinicians
reported that children were willing to cooperate with them in the process of
playing the game, and were ready to listen to instruct ions and guidelines while
playing. In that regard, the computer game seems to have been successful
in act ivating children and giving them a sense of control, while in the same
t ime, keeping at tention to the clinician intact . One clinician reported that some
children were more occupied with the game than listening to her instruct ions.

(6) How e  ect ive is the computer game for pract icing timing skills in speech?

Une  ect ive Not so e  ect ive E  ect ive Very e  ect ive
0% 50% 50% 0%

For the quest ion whether the computer game is an e  ect ive way to pract ice
t iming skills in speech, only 50% of clinicians replied posi t ively. O thers have
remarked that the game contained too many di  erent rhythms, with li t t le dif-
ference between them. T he lack of graphical variat ion has also been reported as
diminishing the e  ect iveness of training, due to its influence on the motivation
to pract ice.

(7) How reliable was the game, in terms of providing correct and consistent
feedback?

Not reliable Not so reliable Reliable Very reliable
0% 33.3% 50% 16.7%
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T he reliabili ty of the computer game in terms of providing consistent feedback
was evaluated by 16.7% of the clinicians as very reliable, and by 50% as reliable.
However, the fact that 33.3% of clinicians rated the feedback as ‘not so reli-
able’ points at a significant shortcoming of the system. Clinicians reported that
consistent feedback depended on threshold set t ings, as well as on the speech
targets being produced. We address pat terns of system’s errors, and propose
appropriate solutions in 5.3.

(8) How well does the computer game target t iming skills in speech?

Badly Not so well Well Very well
0% 0% 83.3% 16.7%

As for how well the exercises target t iming skills in speech per se, 83.3% consid-
ered the computer game to tap well into these skills. Clinicians remarked that
many children with speech and language disorders can benefit from a regular
training of t iming skills, and the computer game can be a valuable addit ion to
their pract ice, as long as reliable feedback can be provided.

(9) For which age group is training with the computer game most appropriate?

6-8 years 4-6 years
37.5% 62.5%

As for the age group for whom the computer game is an appropriate tool
for training, 62.5% of the clinicians referred to 4-6 years old children, while
37.5% to 6-8 year olds. T his observation is in agreement with previous studies
on usabili ty of computer games for speech therapy (Sandlund et al., 2009b),
suggest ing that younger children could best appreciate this form of training. In
order to bet ter address the group of older children, more sophist icated game
scenarios must be employed.

(10) W hich clinical population can benefit from training with the game?

MSD Stut tering SLI Hearing impaired
66.6% 16.6% 50% 50%

Concerning the clinical populations for whom the training of t iming skills in
speech may be beneficial, 66.6% of the clinicians referred to motor speech dis-
orders, 50% to children with hearing impairments, and 50% to children with
specific language impairment . Another 16% believed the training is beneficial
for children who stut ter. T he fact that clinicians considered the training method
relevant for children with hearing impairments is encouraging, as i t indicates a
possible wider application of the method.
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C rea t ing custom exercises

From the results of the usabili ty study, i t became apparent that in order to in-
sure that appropriate rhythmic pat terns are used for training, a modular way
of creating individual exercises is needed. T herefore, we have built an interface
which allows the compilat ion of custom rhythmic sequences. T he interface,
illustrated in F igure 5.3, is based on a graphical representation of interval du-
rations associated with each syllable in the exercise. F irst , a clinician selects
the number of di  erent syllables comprising the exercise. Subsequently, a cor-
responding number of interval duration boxes appears, and the clinician then
selects a speech target for each box . Currently, the select ion is made from a
pre-compiled list of frequent syllables. However, the select ion can also be linked
to a more elaborate procedure, such as described in detail in chapter 4.

F i g u r e 5 . 3 : An interface allowing the compilation of custom rhythmic sequences

Next , the task of the clinician is to compile an exercise by concatenating interval
durations associated with any of the selected speech targets, by pressing the
corresponding duration symbols. In this illustrat ion, each exercise is equivalent
to two whole notes (or 16 ð 1

8 notes). As the clinician selects a sequence of
durations for a certain exercise, a schematic representation of the exercise is
updated. When the exercise is compiled, i t can be saved to a file, and the
process repeated as long as necessary. T he created exercises are automatically
added to the menu of exercises in the computer game for training.

Vowel onse t de tec t ion er rors

Following the observations of clinicians suggest ing that the game was not always
reliable in terms of consistent feedback , we have analyzed the most typical
errors which occurred in the process of vowel onset detect ion. T his examination
has revealed a number of acoust ic event types, which compromise the accuracy
of feedback provided in the game. We shortly discuss these types, and illustrate
them with waveform examples taken from recordings made during the study.
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(1) In a case when some of the syllables in a sequence are produced with too
low amplitude, the system will detect no vowel onsets (for example, see
the last three syllables in the left illustrat ion of F igure 5.4). Too low a
signal can result ei ther from an inappropriate product ion of the player,
or from an unfit distance of the player to the microphone.

(2) W hen the player produces speech too close to the microphone, the input
signal is too high, causing clipping, for which no onset detect ion is possible
(for example, see the flat ’chunks’ in the right illustrat ion of F igure 5.4).

F i g u r e 5 . 4 : A waveform of a syllable sequence production, showing syllables pro-
duced with too little amplitude (left), and the clipped signal resulting from speaking
too close to the microphone (right).

268 ms

/vit/

detected onsets
detected onsets

115 ms107 ms

F i g u r e 5 . 5 : A waveform showing the double energy peak and the low energy inter-
val for the syllable /vit/, causing a false double detection (left), and three syllables
corresponding to 1

8 note durations produced in succession(right).

(3) W hen the speech target involves a C V C syllable, the acoust ic realizat ion
may produce a false double detect ion since the signal may contain two en-
ergy peaks, corresponding to each produced consonant . If the duration of
the low energy interval between the two peaks is longer than the thresh-
old of duration assumed for inter-syllable energy breaks (in our case 250
ms), the funct ion will produce a false detect ion upon the second energy
peak of the syllable (for example, see the double energy peaks for each
product ion of the syllable / vit / in the left illustrat ion of F igure 5.5).

(4) W hen syllables are produced in succession (for example, when short in-
tervals or a fast tempo are implicated in an exercise), the acoust ic signal
may not contain the breaks in energy necessary for a correct detect ion.
If the duration of the interval between the detected peaks is shorter than
the threshold assumed inter-syllable energy breaks, produced syllables
will be undetected (see the right illustrat ion of F igure 5.5).
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In order to deal with errors arising from an inappropriate distance of the player
to the microphone, the system could continuously monitor the signal input level,
and alert once i t is too low or too high, prompting the clinician to adjust the
distance to the microphone. For dealing with problems arising from certain
syllable structures (such as C V C), the detect ion funct ion could rely on knowl-
edge of the expected exercise. If the target syllable and the expected rhythmic
pat tern are known in advance of the exercise, the funct ion could assign prob-
abili t ies to onset events, considering the real-t ime pat tern in relat ion to the
expected pat tern. For example, if a C V C syllable is expected in an exercise,
and two proximate energy peaks occur which do not match the expected rhyth-
mic pat tern of the exercise, the funct ion could prevent the false onset detect ion
upon the second energy peak . F inally, more sophist icated signal processing can
be applied to refine the detect ion mechanism. Currently, only signal intensi ty
plays a role in vowel onset detect ion. However, the detect ion algorithm could
take into account the spectral composi t ion of the signal, and discard the peaks
which are not voiced, as have been proposed by de Jong and Wempe (2007).

5.4 C onc l usions

T he purpose of this chapter was to address quest ions regarding the develop-
ment of a computer game for the training of t iming skills in speech of children
with speech disorders. Having outlined previous work on training speech motor
skills in the framework of musical rhythmic tasks, we have proposed a learning
task which involves the product ion of syllable sequences arranged in a certain
musical rhythmic pat tern. In order to test the feasibili ty of providing an en-
gaging pract icing environment for children, we have built a computer game
which implements the proposed exercises through visual guidance and feed-
back . T he outcome of the usabili ty study with the game has equipped us with
a deeper understanding of the challenges and di  cult ies involved in developing
this method of training, but also of i ts potentials. In spite of outlining a num-
ber of crit iques on the usabili ty of the current computer game, clinicians have
expressed a posi t ive at t i tude towards this line of development .

T he main limitat ions at this point seem to be the lack of robustness in detect ing
syllable nuclei, and the lack of su  cient graphical variat ion during game-play.
Addressing these shortcomings, we have proposed new lines of development on
the way to an improved design of a training system for timing skills in speech.
T he development of custom games for training and therapy is t ime consuming
and expensive. Moreover, i t is most likely that such games will not stand up
to the quality and entertainment standards of commercial games developed
by large computer game producers. T herefore, future at tempts of developing
timing skills games should examine the integration of real-t ime speech input
and analysis capabili t ies within exist ing video game plat forms.

As mentioned in 5.1, modern rhythm games o  er excellent mechanisms for
training timing accuracy with children, including versatile and variable graph-
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ical environments. T he missing element is the integration of audio input , and
audio signal processing capabili t ies into an exist ing rhythm game plat form.
W ith open-source software architectures, such integration is feasible, and can
o  er considerable advantages. Relying on a gaming plat form which has been
tested and approved by a community of players, the integrated speech training
system would more likely to provide a durable training opportunity.

During the project , quest ions concerning the reliance on musical rhythms as
training methodology have been raised. In part icular, i t is worthwhile to con-
sider the pract icing of t iming pat terns which model the natural speech timing
of certain phrases, with the idea of learning speech timing direct ly. An example
of a training method where the t iming pat tern of a phrase (in terms of the
sequence of syllable onsets) is visually presented is the Metrical Pacing Tech-
nique designed for the treatment of apraxia of speech, described in Brendel and
Ziegler (2008). However, even if a corpus of phrase t iming models is obtained,
i t is not clear how these models can be used to provide feedback on the qual-
ity of speech timing product ion – children may produce a phrase in various
ways, which are perceptually valid in terms of natural speech timing. An auto-
matic evaluation of whether a ’deviat ion’ from the t iming pat tern of the model
falls within or outside of an accepted speech timing target is di  cult , at best .
Moreover, i t is not possible to scale the model pat tern in terms of rate / tempo
because of the non-linear characterist ics of natural speech timing.

Approaching the t iming skill training methodology from the other end – the
pract icing of purely musical rhythmici ty outside the speech domain (for ex-
ample, through learning to play a musical instrument) – has not , so far, been
acknowledged by speech clinicians as a prominent method in speech-language
therapy. From this perspect ive, the methodology proposed in this chapter can
be seen as a compromise – i t aims at developing the sensi t ivity to timing in
a broad sense, while remaining within the domain of speech product ion. By
placing specific demands on the person who pract ices to regulate the t iming of
speech product ion, the abili ty to achieve higher degree of precision in speech
movements is refined.

T he clinical e  cacy of training timing skills in speech with a computer game can
only be evaluated when the proposed training method is su  ciently developed,
in terms of feedback reliabili ty and gameplay usabili ty issues addressed in this
chapter. Future e  orts should tackle the technical challenges with robust vowel
onset detect ion, as well as finding creative solutions for housing the training
in an engaging game environment . We believe that this line of development is
worthwhile pursuing further.
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C H A P T E R 6

Development of adapt ive A ltered A uditory Feedback
procedures for adults who stut ter

67
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6.1 I n t ro d uc t ion

In this chapter, an improvement to the current methodologies of altered audi-
tory feedback (A A F ) for people who stut ter is proposed. An at tempt is made
to examine adaptive feedback procedures, which are based on real-t ime analysis
of the speech signal, and the dynamic act ivation of auditory feedback . Specifi-
cally, we propose to deal with the di  culty of init iat ing speech at phrase onsets
by selectively providing a feedback signal only in the silent intervals between
phrases. In order to evaluate the proposed A A F procedure, adults who stut ter
produced spontaneous speech under experimental feedback condit ions.

A dap t i ve aud i tor y feedback p roced u res

A ltered auditory feedback (A A F ) is known to reduce stut tering by 50-80%
in some people who stut ter (Lincoln et al., 2006). A A F can be defined as a
manipulation of one’s speech signal, in which the altered signal is fed back to
the speaker throughout the act of speech. Two most common forms of A A F
are delayed auditory feedback (D A F ), whereby speakers hear their own voice
with a short t ime delay, and frequency altered feedback ( FA F ), whereby the
frequency spectrum of the speaker’s voice is shifted up or down (for background
information on the theoret ical and methodological aspects of A A F procedures,
please see Chapter 2.4).

One obvious limitat ion of A A F procedures is that they provide no signal at the
moment when phrases are init iated. T his is due to the fact that current A A F
methods operate on the basis of a stat ic feedback funct ion. In other words, the
feedback signal is given continuously, at the same output level, with the same
delay / shift set t ings, regardless of any property of the audio signal produced
by the speaker. One way to address these limitat ions is to design adaptive
rather than stat ic feedback funct ions, with the idea of selectively target ing those
regions of speech which are at higher risk of being dysfluent (Howell, 2004).
In his extensive overview of altered auditory feedback methodology, Howell
suggests that A A F signals should be targeted only on, or around problematic
locations. He further proposes that procedures which restrict the exposure to
A A F signals while maintaining higher levels of fluency may be advantageous.

In general, an adaptive feedback procedure operates by analysing some property
of the speech signal in real-t ime, and dynamically modifying the output audio
signal in relat ion to that property. T he analysis process thus aims to detect
regions in the speech stream which correspond to certain ‘states’ of the speaker.
In the case of stut tering, problematic regions include phrase onsets, regions in
which a block is suspected, or regions in which speech rate is too fast ( W ingate
and Howell, 2002). Once a target region is detected, an external st imulus signal
is then act ivated to assist speakers with maintaining their flow of speech. Once
the system detects that the speaker shifted to another ‘state’, which is not
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considered vulnerable for dysfluencies, the external signal can be at tenuated,
or withdrawn altogether. I t is important to note that the described framework
does not involve at tempting to detect dysfluent events per se, but rather aims
at predict ing problematic areas in a speech stream.

Target ing speech rate within a scheme of adaptive feedback is not a new idea.
As a classic example, Howell mentions the ‘Hector aid’, a device pioneered by
Brit ish engineers more than 30 years ago. T he device measured speech rate
using an audio input , and a vibrator switched on if speech rate was outside an
acceptable range, in order to signal the speaker to slow down. T he rat ionale
for target ing speech rate modulation comes from evidence that dysfluencies
are more likely to occur in the fast-rate areas of speech (Smith and K leinow,
2000). A lthough a detailed report about the ‘Hector aid’ is unavailable, the
idea behind this device is a good exemplification of the approach advocated in
this chapter.

P rov id ing an aud i tor y b r idge

T he adaptive feedback procedure explored in this study addresses the limitat ion
of current A A F procedures with regard to phrase init iat ion. A variety of exper-
iments demonstrated the e  ect of priming fluent speech init iat ion by means of
external auditory cues, with the help of metronome beats, A A F signals, choral
speech, and other auditory cues (Azrin et al., 1968; K uniszyk-Jó kowiak et al.,
1997; Howell and E l-Yaniv , 1987; Natke et al., 2001; A lm, 2004). T herefore, we
assume that an auditory cue present at the moment of phrase init iat ion has
the potential of priming a speaker who stut ters to init iate a phrase fluently.
Speaking of a ‘phrase’, we refer to a continuous interval of speech, bounded
by a silent pause with a duration of 200 milliseconds, or more ( Fant et al.,
2003). T his definit ion may only part ially correspond to the one of the intona-
t ion phrase, since the relat ion between intonation phrase boundaries and silent
pauses is not entirely agreed upon (Bulyko and Ostendorf, 2001; Yoon et al.,
2007; Wagner, 2010). For example, a study by Yoon et al. (2007) revealed that
less than 50% of phrase boundaries in English are followed by a silent interval,
suggest ing that silent pauses alone may not be systematically used as a cue to
phrase boundary presence, and that listeners rely on addit ional acoust ic cues,
such as pre-boundary lengthening (Lin and Fon, 2009).

In order to act ivate an audio cue just before the onset of an upcoming phrase, a
temporal reference point is needed, which can be detected in the speech stream,
allowing to predict that a phrase onset is about to take place. T he detect ion
of a silence interval following the termination of the previous phrase is a way
to anticipate the t iming of the subsequent phrase init iat ion. T herefore, in our
adaptive procedure, a signal is act ivated only during the silent intervals between
phrases in order to prime the init iat ion of subsequent phrases. We propose that
this procedure would provide a kind of an ‘auditory bridge’ between phrases,
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assist ing speakers to smoothly transi t from one phrase to the next . In order
to create a feedback procedure with a minimal ’auditory intervention’, the
audio signal is withdrawn once an ut terance has been init iated. However, an
upper limit for the duration of the auditory cue must be determined, such that
it approximates the longest typically occurring silent pause in spontaneous
speech. In a large-scale study, Campione and V éronis (2002) have analyzed the
distribution of pause durations in spontaneous speech for English, G erman,
French, I talian and Spanish. T heir results revealed the duration distribution
pat tern is a combination of three categories of pauses: brief, medium and long,
with only 8% of pauses being shorter than 200 ms, and 2.8% of pauses being
longer than 2000 ms. T he class of long pauses has been shown to be centered
around 1500 ms. T herefore, in order to account for the longest expected pauses,
the ‘auditory bridge’ will be provided until a new phrase is init iated, last ing
up to 1500 ms.

We hypothesise that the adaptive feedback procedure described above will en-
hance the init iat ion of phrases in spontaneous speech to a larger degree than a
standard D A F procedure. Specifically, we predict that the proportion of dys-
fluent phrase onsets during speech with the adaptive feedback procedure will
be decreased in relat ion to speaking without auditory feedback , and that the
decrease will be greater than the one achieved with D A F . Based on previous
findings that in spontaneous speech, stut tering is more likely to occur at the
onset of ut terances (Quarrington, 1965; Jayaram, 1984; Koopmans et al., 1991;
Saltuklaroglu et al., 2009), we predict that a decreased proportion of dysflu-
ent phrase onsets will lead to an overall improvement in fluency, comparable
with an improvement achieved with a standard D A F procedure. Furthermore,
we predict that the adaptive feedback procedure will be perceived as more
comfortable than a standard D A F procedure, since i t involves a less intrusive
presentation of external audio signals.

6.2 M e t ho ds

P ar t icipan ts

T he study included 12 adults who stut ter (M = 32;3 years, S. D . = 11;5). E leven
were male and one was female. Participants were recruited by announcements
placed in clinics for stut tering therapy throughout T he Netherlands. A ll part ici-
pants reported stut tering onset in childhood, none had severe hearing loss, and
all were native Dutch speakers. Ten participants had no previous experience
with A A F , and two had a short experience over 3 years prior to the study.
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P rocedu re

T he experiments took place in a quite room. Participants were seated approxi-
mately 1.5 meters in front of the invest igator and a video camera. Participants
were asked to produce a monologue under four auditory feedback condit ions
( F igure 6.1 provides a schematic illustrat ion of the experimental condit ions):

(a ) no-feedback condition – participants were fit ted with headphones, but did
not receive any auditory signal while speaking, and could hear their own
voice.

( b ) a standard D A F condition – the audio signal coming into the microphone
was fed back to the participants with a delay of 100 ms. T his delay du-
ration was chosen as an average, standard set t ing used in A A F research,
as well as in A A F devices (Lincoln et al., 2006).

(c) an adaptive feedback condition – an audio signal was delivered only dur-
ing the detected silent intervals. Upon silence detect ion, an audio bu  er
containing the most recent 1500 ms is played back until a new phrase
onset is detected, with maximum duration of 1500 ms. A speech signal
was chosen as the external auditory cue in order to remain in the same
auditory domain as the standard D A F procedure, so that comparisons
could be made. T he choice of the bu  er duration is outlined in refbridge.

( d ) a combination of conditions (b) and (c) – since part of dysfluencies may
occur at mid-phrase posi t ions as well (Saltuklaroglu et al., 2009), the
adaptive feedback condit ion (c) was supplemented with an addit ional de-
layed signal (100 ms ) during detected speech episodes. During detected
speech episodes, the audio signal was fed back to the participants with
a delay of 100 ms. Upon a detected silent segment , an audio bu  er con-
taining the most recent 1500 ms is played back until a new phrase onset
is detected, with maximum duration of 1500 ms.

100
 ms 1500 ms

detection
onset

detection
offset

1500 ms
100
 ms

detection
onset

detection
offset

F i g u r e 6 . 1 : schematic representations of conditions (b) - left, (c) - middle, and (d)
- right. The top signal track represents the speech output of the participant, while
the bottom track represents the audio signal received by the participant through
headphones.
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T he order of presenting the various condit ions was randomized across partici-
pants. For each condit ion, the invest igator presented a new topic for discussion,
asking the participant for his / her opinion on the topic, and eventually signaled
the end of discussion once enough speech material was collected (roughly 3
minutes per condit ion). T he same set of quest ions and topics was used for all
part icipants. A monologue task was chosen since i t is a variant of spontaneous
speech, which realist ically approximates everyday communication si tuations.
Participants were asked to speak in their normal, natural manner, with a nor-
mal speech rate, and as far as possible, to avoid using any fluency inducing
techniques. In order to prevent the invest igator’s voice being fed back to the
participant , the invest igator spoke only when it was necessary to re-engage the
participant in the monologue.

A fter each condit ion, the invest igator asked the participant to reflect on the
experience with the current auditory feedback procedure, as well as to rate the
relat ive level of comfort with the audio signal. A 10-point visual analogue scale
was presented on a computer screen, and the participant indicated a score on
that scale. T his break served to avoid possible carry-over e  ects between condi-
t ions, but also provided valuable insights into the way participants experienced
their speech in the given feedback mode. At the end of the experiment , partici-
pants were asked to give their general impressions and personal comments on
the methods and ideas explored in this study.

A ppara t us

A ll experiment sessions were recorded through a video camera (Panasonic
S150). T he audio was digit ized in real-t ime by the Z O O M4H microphone and an
external audio card. T he D A F funct ion was implemented within the M A X / MSP
environment (www.cycling74.com). In order to implement the silence /onset de-
tect ion required for the adaptive feedback procedure, the following real-t ime
signal processing scheme was employed:

1. T he raw linear amplitude was converted to amplitude in decibels, so that
0dB = 1 (full amplitude). 1 Treating amplitude on a logarithmic scale
provides a bet ter approximation for the perceptual magnitude of changes
in intensi ty.

2. Input level in decibels was then expanded by considering a noise-floor
threshold (set manually by the invest igator to o  set the ambient noise
inside the experiment room). T he expanded level was calculated as a
percentage of the above-threshold range.2

1Amplitude expressed in decibels, with: d B = 20 × log 10( A )
2Noise floor canceling is an important step in audio processing, as it can help avoid

irrelevant fluctuations of the signal, and make the detection function more robust.



A dapt ive A A F procedures for adults who st ut ter 73

3. Next , the expanded signal was compared against a silence /onset thresh-
old, which was set at 15% of the full dB range (and manually adjusted if
necessary). Upon a threshold crossing in ei ther direct ion (from ‘speech’ to
‘silence’, or the other way around) the system waited for 200 milliseconds
before issuing a silence /onset trigger3 . If, however, a crossing occurs in
the opposi te direct ion during these 200 milliseconds, the t imer is reset ,
and no trigger is issued. T his mechanism provides a low-pass filter for the
detect ion funct ion and prevents spurious silence /onset triggers.

D a t a anal ysis

For each speech sample, the fract ion of dysfluent phrase onsets from the total
number of phrase onsets was calculated. Phrase onsets were defined as moments
of speech init iat ion after an interval of silence longer than 400 ms (Swerts and
G eluykens, 1993). A phrase onset was defined as dysfluent if a stut tering-like
dysfluency has occurred on, or before the first stressed syllable (Natke et al.,
2002). Since the adaptive feedback procedure targets to enhance the init iat ion
of phrases, the proportion of dysfluent phrase onsets reflects how well speakers
deal with init iat ing phrases throughout their speech.

Further, in order to evaluate the overall fluency levels across the experimental
condit ions, the percentage of discontinuous speech time (P DST ) was calculated.
In order to arrive at P DST scores, a two-step analysis of the original raw audio
samples was performed. F irst , all segments from the sample are removed which
do no belong to the speech of the participant . T his includes speech segments of
the invest igator, pauses longer than 2 seconds, coughing, or any other irrelevant
noise. T he result ing sample is referred to as ’ the cleaned original sample’. Next ,
all stut tering-like dysfluencies are removed from the cleaned sample. Stut tering-
like dysfluencies include part word repet i t ions, monosyllabic-word repet i t ions,
prolongations, and blocks (the presence of dysfluencies, including phrase-init ial
blocks were discerned from the video recordings). T he result of this procedure
is a quasi-fluent speech sample. P DST is then calculated as:

P D S T = 100 ð (1  
duration of the quasi-fluent speech sample

duration of the cleaned original sample
)

P DST scores for 3 participants revealed near zero levels in all condit ions, reflect-
ing no stut tering dysfluencies in their speech, and were excluded from stat ist ical
analysis.

3This duration threshold was based on findings that a silence interval (a pause) marking
the intonation phrase boundary usually has a duration of 200 milliseconds, or more (Campione
and Véronis, 2002; Fant et al., 2003).
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6.3 R esu l ts

G roup resu l ts

Statist ical analysis ( Friedman test) revealed a significant di  erence between the
four experimental condit ions for proportions of dysfluent phrase onsets (  2 =
12.6; d.f. = 3; p = .006). Condit ions (b), (c), and (d) all reduced the proportions
significantly in relat ion to the no-feedback condit ion ( W ilcoxon signed ranks
test , Z =  2.42; p = .015, Z =  2.549; p = .011, Z =  2.312; p = .021
respect ively). T here were further no significant di  erences between condit ions
(b), (c) and (d) 4 .
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F i g u r e 6 . 2 : Group means for proportions of dysfluent onsets across conditions (left),
and for PDST measures across experimental conditions (right), z-scores normalized.

Group results for P DST measures show a similar pat tern ( F igure 6.2). A lso
with this variable, there was a significant e  ect of experimental condit ion (  2

= 17.4; d.f. = 3; p = .001), and a significant reduct ion of P DST scores in
condit ions (b),(c), and (d) in relat ion to the no-feedback condit ion ( W ilcoxon
signed ranks test , Z =  2.666; p = .008, Z =  2.429; p = .015, Z =  2.666; p
= .008 respect ively). T here were no significant di  erences between condit ions
(b), (c) and (d). Comfortabili ty scores revealed no clear preference between
condit ions (b), (c), and (d).

4In order to display group means and individual trends in a meaningful way, the raw
scores are normalized, so that each individual’s trend across experimental conditions can be
overlaid in the same numerical space. To achieve this, standard normal deviates (z-scores)
were calculated for the raw scores for each individual speaker. The z transformation produces
a distribution of scores with a mean of 0, and SD of 1, so that each score represents the
distance in SD from the mean. After this transformation, a comparison can be drawn between
the dysfluency trend of different speakers.
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I nd i v idual resu l ts

Since group results in experiments with people who stut ter show only a part of
the picture, we present individual results for proportions of dysfluent onsets and
for P DST measures (both as raw scores, as well as after z-scores normalization).

A lthough most part icipants show a reduct ion in condit ions (b), (c), & (d)
relat ive to the no-feedback condit ion (a), there are di  erent trends of dysfluency
across these condit ions ( F igure 6.3). For example, participants 8 and 12 have
bet ter reduced their dysfluencies on phrase onsets in condit ion (c) than in
condit ion (b), and even more so in condit ion (d). T he same t ime, participants
1 and 11 achieve a strong reduct ion in condit ion (c), but show more dysfluent
onsets in condit ion (d). Participants 3 and 5 exhibit less reduct ion in condit ion
(c) than in both condit ions (b) & (d).
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F i g u r e 6 . 3 : Individual results for proportions of dysfluent onset across conditions,
presented as raw scores (left) & as z-scores normalized (right)

! " # $ %&% " #

’ $(’ !(’ ) (’*(

+
,

-
./

0 1 2 1 1

3 1 2 1 1

4 1 2 1 1

5 1 2 1 1

6 1 2 1 1

1 2 1 1

6 5
6 6
6 1
7
8
0
4
5
6

9 : ) ;< ! &=

!"#$%&

!"#$%&%"#

'$('!(')('*(

+
,-
!
"
./
-
01
2
3
4

5 678

5688

8678

8688

,8 678

,5 688

,5 678

59

55

58

:

;

7

<

9

5

-=)>/!&?

!"#$%&

F i g u r e 6 . 4 : Individual PDST results across conditions, presented as raw scores (left)
& as z-scores normalized (right).



76 6.3. R esults

T he normalized individual P DST score in F igure 6.4 reveal that all part icipants
improved their fluency level in condit ions (b), (c), & (d). Two trends can be
dist inguished in the group. Participants 5, 7, and 10 have achieved more fluency
in condit ion (c) than in condit ion (b), with even bet ter or roughly the same
level of fluency in condit ion (d). A ll other part icipants, however, show a pat tern
in which fluency levels are worse in condit ion (c) than in condit ion (b), while
the level in condit ion (d) is ei ther similar or bet ter than in (c).

Sub-group resu l ts

An examination of the P DST scores under condit ion (a) in the left graph in
F igure 6.4 reveals two rather dist inct groups, with 5 participants having P DST
scores lower than 10%, while the other 4 part icipants having P DST scores of
16% and higher. We term the first group as the ‘milder’ stut tering severity
group, and the second as the ‘more severe’ group. Next , in order to compare
the trends of both groups, we present z-scores normalized results for the two
sub-groups.
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F i g u r e 6 . 5 : Sub-group results for proportions of dysfluent phrase onsets across con-
ditions, z-scores normalized

While in condit ions (b) and (c) the more severe group seems to benefit from the
feedback signal slightly more than the milder group, in condit ion (d) this trend
is reversed (left graph in F igure 6.5). T he milder group shows more reduct ion in
dysfluent phrase onsets in condit ion (d) than the more severe group. A similar
pat tern can be seen in the sub-group results for P DST measures (right graph in
F igure 6.5). A lso here, the group of participants with a more severe dysfluency
seem to improve their fluency levels to a greater extent than the other group
only in condit ions (b) and (c), but not in condit ion (d).
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P ar t icipan ts’ p ercep t ions

We report a number of remarks expressed by participants in relat ion to the
experimental condit ions:

» Most part icipants agreed that condit ion (b), and D A F procedures in gen-
eral, may be e  ect ive in reducing dysfluencies, but they do not help with
the init iat ion of phrases, which remains an important concern.

» One participant remarked that the t ime when audio is fed back to the
speaker in condit ion (c) can provide a ‘rest ing’ interval before init iat ing
the next phrase, and therefore can help with maintaining fluency.

» Participants noted that it is di  cult to predict the t iming of feedback
act ivation in condit ion (c), which may compromise i ts e  ect iveness to
stabilize the speech product ion process.

» A number of participants noted that condit ion (d) is e  ect ive in helping
to init iate phrases. O thers, however, regarded the 1500 ms delay as being
too slow, and not assist ing with fluency since i t is not possible to monitor
one-self in real-t ime.

6.4 D isc ussion

G roup t rends

T he group results for the proportion of dysfluent phrase onsets reveal that the
adaptive feedback condit ion (c) significantly reduced the proportion of dysflu-
ent onsets in relat ion to the baseline condit ion. However, the results did not
support our hypothesis for a significant advantage of the adaptive feedback
condit ion (c) over the standard D A F condit ion (b). Judging from F igure 6.2,
there is a slight tendency for larger improvement in phrase init iat ion under con-
dit ion (d). We interpret the finding that the adaptive feedback condit ion (c)
did not provide significant advantage over the other experimental condit ions
in relat ion to the fact that the audio feedback in condit ion (c) was withdrawn
once a phrase onset had been detected. If the audio cue was removed before
speakers had the chance to produce an articulatory movement su  cient for re-
sult ing in a fluent syllable, the feedback procedure would not o  er an e  cient
support for init iat ing phrases. If that is the case, then act ivating the standard
D A F signal once phrase onset has been detected, as occurs in condit ion (d),
would provide a continuation for the audio cue, and allow speakers to complete
a fluent phrase init iat ion.

T he group pat tern for overall fluency results, measured by P DST scores, reveals
a similar pat tern, by which the adaptive feedback condit ion (c) significantly re-
duced P DST scores in relat ion to the baseline condit ion, but not significantly
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bet ter than other experimental condit ions. In fact , F igure 6.2 reveals a ten-
dency for condit ions (b) and (d) to reduce P DST scores somewhat more than
condit ion (c). T hese results seem to suggest that while speakers are able to
utilize the D A F signal in mid-phrases, the addit ional audio cue during silences
does not further enhance fluency. T his ‘ceiling’ e  ect could be due to providing
too much audio information during speech, when both mid-phrase and silences
are filled with audio feedback . I t seems that beyond some amount of auditory
information, addit ional signals may be detrimental instead of beneficial. A l-
ternatively, the finding that the addit ional audio cue during silences did not
provide significant advantage may reflect the inadequate nature of the auditory
cue used in this study.

A lthough comfortabili ty scores revealed no clear preference between condit ions
(b), (c), and (d), participants tended to rate condit ion (b) as (slightly) more
comfortable than condit ion (c). T he reason could lie in the fact that most
part icipants were familiar with a standard D A F procedure (ei ther by experience
or with the idea of i t). As some participants have remarked, anticipating the
nature of the audio signal in condit ion (b), could be making it more acceptable
and less annoying than the less predictable audio signals in other condit ions.

I nd i v idual va r iab i l i t y

Individual data reveal high variabili ty in part icipants’ responses to di  erent
feedback condit ions, suggest ing that di  erent A A F procedures may have dif-
ferential e  ects on various types of dysfluent speech. T his idea is consistent
with the notion that biological subtypes of stut tering may exist , and that dif-
ferent subtypes respond di  erently to A A F exposure. A similar idea was pro-
posed in Foundas et al. (2004), who reported that D A F had a stronger fluency-
inducing e  ect in the subgroup of stut tering individuals with rightward planum
temporale asymmetry (i.e. right planum temporale larger than left planum tem-
porale). In order to account for the high individual variabili ty in response to
A A F methods, i t has been suggested that individual di  erences are influenced
by the degree of auditory sensi t ivity (Howell et al., 2006), or by idiosyncrat ic
abnormalit ies in the organization of auditory and motor related brain areas of
people who stut ter (Salmelin et al., 1998; Fox et al., 2000; Watkins et al., 2008).
A ltogether, research findings point towards the existence of multi-causality in
the et iology of stut tering, and therefore, of subtypes among individuals who
stut ter (Yairi, 2007).

An interest ing trend was discovered when the group of participants was par-
t i t ioned into sub-groups according to stut tering severity. Results for both the
proportion of dysfluent phrase onsets and P DST scores, as can be seen in
F igure 6.5, suggest that speakers with a higher level of dysfluency at base-
line (no-feedback) condit ion have achieved larger relat ive dysfluency reduct ions
compared to speakers with a milder P DST level of dysfluency at baseline. T his
pat tern is consistent with earlier reports (Van Borsel et al., 2007). For example,
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in Antipova et al. (2008), the authors reveal that the stut tering frequency of
those sub jects with more severe stut tering was reduced more than stut tering
frequency of those with mild stut tering. T he experience with our part icipants
suggests that individuals with a milder dysfluency may not benefit as much
from A A F procedures, since their speech motor system is relat ively stable, and
their level of confidence towards speech is relat ively high. On the other hand,
individuals with a more severe dysfluency, may be equipped with more frag-
ile or sensi t ive speech motor systems (Van Lieshout et al., 2004), which could
‘gain’ more stabili ty or reassurance from external cues.

L im i t a t ions of t he cu r ren t st ud y

Individuals produce spontaneous speech in extremely variable manners, making
experimental control more di  cult for these tasks. I t is, therefore, worthwhile
to illustrate a number of potential sources of ambiguity related to the sampling
of dysfluencies in spontaneous speech. F irst , speakers may be unconsciously
using fluency techniques. A lthough we have explici t ly instructed participants
to not use any, at least two of them reported to have been using ‘slow speech’
and breathing techniques during the experimental tasks. Having internalized
and automated fluency strategies to a certain degree, speakers may not be able
to ‘switch them o  ’ upon command.

Second, when individuals who stut ter produce a monologue on an engaging
topic, they may place themselves in a ‘performative’ mode, in which their speech
pat tern deviates from their habitual way of speech, leading to enhanced fluency.
Two of our part icipants have associated ‘talking enthusiast ically’ with enhanced
fluency, while noting that this si tuation may not represent their ‘normal’ speech
performance. T his observation is in line with an account of fluency enhancement
outlined in A lm (2005), which proposes that switching one’s speech manner
from habitual to modified (as in imitat ion, act ing, speaking with unnatural
rhythm etc.) may enhance fluency through the de-automatization of speech
motor control. According to this view, fluency is achieved by switching speech
product ion from the supposedly dysfunct ional medial system (the basal ganglia
& supplementary motor area) responsible for automatized speech movements,
to the lateral system (lateral premotor cortex & cerebellum) which coordinates
de-automatized, and externally cued speech product ion (A lm, 2004).

Furthermore, dysfluencies seem to be strongly modulated by the presence of
‘di  cult ’ phonemes in the stream of speech, individual to each person. Antici-
pating those ‘fearful sounds’ is an integral part of the psychological experience
of most people who stut ter. Consequently, these speakers develop a variety of
idiosyncrat ic strategies (which are dist inct from ‘standard’ fluency techniques)
for coping with the problematic sounds, such as reformulating phrases, sub-
st i tut ing synonyms, and others. T he influence of these ‘online speech manipu-
lat ions’ on fluency may interact with the e  ects of external audio cues in an
unpredictable way.
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6.5 C onc l usions a n d f u t u r e d i r ec t ions

T he adaptive feedback procedure used in this study resulted in strong reduc-
t ions of dysfluencies at phrase onset posi t ions. T he results suggest that even
higher reduct ion can be achieved if the audio feedback cue persists beyond the
moment of phrase onset . A lthough the results indicate that an audio cue pro-
vided during silent segments may assist some speakers to init iate speech, they
do not support the hypothesis that on a group level, this form of auditory cues
result in a significantly larger fluency enhancement than the classic D A F pro-
cedure. T he results for overall fluency levels reveal that an audio cue provided
during silent segments leads to fluency improvement comparable with that of
a standard D A F procedure. Invest igation of individual results revealed a large
degree of variabili ty, confirming earlier evidence that persons who stut ter react
di  erently to A A F procedures.

At the outset of the study, i t was assumed that , at least for some speakers
who stut ter, an adaptive presentation of feedback signals will appear as more
comfortable than the continuously presented feedback signal in standard A A F
procedures. However, considering the react ions of the study participants, i t
now seems that playing back a bu  er of 1500 ms was not an optimal choice
for an audio cue during silences. Hearing a segment this long seems to create a
distract ing e  ect in the process of speech product ion, and can be experienced
as uncomfortable for some speakers. T he distract ing e  ect may be at tributed
to the interference with higher-level linguist ic processes of ut terance planning,
which would normally take place during the silent pauses between phrases.

W ithin the framework of adaptive feedback procedures, audio cues can be con-
sidered which do not involve the straight forward playback of one’s speech. In-
stead, an auditory cue can be designed which preserves the characterist ics of
the speaker’s voice, but is devoid of linguist ic content . Auditory cues can be
further abstracted from the speaker’s voice, and contain pre-recorded audio
samples which can vary in the degree of linguist ic content , from single sylla-
bles or single vowels, to non-linguist ic cues, such as percussive sounds, or even
synthet ic tones and beats. T here is, in fact , experimental evidence for fluency
enhancing e  ects of non-linguist ic auditory cues (Azrin et al., 1968; Martin
and Haroldson, 1979; Howell and A rcher, 1984), which could be used within
an adaptive scheme. T his approach would especially be relevant from a the-
oret ic perspect ive which at tributes fluency enhancing e  ects of auditory cues
to influencing the t imekeeping processes in speech product ion, thus not requir-
ing linguist ic content (Howell, 2004). However, following the insights from our
study, i t can be suggested that arriving at e  ect ive and comfortable feedback
configurations can be best done on an individual basis.

Our experience with studying the e  ects of A A F procedures with people who
stut ter brings into quest ion the group experimental design. T he extent of in-
dividual variabili ty (especially in spontaneous speech tasks) makes i t di  cult
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to draw any solid conclusions on the group level. To be able to potentially
observe group e  ects, a considerably large sample size would be needed, a de-
mand which may slow down research act ivit ies. Another constraining factor
is the standardization of A A F set t ings when studies focus on the group level.
I t has become a common understanding that individuals benefit most from
customized A A F set t ings, and by standardizing these set t ings during studies,
researchers may be overlooking the potential value of A A F procedures. Instead,
research could focus on single-case studies where invest igators strive to opti-
mize A A F set t ings for each individual, and examine how performance with
these set t ings changes over t ime and communicational contexts. T his approach
is echoed in the conclusions drawn by Lincoln et al. (2010), who propose that
more useful information will be gained from carefully designed case studies that
establish optimal A A F set t ings for individuals who stut ter.

We believe that the current invest igation provides a good start ing point for fur-
ther experimentations with variat ions of adaptive feedback procedures. T here is
li t t le doubt that results can be improved, both in terms of fluency enhancement ,
and levels of comfortabili ty with the procedure. A lthough we have outlined a
number of potential caveats in conduct ing A A F experiments with spontaneous
speech, the motivation for this approach must be put forward. T he social va-
lidity of applying A A F procedures to realist ic communication si tuations is of
great importance (Lincoln et al., 2010), and demands a bet ter understanding
of fluency modulation in the context of spontaneous speech. Collect ing partici-
pants’ impressions about their experience with the experimental condit ions has
been instrumental for a bet ter understanding of the limitat ions and potentials
of the proposed A A F procedures. Future at tempts should take into account
the aspect of individual variabili ty, customization vs. standardization of A A F
set t ings, and remain at tentive to the experience of persons who stut ter.

Despite the vast amount of research into stut tering during the last 40 years,
there is st ill no consensus among researchers and clinicians (often decorated by
heated debates) about the nature and et iology of the disorder, or the goals and
methods of clinical intervention (Ratner, 2010). T he widespread availabili ty of
a  ordable mobile technologies is likely to keep driving the development of a new
generat ion of stut tering management devices. I t is likely that future devices will
be based on adaptive feedback procedures, with robust signal analysis capabil-
i t ies, and elaborate customization options. In spite of the complexity involved,
we strongly believe that it will be worthwhile to further explore adaptive feed-
back procedures, and devise methods for A A F procedures to be ‘ tailored’ to
individuals’ speakers needs.
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7.1 M a i n conc l usions a n d i nsigh ts

In this chapter we summarize the main findings and conclusions, in regard to
the di  erent phases of treatment delivery addressed in this thesis, and propose
direct ions for further development . Next , the rat ionale for a comprehensive
framework for technological innovation in SLT are presented, and a funct ional
model of that framework is outlined.

Su m m ar y of cont r ibu t ions

T he work presented in this thesis contributes to the field of speech-language
therapy through the demonstrat ion of specific methodological refinements ap-
plied to three central phases of treatment delivery. F irst , a methodological shift
has been proposed for the preparation of treatment programs – from the tra-
dit ional usage of rather stat ic inventories of speech items – towards providing
clinicians with the means for compiling individually customized treatment tar-
gets and exercises. Chapters 3 and 4 presented two complementary steps on the
way to realizing this refinement – the obtaining of linguist ic materials needed
for generat ing parametrized speech targets, and the design of an appropriate
computer-interface for clinicians, allowing to perform the generat ion. T he re-
sults of Chapter 4 confirm the assumption that speech clinicians, in general,
recognize the added value of being able to compile customized treatment tar-
gets for their patients, as well as the e  ciency and flexibili ty o  ered by the
computer application designed for that purpose.

Next , a methodology has been proposed for pract icing timing skills in speech
with a computer game. A lthough voice-based computer games in speech-language
therapy are not new, and several systems for pract icing timing skills in the mo-
tor domain exist , the prospect of training timing skills with speech input has
not yet been examined. T he invest igation presented in Chapter 5 contributes
to the understanding of the elements necessary for construct ing a training ap-
plication for timing skills in the speech domain.

F inally, an improvement of the current methodologies of altered auditory feed-
back (A A F ) for people who stut ter is proposed and tested. Chapter 6 examined
the utili ty of adaptive feedback procedures, which are based on real-t ime analy-
sis of the speech signal and the dynamic act ivation of auditory cues, as oppose
to the stat ic feedback funct ion utilized in current A A F methods. T he results
of this work provide valuable insights for future at tempts of taking forward the
methods for enhancing the speech fluency of individuals who stut ter. Next , we
discuss possible future direct ions in the work presented in this thesis.
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G enera t ion of sp eech t rea t ment m a ter ia ls

In order to enable a systematic select ion of treatment targets, databases of
linguist ic material are necessary, which are annotated with clinically relevant
parameters. In Chapter 3, spoken and canonical syllabic inventories of Dutch
were obtained by means of automatic syllabification of spoken language data,
and the consistency of both syllabic inventories was examined, providing in-
sights on their applicabili ty as speech training materials. T he obtained syllabic
inventories may, in turn, be used to address ongoing psycholinguist ic inquires.
For example, by examining the way spoken syllable frequencies interact with
the frequencies of the sub-syllabic parts (demisyllables, onsets, and rhymes),
and with the frequencies of bi-syllabic pat terns, new insights can be sought
about the internal organization of the mental syllabary, and the role of sylla-
bles in speech product ion. Enabling clinical researchers to perform an elaborate
parameterizat ion of linguist ic materials in their studies may facili tate the inves-
t igation of finer-grain phenomena in pathological speech product ion. Enabling
clinicians to include and structure these materials in their treatment programs
may facili tate the delivery of treatment based on current theoret ical knowledge.

In Chapter 4, a computer application has been described, designed to provide
a flexible, e  cient , and intuit ive workflow. A usabili ty study with the applica-
t ion has echoed highly posi t ive responses, and clinicians regarded the program
as a useful, t ime saving tool for the creation of treatment programs. A nat-
ural evolution in this direct ion will be linking the various funct ions involved
in the preparation of speech treatment programs into one coherent computer
application, which will facili tate a structured workflow, hinged on best-pract ice
evidence from the clinical li terature. Besides promoting a systematic delivery of
treatment , a computer application can be designed to access di  erent databases
of linguist ic materials, which can be easily extended and updated (for example,
a web-based implementation would ensure such flexibili ty). F inally, i t is likely
that all the di  erent procedures involved in preparing treatment programs for
MSD patients will eventually be integrated into one coherent computer applica-
t ion for the management of treatment protocols. Furthermore, mobile devices
may gradually replace paper-based protocols used for presenting speech targets
to patients during pract ice, as well as for the entering of results by the clinician.

C om pu ter ga mes for t he t ra in ing of sp eech motor sk i l ls

In Chapter 5, the use of a computer game for pract icing speech timing skills of
children with MSD was examined through a usabili ty study. T he results of the
invest igation presented in this thesis suggest that interact ive games for prac-
t icing speech timing skills can promote a posi t ive experience of speech motor
training and enhance motivation for pract ice, at least in the short term. T he
interact ion with the game added to the training si tuation, and was appreciated
by children. Naturally, children have high demands on quality and entertain-
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ment values of the computer games they play, and these demands remain valid
also in speech training si tuations. Consequently, there is a significant risk that
custom-made games will not be able to compete with entertainment-oriented
commercial games. One possible way to address this challenge is by retrofitting
exist ing games, so that they can be interfaced with audio input . For open-
source computer games, audio processing can be direct ly integrated within the
game’s code, producing an audio-based variant of that game. For example,
for supporting the training of speech timing skills discussed in this thesis, the
following two games could be considered (See F igure 7.1). In both cases, since
progress within the game is determined by the t iming of input gestures, syllable
detect ion events could be mapped to the dynamics of the game.

F i g u r e 7 . 1 : Tux Racer (left) is an open-source downhill racing game, where the
player controls Tux (the Linux mascot) as he slides down a course of snow, collecting
herring. Frets on Fire (right) is is an open-source music video game that imitates the
commercial game Guitar Hero. The game is normally played by using a keyboard,
pressing the fret and pick buttons.

T he immediate advantage of this approach is in opening up a large variety
of potentially e  ect ive synergies between available computer games, and the
desired training e  ect throughout the gaming act ivity. T he large select ion of
di  erent games and interact ion modes should provide opportunit ies to choose
and match games according to the specific exercise goals and skills to be trained.
Furthermore, utilizing popular computer and video games for therapy purposes
is likely to decrease the risk that gaming will be perceived as tedious, compared
to custom-made games (Sandlund et al., 2009a).

However, a number of potential caveats in this direct ion must me mentioned.
F irst , available games may not be able to provide as specialized training as
would games designed particularly for a certain pract ice methodology. Second,
the mapping between acoust ic parameters to act ion commands native to a
certain game may not be intuit ive, and designers may need to re-map these
parameters for di  erent games.
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Demonstrat ing clinical e  ect iveness of computer game training methods in
speech therapy with children involves an obvious di  culty. E xercises performed
with a computer game only const i tute a fract ion of the whole range of treatment
act ivit ies, regardless of the disorder being treated. T herefore, i t is rarely pos-
sible to isolate the e  ect of this form of training on speech performance, from
the e  ects of other treatment act ivit ies, the deferral of which is not realist ic
from a clinical perspect ive (Onslow et al., 1994).

R efinement of fluency enhancing p rocedu res

A ltered Auditory Feedback (A A F ) devices grow smaller and more inconspicu-
ous with the years. However, the underlying feedback procedures remain un-
changed, characterized by a significant limitat ion of not taking into account the
‘state’ of the speaker at any given moment . A possible refinement examined in
this thesis is the design of adaptive A A F procedures. Future e  orts in advanc-
ing A A F methodologies should take advantage of techniques and theories from
other related fields. For example, the ‘synchronous reading’ task (a si tuation
when two people read the same text simultaneously – a fluency enhancing con-
dit ion known as ‘choral speech’) has been thoroughly invest igated with fluent
speakers, by Cummins (2009). Integrating knowledge from similar experiments
is likely to promote bet ter theoret ical understanding of the underlying processes
of fluency modulation in individuals who stut ter.

A lthough most part icipants in our study were aware of the existence of A A F
devices, none had a prolonged posi t ive experience with such a device. T his si t-
uation might indicate that current A A F methodologies may not be optimally
developed. As long as A A F methodologies will not include intelligent proce-
dures to customize and adapt set t ings to individuals, i t is not likely that their
potential benefits to people who stut ter will be fully realized. T he design of
adaptive feedback procedures involves a large space of possible configurations
in terms of input signal analysis, select ion of auditory cues for output , and the
mapping funct ion between input and output . Since the adaptive procedure ex-
amined in this work has lead to a fluency enhancement comparable with current
A A F methods, we believe that this line of development will contribute to future
e  orts to innovate fluency-enhancing techniques. Support for this notion comes
direct ly from participants in our study, the majority of whom have expressed
posi t ive at t i tudes towards these e  orts. We quote one of the participants:

" Ik denk wel dat er op een gegeven moment manieren komen
waarop je elke vorm van spraak zo kan sturen dat hij vloeiend gaat
lopen, dat er wel middelen voor te maken moeten zijn. "

" I believe that at some point methods will be available with
which every form of speech could be directed towards fluent speech,
that tools for this purpose will be developed. "
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7.2 A d u r a b le d e velop m e n t f r a m e wor k

C hal lenges in technologica l innova t ion for SL T

A central quest ion concerning innovation e  orts in the field of communication
disorders is - who, and within which framework , will init iate and carry out this
kind of work . In principle, this can happen in two possible ways. F irst , clinicians
may identify a potential for improving a certain methodology they use, and seek
partners to provide the solution. Second, a group of researchers who develop a
certain technology may wish to apply their techniques to a real-world problem,
and seek clinical partners to identify a speech-language treatment methodology
as an appropriate application domain.

In reality, although both workflows exist , their cumulative product ivity does
not , as i t seems, reach a stable inert ia of innovation in the field. A number of
reasons can be put forward. F irst , due to the fact that SLT education curric-
ula usually do not include experience with technological topics, the majority
of clinicians do not promote innovative ideas involving technological concepts.
As a consequence, partly due to lack of awareness of technological possibili-
t ies, there is, generally, li t t le pro-act ive development init iat ion from the side of
communication disorders specialists.

On the other hand, students and researchers at technical departments seldom
choose to apply their skills to the field of communication disorders. Surely,
there are exceptions, often driven by a personal experience, or interest . T he
result ing si tuation is that innovation e  orts in the field occur rather sporadi-
cally, with few dedicated research and development structures to advance these
e  orts. T his stands in stark contrast to other fields of assist ive technology, for
which ongoing research act ivit ies are organized within special interest groups,
laboratories and specialized centers (Pino et al., 2010; Bates et al., 2007).

Towar ds a ded ica ted fra mewor k

T he experience gained with development projects described in this thesis con-
verges to the conclusion that a dedicated framework is needed in order to
promote a durable process of innovation in the field of communication dis-
orders. Such a framework would consist of ongoing collaborative research and
development act ivit ies, involving universi ty departments, and eventually indus-
trial partners. Recently, more researchers recognize the need in an overarching
framework for advancing innovation in the field of SLT . Cucchiarini et al. (2008)
provide examples of successful previous e  orts to organize a durable framework
for the development of language technologies in the Netherlands, and propose
mechanisms for the establishment of a comprehensive st imulation program for
utilizing these technologies for the support of speech language therapy (Ruiter
et al., 2010), supported by government , industry and academia.
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In order to further contribute to these e  orts, we propose a funct ional model
of a dedicated framework for innovation in the field of SLT . T he eventual aim
of such framework is to enable a perpetual generat ion of innovative solutions,
from which therapists can pool resources and capabili t ies for advancing novel
technology supported therapies. T he purpose of the model is to define the
participating actors, and outline the main act ivit ies, interact ions, and workflow
within the framework .

A model of innova t ion in t he field of SL T

F irst , the main actors participating in the framework are identified as follows:

S L T dep a r t m en t A universi ty department where speech language therapists
are educated and trained. Ideally, the department is oriented towards
research, and maintains ongoing collaborations with clinical inst i tut ions.

P a r t ner dep a r t m en ts A number of universi ty departments where the real-
izat ion of proposed solutions takes place. T hese will be computer-science,
engineering, or other technical departments, as well as groups dealing
with graphical design, interact ion design, film and new media.

G IS L T A team which consists of experts from both SLT and partner depart-
ments, whose roles are to lead the coordination between the involved
disciplines. T he team member’s role is twofold: they act as supervisors
to student projects from their respect ive department , and they are re-
sponsible for the select ion, analysis and design of the init iated projects.
In order to refer to this team in a consistent manner, we shall term it –
G roup for Innovation in Speech Language Therapy (G ISLT ).

Next , the workflow is described, which outlines the basic interact ions between
the participating actors, and their respect ive roles in the framework (see F ig-
ure 7.2). T he model consists of the following steps:

I n nova t ion in S L T cou rse . At the heart of the model is the educational
course for speech language therapy students, which aims at generat ing
innovative concepts and solutions for real-life problems and identified
improvement potentials in this clinical field. A short descript ion of the
course, i t ’s goals and methods is given in Appendix B .

P ro jec t selec t ion . T he course for SLT generates a number of concepts and
project proposals for innovation in the field. T hese proposals are evalu-
ated for their potential impact and feasibili ty, so that a limited number of
projects are selected for realizat ion. For each selected project , the require-
ments are further specified and the design is elaborated in preparation for
the development phase. T hese act ivit ies are carried out by the G ISLT .
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Concepts & solutions

Initial testing

Analysis & re-design

Further development and refinement

Evidence-based clinical tools

Clinical efficacy testing

Innovation in SLT course

SLT department Group for Innovation in SLT Partner Departments

Initial development

Selection & Design 

F i g u r e 7 . 2 : An outline of the innovation in SLT model

I n i t i a l develop m en t . Selected projects are defined and o  ered to students as
a graduation / thesis project , within an appropriate universi ty department
(which commits to an ongoing collaboration with the G ISLT ), where the
required expert ise, in relat ion to the defined problem, exists . Members
of the G ISLT are appointed as co-supervisors for these projects. T he goal
of this phase is producing a working prototype of the proposed solution,
with su  cient documentation to allow subsequent phases of development .

I n i t i a l t est i ng . T he developed prototype is than evaluated in an init ial usabil-
i ty study. T he study is likewise defined as a graduation project within the
SLT department , co-supervised by the G ISLT . T he study aims at gath-
ering performance and usabili ty data from real clinical experiences with
the proposed solution by the target user group.

A n a l ysis a n d re-design . T he data collected from init ial test ing is analyzed
and the feasibili ty of the proposed solution is re-evaluated by the G ISLT .
In case of posi t ive outcomes, further refinements to the design are made,
based on the collected data, and a further development phase is defined.

Fu r t her develop m en t . T he refined specifications form the basis for another
student project , possibly within the same department where the init ial
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development took place. T he goal of this phase is producing a more ma-
ture realizat ion of the solution, eventually including the human-computer
interface for allowing a long-term deployment by non-experts.

E  cacy t est ing . T he potential clinical impact of the proposed solution is
evaluated through an e  cacy study with the developed application. De-
fined as a group project within the SLT department , the study is carried
out in collaboration with clinical partners, and aims at examining evi-
dence for the e  ects of utilizing the proposed solution in clinical proce-
dures.

E va lu a t ion a n d dep loy m en t . In the case that e  cacy test ing produces pos-
it ive outcomes, the G ISLT takes further steps towards integrating the
developed solutions into the field. If further refinements are indicated,
an addit ional cycle of development may be defined. E ventually, mature
products can be distributed within the clinical field, or commercialized
through the universi ty’s spin-o  facili t ies.

T he proposed model entails a number of potential advantages in relat ion to the
current , sporadic way of advancing technological innovation for SLT :

» T he init iat ion and the drive for creating innovative solutions comes from
the clinical field (through the participation of SLT students in the prac-
t ical part of the SLT course).

» T he framework may promote the application of a wealth of technolog-
ical knowledge resources, residing in technical departments, to real-life
problems, as well as promoting awareness of assist ive technologies among
researchers in these departments.

» T he framework may facili tate the commitment of speech clinicians to
part icipate in long-term clinical studies.

» Since most of the act ivit ies throughout the model are performed within
graduate student projects, innovation e  orts are not heavily constrained
by market size. T he commercializat ion of eventual products is an option,
but not a precondit ion for the research and development agenda.
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7.3 F i n a l r e m a r ks

T he work presented in this thesis aimed to operate as the missing link between
the needs of the clinical field of speech-language therapy, and a pool of exist-
ing techniques from technological domains (indications for that missing link
originated in communication with di  erent speech clinicians, who confirmed
that e  orts are needed to bridge this gap). A successful aspect of that role
can be seen in demonstrat ing that a variety of clinical procedures can be sup-
ported through technological innovation, once at tention is given to identified
problems. However, the work process has also revealed significant structural
challenges in the e  orts to coordinate technological development in the field.
T he interpretat ion of these challenges suggested a need for a comprehensive,
durable framework , and has led to the proposal of a model for technological
innovation for SLT , described in 7.2.

Particularly, the model extends the workflow carried out within this thesis (as
outlined in 1.3) in two important ways. F irst , the identification of problems and
needs, as well as the generat ion of innovative concepts is placed within the field
of SLT itself. T his strategy ensures that the Analysis Phase is performed with
the strongest involvement of clinicians, so that most relevant problems in the
field are addressed. Second, established collaborations within the model should
ensure that mult iple i terat ions of development and test ing can be carried out ,
on the way to mature clinical tools.

F inally, with all due respect to the potentials of technological innovation for
supporting the procedures of speech-language therapy, i t is good to redraw the
realist ic proportions of their role. In spite of the fact that technology-based
methods have been the focus of this thesis, we must remind that in the very
central role in the delivery of treatment always stands the speech therapist ,
and the role of technological support is complementary. A fter all, to be able to
assist people with communication disorders, a kind of sympathet ic sensi t ivity
is required, which is uniquely human.
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L ist of syllable types

T a b l e A . 1 : The top 100 syllable types and their frequencies for the intersection
and difference sets of the spoken (SPO) and canonical (CAN) syllabaries. Frequency
expressed as percentage of all syllable tokens in the set.

SPO ∩ CAN SPO \ CAN CAN \ SPO
Type Freq. SPO Freq. CAN Type Frequency Type Frequency
[d@] 4.15 3.89 [dAd] 0.33 [gO:t] 0.020
[t@] 2.52 1.89 [Ig] 0.32 [w2uw] 0.016
[ja] 2.45 2.51 [@d] 0.26 [b2uwt] 0.005
[x@] 1.86 1.60 [og] 0.17 [t@nts] 0.003
[En] 1.66 1.90 [mEd] 0.11 [Juw] 0.003
[j@] 1.36 1.49 [fel] 0.11 [prOx] 0.003
[In] 1.23 1.27 [wAd] 0.10 [pA:] 0.003
[dAt] 1.19 2.07 [hEb] 0.10 [sx2uwt] 0.002
[di] 1.11 1.26 [@N] 0.10 [kOrbz] 0.002
[@t] 1.08 1.16 [nOG] 0.09 [t2uw] 0.002
[@n] 1.08 1.47 [l@g] 0.06 [fAjls] 0.002
[Ik] 1.07 1.51 [sEx] 0.06 [n2uwt] 0.001
[b@] 1.03 0.96 [tAd] 0.06 [dZems] 0.001
[s@] 0.95 0.50 [wAnd] 0.06 [mY:rs] 0.001
[o] 0.94 0.83 [xwon] 0.05 [grE:] 0.001
[l@] 0.94 0.94 [wed] 0.05 [tYrf] 0.001
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[k@] 0.91 0.90 [Alz] 0.05 [plẼ] 0.001
[Is] 0.83 1.19 [tOG] 0.05 [pA:s] 0.001
[G@] 0.82 1.15 [@z] 0.05 [trek] 0.001
[m@] 0.82 0.56 [Az] 0.05 [dZOr] 0.001
[r@] 0.77 0.72 [Eb] 0.04 [tiJ] 0.001
[fAn] 0.77 0.01 [x@n] 0.04 [trEit] 0.001
[n@] 0.72 0.52 [l@f] 0.04 [rAJtS] 0.001
[Op] 0.71 0.81 [trYx] 0.04 [mwa] 0.001
[ne] 0.67 0.68 [@g] 0.04 [dZE] 0.001
[ok] 0.62 0.76 [d@d] 0.04 [pOzd] 0.001
[wEl] 0.60 0.66 [@l] 0.03 [ZO] 0.001
[f@] 0.60 0.07 [dId] 0.03 [sxrør] 0.001
[v@] 0.60 0.51 [t@t] 0.03 [tmIs] 0.001
[ma] 0.57 0.26 [hef] 0.03 [Gno] 0.001
[mar] 0.57 0.99 [xad] 0.03 [dZo] 0.001
[w@] 0.55 0.53 [tyk] 0.03 [lant] 0.001
[nit] 0.54 0.85 [nja] 0.03 [kYnzd] 0.001
[d@r] 0.52 0.92 [wOrd] 0.02 [hArk] 0.001
[dAn] 0.51 0.85 [fAm] 0.02 [bYlt] 0.001
[Om] 0.50 0.48 [dAz] 0.02 [blowt] 0.001
[@m] 0.48 0.25 [@f] 0.02 [dIxtst] 0.001
[A] 0.48 0.37 [l@v] 0.02 [sOp] 0.001
[na] 0.48 0.41 [xon] 0.02 [pEiN] 0.001
[n2u] 0.47 0.57 [h@t] 0.02 [zwart] 0.001
[z@] 0.43 0.74 [tOd] 0.02 [lEj] 0.001
[ni] 0.42 0.17 [fInd] 0.02 [lAjns] 0.001
[an] 0.42 0.43 [rAl] 0.02 [ZEf] 0.001
[l@k] 0.42 0.55 [tIt] 0.02 [nAk] 0.001
[Al] 0.41 0.41 [fru] 0.02 [pA:st] 0.001
[hE] 0.40 0.26 [r@kt] 0.02 [namz] 0.001
[i] 0.39 0.34 [x@s] 0.01 [tf@r] 0.001
[wAt] 0.39 0.47 [@p] 0.01 [rINz] 0.001
[bEi] 0.38 0.42 [Ept] 0.01 [rAnts] 0.001
[e] 0.38 0.31 [Ys] 0.01 [fr@k] <0.001
[vAn] 0.38 1.31 [l@z] 0.01 [vr2uwt] <0.001
[mEt] 0.37 0.51 [kEig] 0.01 [dZEm] <0.001
[so] 0.37 0.04 [eft] 0.01 [phi] <0.001
[for] 0.34 0.01 [Eix] 0.01 [løz] <0.001
[p@] 0.33 0.25 [w@s] 0.01 [vens] <0.001
[wAs] 0.33 0.40 [bEN] 0.01 [sxAlk] <0.001
[œyt] 0.33 0.34 [nEd] 0.01 [vlar] <0.001
[t@r] 0.33 0.40 [x@r] 0.01 [sats] <0.001
[E] 0.32 0.10 [kOmd] 0.01 [wY:rlt] <0.001
[Of] 0.31 0.39 [Onz] 0.01 [m2uw] <0.001
[N@] 0.30 0.29 [hefd] 0.01 [hedn] <0.001
[dYs] 0.30 0.47 [ers] 0.01 [tAzd] <0.001
[hel] 0.30 0.27 [EiG] 0.01 [vOrst] <0.001
[Iz] 0.29 0.00 [t@d] 0.01 [nIrt] <0.001
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[ti] 0.29 0.12 [stad] 0.01 [srœym] <0.001
[nOx] 0.29 0.44 [w@t] 0.01 [jArs] <0.001
[dar] 0.27 0.49 [rhal] 0.01 [n2ux] <0.001
[he] 0.27 0.24 [tyg] 0.01 [dZons] <0.001
[On] 0.26 0.22 [xeN] 0.01 [rEGdz] <0.001
[me] 0.26 0.25 [zId] 0.01 [varts] <0.001
[v@r] 0.26 0.87 [mAnd] 0.01 [xr2uw] <0.001
[te] 0.26 0.24 [@v] 0.01 [wrIx] <0.001
[de] 0.25 0.23 [psis] 0.01 [kArl] <0.001
[si] 0.25 0.18 [kYnd] 0.01 [tOrs] <0.001
[da] 0.24 0.09 [siz] 0.01 [N@x] <0.001
[An] 0.24 0.20 [mEnd] 0.01 [d2uwn] <0.001
[tAt] 0.24 0.00 [r@G] 0.01 [db@] <0.001
[hEi] 0.24 0.24 [k@nd] 0.01 [tlEi] <0.001
[dA] 0.24 0.01 [r@p] 0.01 [jArx] <0.001
[we] 0.23 0.15 [JA] 0.01 [vuG] <0.001
[kAn] 0.23 0.27 [sord] 0.01 [sAlts] <0.001
[ko] 0.23 0.21 [kom] 0.01 [dZ@rs] <0.001
[le] 0.22 0.21 [fOnd] 0.01 [bujnx] <0.001
[war] 0.22 0.28 [ntyk] 0.01 [k2ux] <0.001
[f@r] 0.21 0.03 [dENt] 0.01 [wEm] <0.001
[zo] 0.21 0.57 [r@g] 0.01 [sirs] <0.001
[wa] 0.21 0.14 [@b] 0.01 [mAjl] <0.001
[li] 0.21 0.20 [tuN] 0.01 [flÃn] <0.001
[zEin] 0.20 0.44 [sEiN] 0.01 [xris] <0.001
[twe] 0.20 0.17 [dud] 0.01 [dinzd] <0.001
[a] 0.20 0.19 [Yz] 0.01 [mot] <0.001
[en] 0.20 0.06 [twa] 0.01 [kAlm] <0.001
[y] 0.20 0.16 [løg] 0.01 [vOjs] <0.001
[ny] 0.20 0.22 [zEiN] 0.01 [dZOp] <0.001
[tOx] 0.20 0.24 [fIts] 0.01 [glA:s] <0.001
[xut] 0.20 0.22 [xev] 0.01 [rEw] <0.001
[wer] 0.20 0.21 [mIns] 0.01 [vrOm] <0.001
[mA] 0.19 0.06 [tIx] 0.01 [zwAlm] <0.001
[wAnt] 0.19 0.27 [v@t] 0.01 [vardz] <0.001
[t@x] 0.19 0.20 [sElfs] 0.01 [skOpf] <0.001
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T a b l e A . 2 : The top 100 bi-syllabic types and their frequencies for the intersection
and difference sets of the spoken (SPO) and canonical (CAN) syllabaries. Frequency
expressed as percentage of all syllable tokens in the set.

SPO ∩ CAN SPO \ CAN CAN \ SPO
Type Freq. SPO Freq. CAN Type Freq. Type Freq.
[In-d@] 0.436 0.306 [fAn-d@] 0.164 [@-dAt] 0.078
[hE-b@] 0.298 0.304 [On-d@] 0.072 [vAn-@] 0.070
[o-v@r] 0.259 0.431 [o-f@r] 0.060 [dAn-@] 0.070
[d@-r@] 0.249 0.214 [Of-so] 0.057 [@-Ik] 0.054
[he-l@] 0.227 0.232 [m@-sxin] 0.051 [dYs-@] 0.054
[ja-ja] 0.217 0.219 [o-f@] 0.050 [@-@n] 0.054
[kY-n@] 0.208 0.145 [Ob-d@] 0.042 [@-En] 0.034
[o-v@] 0.201 0.016 [fAn-@t] 0.041 [Ik-vInt] 0.032
[A-l@] 0.199 0.188 [dAt-s@] 0.040 [@-n2u] 0.030
[bet-j@] 0.194 0.142 [for-d@] 0.039 [lat-st@] 0.029
[ko-m@] 0.177 0.135 [Ik-Ep] 0.037 [@-wAt] 0.028
[An-d@] 0.175 0.124 [Ei-x@] 0.037 [@-mEt] 0.026
[e-v@] 0.169 0.188 [ty-l@k] 0.036 [dAt-vInt] 0.023
[wOr-d@] 0.168 0.131 [Iz-@t] 0.035 [@-dAn] 0.023
[mEn-s@] 0.167 0.144 [Ig-bEn] 0.032 [dAt-zEin] 0.023
[En-d@] 0.165 0.098 [wE-r@k] 0.032 [@-Als] 0.023
[vAn-d@] 0.153 0.294 [fAn-di] 0.031 [vEif-En] 0.022
[x@-won] 0.150 0.246 [dAd-Is] 0.031 [@-Is] 0.021
[l@-k@] 0.136 0.091 [Iz-@n] 0.030 [Of-@] 0.019
[On-d@r] 0.136 0.164 [@l-kar] 0.026 [wAnt-@] 0.019
[mu-t@] 0.136 0.116 [fAn-@n] 0.026 [@-o] 0.019
[o-ja] 0.136 0.109 [dAd-Iz] 0.024 [vInt-@k] 0.018
[d@-x@] 0.134 0.089 [ja-dA] 0.024 [@-dar] 0.017
[En-dAn] 0.129 0.185 [E-r@x] 0.024 [tin-mi] 0.017
[dAt-Is] 0.129 0.274 [d@-f@] 0.024 [@-mar] 0.016
[an-d@] 0.128 0.102 [dAd-Ik] 0.023 [dAt-z2uw] 0.015
[En-dAt] 0.118 0.149 [dAt-Iz] 0.022 [hEt-@] 0.014
[Op-t@] 0.117 0.018 [dAd-@t] 0.022 [won-@] 0.014
[Ei-G@] 0.113 0.187 [En-dAd] 0.022 [tEn-mIn] 0.014
[In-@t] 0.111 0.074 [Ig-dENk] 0.022 [@-nit] 0.014
[dI-N@] 0.111 0.081 [In-@d] 0.022 [@-hu] 0.013
[@m-bet] 0.111 0.000 [wE-r@] 0.022 [nOx-@] 0.013
[wa-r@] 0.110 0.093 [r@-k@] 0.022 [@-hEt] 0.013
[ne-d@] 0.108 0.013 [Ig-b@] 0.021 [@-tun] 0.013
[d@-d@] 0.107 0.073 [lats-t@] 0.021 [mEt-z@n] 0.012
[kEi-k@] 0.107 0.090 [Is-tAt] 0.021 [hEt-v@r] 0.012
[bEi-d@] 0.107 0.075 [@t-Iz] 0.020 [@-Of] 0.011
[te-G@] 0.102 0.120 [fo-d@] 0.020 [@-hel] 0.011
[ma-k@] 0.101 0.083 [@d-b@] 0.019 [@-nar] 0.011
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[Op-x@] 0.100 0.070 [ja-Ig] 0.019 [@-an] 0.011
[Om-dAt] 0.100 0.102 [p@-sis] 0.019 [ok-vor] 0.011
[o-ke] 0.099 0.000 [ja-dAd] 0.019 [@-d@r] 0.011
[l@-mal] 0.099 0.244 [ni-mer] 0.019 [vInt-dAt] 0.011
[de-z@] 0.096 0.098 [dAt-tAt] 0.018 [zIG-zElf] 0.011
[En-di] 0.095 0.082 [hEb-Ik] 0.018 [won-nit] 0.010
[xro-t@] 0.092 0.068 [og-nit] 0.018 [@-ok] 0.010
[dAt-j@] 0.092 0.102 [hEb-@k] 0.018 [zExt-vAn] 0.010
[la-t@] 0.091 0.069 [kY-j@] 0.018 [v@r-@] 0.010
[e-f@] 0.091 0.000 [Iz-ok] 0.018 [mest-Al] 0.010
[d@-b@] 0.087 0.066 [hOn-d@t] 0.017 [@-war] 0.010
[G@-l@k] 0.087 0.178 [aN-x@] 0.017 [its-vAn] 0.010
[En-Ik] 0.085 0.087 [n@-ty] 0.017 [z2uw-kY] 0.010
[A-len] 0.085 0.093 [En-Ig] 0.017 [dAn-z2uw] 0.010
[er-st@] 0.082 0.064 [Om-dAd] 0.017 [nar-@] 0.009
[@t-Is] 0.081 0.168 [wed-Ik] 0.017 [Al-@] 0.009
[x@-dan] 0.081 0.057 [mEt-ti] 0.017 [wAt-dAt] 0.009
[bI-n@] 0.080 0.059 [og-nOx] 0.017 [z2uw-@t] 0.009
[Ax-t@r] 0.078 0.089 [Ik-Eb] 0.017 [Ik-vOnt] 0.009
[mEt-t@] 0.078 0.001 [we-ni] 0.016 [@-e] 0.009
[hA-d@] 0.077 0.070 [@N-ker] 0.016 [@-dor] 0.009
[d@-In] 0.077 0.071 [Al-t@t] 0.016 [r@-@] 0.009
[ja-Ik] 0.077 0.092 [mEd-d@] 0.015 [Als-@] 0.009
[ja-dAt] 0.077 0.140 [fE-d@r] 0.015 [@-dYs] 0.009
[na-d@] 0.075 0.019 [dAt-sEin] 0.015 [G@-@] 0.008
[tY-s@] 0.075 0.063 [l@-mAl] 0.015 [hEp-@] 0.008
[t@-b@] 0.073 0.038 [le-f@] 0.015 [mal-@] 0.008
[A-l@s] 0.073 0.066 [dAd-dAt] 0.015 [wits-vAn] 0.008
[wI-l@] 0.073 0.050 [fAn-dax] 0.015 [k@-@] 0.008
[Af-x@] 0.072 0.051 [nA-ty] 0.015 [vAn-mEin] 0.008
[Ax-t@] 0.072 0.005 [ON-x@] 0.015 [@-wEl] 0.008
[@n-@n] 0.071 0.059 [t@-wEil] 0.015 [tEit-@] 0.008
[Al-tEit] 0.070 0.108 [@t-f@] 0.015 [zon-@] 0.007
[œyt-x@] 0.069 0.047 [ni-so] 0.015 [wer-@] 0.007
[Ik-hEp] 0.069 0.137 [sEx-mar] 0.015 [d@rt-vEif] 0.007
[ne-ne] 0.069 0.061 [Ig-dENg] 0.015 [vAn-der] 0.007
[lo-p@] 0.069 0.055 [IN-x@] 0.014 [@-hEi] 0.007
[we-t@] 0.068 0.054 [An-d@s] 0.014 [mar-@ns] 0.007
[n2u-ja] 0.068 0.095 [Ik-hEb] 0.014 [@k-zEx] 0.007
[In-@n] 0.067 0.068 [Al-tEid] 0.014 [z2uw-@k] 0.007
[hEp-j@] 0.067 0.086 [d@-for] 0.014 [den-hax] 0.007
[bœy-t@] 0.065 0.050 [G@-l@g] 0.014 [l@k-vor] 0.007
[jY-li] 0.065 0.073 [fEr-d@r] 0.014 [z2uw-zEin] 0.007
[j@-wEl] 0.064 0.040 [o-to] 0.014 [vAn-den] 0.007
[t@-x@] 0.064 0.037 [sE-l@f] 0.014 [hEt-ok] 0.007
[zI-t@] 0.063 0.081 [fEif-t@x] 0.013 [hel-lAN] 0.007
[x@-west] 0.063 0.065 [A-l@z] 0.013 [@-twe] 0.007
[@t-x@] 0.062 0.040 [Ik-fIn] 0.013 [@t-z2uw] 0.007
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[In-di] 0.062 0.046 [mEd-@n] 0.013 [@-@m] 0.007
[ne-m@] 0.062 0.045 [Ik-sEx] 0.013 [dul-@] 0.007
[na-m@] 0.060 0.047 [n@-tyr] 0.013 [vel-@] 0.006
[b@-lAN] 0.060 0.047 [mOr-x@] 0.013 [@-vOl] 0.006
[wet-j@] 0.059 0.047 [h2u-w@] 0.013 [@-mut] 0.006
[i-d@r] 0.059 0.074 [A-mA] 0.013 [mÃ-dAt] 0.006
[sa-m@] 0.059 0.025 [x@-fAl] 0.013 [@k-vInt] 0.006
[nit-so] 0.059 0.000 [dAd-d@] 0.013 [Op-z@n] 0.006
[ka-m@r] 0.059 0.046 [A-mAl] 0.013 [@-de] 0.006
[x@-le] 0.058 0.043 [bE-j@] 0.012 [Er-@] 0.006
[b@-dul] 0.058 0.059 [sE-x@] 0.012 [m@n-le] 0.006
[In-t@] 0.057 0.036 [fAn-fAn] 0.012 [Ik-v@r] 0.006
[e-n@] 0.056 0.032 [x@-xe] 0.012 [@-@k] 0.006
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T he ‘Innovat ion in SLT ’ course

B .1 C ou rse d esc r i p t ion

At the center of the funct ional model described in 7.2 is an educational course,
which aims at developing SLT students’ understanding of the issues associated
with technological innovation in SLT . T he course originated from the realizat ion
of the need to integrate the seeds of awareness about innovation in the field
into the SLT education curriculum. I t is a semester-long course for advanced
speech language pathology students, with the following ob ject ives in mind:

» T he course will prepare students to identify and propose appropriate
strategies for solving problems related to clinical procedures in SLT .

» Students will learn to invest igate current methodologies applied in SLT
pract ice, identify problems and needs, and propose solutions.

» Student will have gained familiarity with a range of technological solu-
t ions for typical problems in SLT pract ice, as well as an abili ty to source
and develop new solutions, through pract ical experience within a specific
topic of choice.

» As future clinicians, students will be encouraged to be proact ive in their
working environment , and consider the role of technological innovation
in creative problem solving.
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C ou rse st r uc t u re

T he course involves two parts: theory and a pract icum. During theory classes,
students are introduced to a range of innovative applications in the field of
SLT . Various communication disorders are reviewed, and state-of-the-art tools
which address the associated specific needs are illustrated through rich multi-
media materials. T he principles and technologies behind these tools, as well as
assist ive applications in other clinical fields are discussed. T he following topics
are addressed:

» History of innovation in the field of speech language therapy.

» Application of biofeedback techniques for training various speech skills.

» Tools developed to assist people with hearing impairments.

» Tools and methodologies to which assist people who stut ter.

» Applications of tele-rehabili tat ion in SLT .

» Augmented and A lternative Communication (A A C) systems.

» Special tools developed for working with children with autism.

During the pract icum, students experience the process of creating an innova-
tive concept themselves by going through a structured work-process. Students
divide into groups and work together on a project towards a formulation of an
innovative concept . Groups are supervised throughout their work process, with
regular meet ings, discussions and evaluation sessions. T he pract icum proceeds
through the following phases:

C hoose a con t ex t . Each group chooses a clinical context to focus on. T his
can be a certain clinical population, a treatment method, or any niche of
SLT work which is of interest to the group.

I den t if y a need . Each group performs a period of field work in a clinical
set t ing (e.g., hospitals, schools, speech clinics), in order to invest igate
the current state of a certain treatment / methodology / act ivity, or other
aspects of the clinical si tuation, and identify a certain need / problem
through observations, interviews and research.

C oncep t u a l i ze a solu t ion . Next , groups work on the proposal and formu-
lat ion of an innovative concept which addresses the findings from the
field-work . Di  erent solutions are evaluated and discussed, by analyzing
their relat ive feasibili ty, the potential benefits and problems.

P resen t a t ion & d iscussion . F inally, each group prepares an end-presentation
for the class with an overview of their work process.
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E x p er ience

T he Innovation in SLT course was given during the 2010 Spring semester to 4th
year speech language pathology students at the Department of Speech T herapy
and Special Education, Faculty of Education at the Universi ty of Ljubljana, in
Slovenia. During the first 6 classes, theory material was given, accompanied
by discussions on the current state of SLT pract ice in Slovenia. Further on,
students divided into 6 groups based on common interests, and chose a clinical
context for the pract icum. Student groups focused on treatment methodologies
in aphasia, stut tering, phonological disorders, as well as on aspects of A A C
protocols. Appointments with clinicians were made in order to allow students
to perform field-work in clinical set t ings, with the support of the faculty.

A fter the period of field-work , regular meet ings were held to process the col-
lected information and come up with ideas for improvement . F inally, the groups
summarized their findings and prepared end presentations. T he pract icum re-
sulted in a number of innovation proposals, including a computer game for
training phonological discrimination skills, a computer game for training cor-
rect tempo of speech and fluent transi t ions between phonemes for children who
stut ter, improvements to the usabili ty of P E CS (Picture E xchange Communi-
cation System) and W I W I K (an A A C application used in Slovenia’s rehabili-
tat ion centers), a system to assist aphasic patients to independently perform
oral motor exercises, and a computer game to complement the V L A J A method
used in therapy with adults who stut ter.

E valua t ion

In order to evaluate the potential benefits of the developed course for enhanc-
ing the SLT education curricula, we have collected quest ionnaire responses from
SLT students, as well as from speech therapists working in Slovenia. I tems were
presented in a 5-point Likert-type scale, and included statements regarding
both the specific merit of the Innovation in SLT course, as well as the impor-
tance of preparing SLT students to deal with new technological developments
in their future work . In total, 53 SLT students and 39 speech therapists have
completed the quest ionnaire. T he outcomes of this evaluation are presented
next as percentages of possible replies provided by the group of SLT students
and speech clinicians.

(1) T he goals of the ‘Innovation in SLT ’ course are clear to me.

Strongly disagree Disagree Partly agree Agree Entirely agree
Students 2% 7% 11% 55% 23%
Clinicians 0% 8% 29% 45% 18%
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(2) I t is necessary to prepare SLT students to deal with technological develop-
ments in their future professional work .

Strongly disagree Disagree Partly agree Agree Entirely agree
Students 0% 0% 6% 20% 75%
Clinicians 0% 0% 0% 40% 60%

(3) Technological innovation poses a threat to the profession of SLT .

Strongly disagree Disagree Partly agree Agree Entirely agree
Students 23% 44% 32% 0% 0%
Clinicians 37% 40% 21% 0% 3%

(4) T he theoret ical part of the ‘Innovation in SLT ’ course covers some of the
essential topics in speech-language therapy pract ice.

Strongly disagree Disagree Partly agree Agree Entirely agree
Students 2% 2% 21% 68% 6%
Clinicians 0% 0% 31% 58% 10%

(5) Learning about assist ive technologies in other clinical areas contributes
valuable knowledge for SLT students.

Strongly disagree Disagree Partly agree Agree Entirely agree
Students 2% 2% 4% 55% 37%
Clinicians 0% 0% 10% 55% 34%

(6) T he field-work which the students perform during the ‘Innovation in SLT ’
course is a good way for students to identify potential areas for innovation.

Strongly disagree Disagree Partly agree Agree Entirely agree
Students 0% 4% 25% 57% 14%
Clinicians 0% 8% 31% 58% 10%

(7) Most speech clinicians will be willing to cooperate with students during
their pract icum field-work .
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Strongly disagree Disagree Partly agree Agree Entirely agree
Students 4% 12% 49% 30% 6%
Clinicians 3% 10% 40% 36% 10%

(8) During the course, SLT students can generate valuable innovative concepts.

Strongly disagree Disagree Partly agree Agree Entirely agree
Students 2% 0% 10% 64% 24%
Clinicians 0% 0% 21% 42% 36%

(9) T h? ‘Innovation in SLT ’ course can provide a valuable contribution to the
education curriculum of SLT students.

Strongly disagree Disagree Partly agree Agree Entirely agree
Students 2% 0% 8% 54% 36%
Clinicians 0% 0% 10% 60% 29%

(10) T he course provides knowledge which can later be used in the professional
pract ice.

Strongly disagree Disagree Partly agree Agree Entirely agree
Students 0% 2% 2% 66% 30%
Clinicians 0% 0% 8% 55% 36%

T he results above suggest that the course addresses relevant aspects of speech-
language therapy pract ice, that students are able to gain knowledge which can
later be used in their professional work . Both students and clinicians agreed that
the course can provide a valuable contribution to the education curriculum of
SLT students. From the perspect ive of the model described in 7.2, the course
seems as a promising incubator, where SLT students can generate valuable
innovative concepts.
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Samenvat t ing

Voor de behandeling van patiënten met communicatie- stoornissen maken spraak
taal therapeuten gebruik van een variëtei t aan methoden en technieken , waar-
van een aanzienlijk deel is gebaseerd op technologische hulpmiddelen. Dit proef-
schrift onderzoekt een aantal manieren waarop de behandeling van een vorm
van communicatie-stoornissen, nameli jk motorische spraakstoornissen (Motor
Speech Disorders - dysartrie, apraxie, en stot teren) kan worden ondersteund
met behulp van bestaande technologieen. Hierbij wordt uitgegaan van twee
elkaar aanvullende perspect ieven: het eerste belicht de vraag hoe nieuwe com-
putergestuurde toepassingen de huidige behandel technieken van motorische
spraakstoornissen kunnen verfijnen. Het tweede, bredere perspect ief van dit
proefschrift gaat over de vraag welke ingrediënten noodzakeli jk zijn voor een du-
urzaam en interdisciplinair proces van innovatie op het gebied van de behandel-
ing van communicatie-stoornissen. Om de uitdagingen en ontwikkelingskansen
van de technologie-gebaseerde innovatie te onderzoeken, richt het werk in dit
proefschrift zich op de volgende drie belangrijke fasen in de behandeling van
motorische spraakstoornissen:

Voor b ereid ing va n b eh a n delp rogr a m m a’s. In de eerste stadia van de be-
handeling moeten logopedisten de behandeling ontwerpen en plannen op basis
van de behoeften van individuele patiënten. Binnen een behandelprogramma
moeten linguïst ische i tems worden geselecteerd die het meest geschikt zijn voor
de aanpak van de relevante aspecten van de spraakstoornis. De technische on-
dersteuning van logopedisten met de select ie van behandeldoelen bestaat uit
twee delen - het creeren van relevante linguïst ische materialen, en het ver-
strekken van middelen voor een e  ect ieve generat ie van spraakoefening items.

In hoofdstuk 3 van dit proefschrift gaan we in op de eerste stap, en laten we
zien hoe technieken uit de computationele taalkunde kunnen worden aangewend
voor het genereren van ondersteunende taalkundige materialen. We bespreken
het belang van het inventariseren van de let tergrepen van een taal, en motiveren
het voordeel van het gebruik van de gesproken woordvorm, in tegenstelling tot
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de kanonieke uitspraak van een woord. Vervolgens berekenen we de syllabische
inventarisatie van de Nederlandse taal met behulp van een computer-algorithme
voor de automatische indeling van woorden afkomst ig uit de gesproken taal,
afkomst ig van de Corpus G esproken Nederlands (C G N).

In Hoofdstuk 4 wordt beschreven hoe theoret ische kennis op het gebied van
Apraxie van de Spraak (A OS) kan worden toegepast bij de ontwikkeling van
een nieuwe computer-applicatie, die het mogeli jk maakt om op de patient
afgestemde behandelingsmaterialen te genereren. G emotiveerd door bestaand
onderzoek , dat aantoont dat een systematische manipulatie van de syllabische
parameters in spraakdoelstellingen voordelig is voor de behandeling van A OS,
wordt een computer-applicatie ontwikkeld voor het genereren van klinisch rel-
evante woordenlijsten. De computer-applicatie is ontworpen om logopedisten
een flexibele, e  ciënte en intuï t ieve werkflow te bieden. E en onderzoek naar de
bruikbaarheid van de computer-applicatie leverde zeer posi t ieve react ies op. Lo-
gopedisten beschouwden het programma als een nut t ig en tijdbesparend middel
voor de creatie van behandelprogramma’s.

L eren en oefenen va n sp r aa k-m otor ische vaa r d igheden . T ijdens het be-
handelingsproces wordt veel t i jd besteed aan het oefenen van spraak-motorische
vaardigheden. De uitdaging voor de logopedist is om de patiënten te betrekken
bij het oefenproces door middel van een systematische demonstrat ie van de
gewenste spraakdoelstellingen, het geven van adequate feedback , en het st im-
uleren van patiënten om een grote hoeveelheid oefeningen uit te voeren. Om
deze uitdagingen het hoofd te bieden, onderzoeken we in hoofdstuk 5 de mo-
geli jkheden van het gebruik van een computerspel om de oefening van spraak-
t iming vaardigheden van kinderen met motorische spraakstoornissen te onder-
steunen. Hiervoor proberen wij te bepalen welke elementen nodig zijn voor
het samenstellen van een training-systeem, wat betreft de methodologie van
de oefening, de vereiste technologie, en de bruikbaarheidsfactoren. We imple-
menteren spraak-t iming oefeningen binnen een computerspel, en evalueren de
toepasbaarheid van het spel als een aanvullend therapeutisch middel.

De resultaten suggereren dat interact ieve spellen voor het oefenen van spraak-
t iming vaardigheden de posi t ieve ervaring van spraak-motorische training kun-
nen bevorderen en de motivatie om te oefenen kunnen versterken, althans op
de korte termijn. De interact ie met het spel droeg bij aan de oefensi tuatie, en
werd door kinderen en logopedisten zeer gewaardeerd. Nochtans werd het com-
puterspel niet afwisselend genoeg bevonden om kinderen op de lange termijn
te motiveren. E en mogeli jke manier om deze uitdaging aan te gaan is door de
retro-fitting van bestaande computerspellen, zodat ze gekoppeld kunnen wor-
den aan audit ieve input . Op deze manier kan het grote aanbod van commerciele
computerspellen worden benut voor spraak-motorische trainingsdoeleinden.

Z elfst a n d ige b eher ing va n co m m u n ica t ie . Na een behandelingsperiode
kan het nodig zijn dat de patient de communicatie zelfstandig leert beheren.
E en voorbeeld van een technologie ter ondersteuning van dit proces is het
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gebruik van A ltered Auditory Feedback (A A F ) apparaten door sommige vol-
wassenen die stot teren, om de spreekvloeiendheid in hun dageli jkse communi-
catie te bevorderen. In hoofdstuk 6 stellen wij een verfijning van de huidige
A A F procedures voor ter verbetering van spreekvloeiendheid. Daartoe wordt
een adaptieve feedbackprocedure voorgesteld, die gebruikt maakt van digitale
signaalverwerkingstechnieken om het spraaksignaal in real-t ime te analyseren,
en de audit ieve feedback dynamisch te kunnen act iveren. De voorgestelde A A F
procedure wordt geëvalueerd met volwassenen die stot teren, waarbij wordt
gekeken naar de invloed op spraakvloeiendheid, maar ook naar de mate van
comfort met de audit ieve cues.

De in dit onderzoek gebruikte adaptieve feedback procedure leidde tot een
sterke vermindering van onvloeiendheiden op zinsdeel-begin posi t ies. De resul-
taten geven aan dat een audio-cue t ijdens st ille segmenten in bepaalde gevallen
kan helpen om spraak vloeiend te hervat ten. Bovendien suggereren de resul-
taten dat een nog hogere reduct ie kan worden bereik t als de audio-cue voortdu-
urt voorbij het moment waar een uit ing begint . E chter, wat betreft het algehele
niveau van spraakvloeiendheid, leidde de adaptieve feedback procedure niet tot
de grootste verbetering op groepsniveau. Uit een onderzoek van individuele re-
sultaten bleek een grote mate van variabili tei t , hetgeen eerdere aanwijzingen
bevest igt dat personen die stot teren verschillend reageren op A A F procedures.

De in dit proefschrift gepresenteerde voorstellen beogen de ontbrekende schakel
te zijn tussen enerzijds de klinische vraag op het gebied van de spraak-taal ther-
apie, en anderzijds het aanbod aan bestaande technieken uit technologische
domeinen. Het succes van deze benadering wordt aangetoond door het fei t dat
verschillende klinische procedures met behulp van technologische innovatie on-
dersteund kunnen worden. E chter, het onderzoeksproces heeft ook belangrijke
structurele uitdagingen bij het coördineren van technologische ontwikkelingen
in het veld aan het licht gebracht . Onze ervaring heeft geleerd dat een alom-
vat tend en duurzaam onderzoekskader nodig is om tot tastbare resultaten te
komen, en resulteerde in een voorstel voor een nieuw model voor technologische
innovatie op het gebied van spraak-taaltherapie.

Het uiteindeli jke doel van een dergeli jk kader is om een voortdurende product ie
van innovatieve oplossingen mogeli jk te maken, waaruit therapeuten de mid-
delen kunnen halen voor het avanceren van nieuwe technologie-ondersteunde
therapieën. Het in dit proefschrift beschreven model definieert de deelnemende
partijen, hun act ivitei ten, de informatie-uitwisseling en interact ie tussen de
partijen. Binnen het model wordt de identificatie van problemen en behoeften,
alsmede het genereren van nieuwe concepten geplaatst binnen het gebied van
spraak-taaltherapie zelf. Deze strategie zorgt ervoor dat de meest relevante
problemen in het gebied worden aangepakt . Bovendien moeten bestaande samen-
werkingsverbanden binnen het model ervoor zorgen dat meerdere ontwikkelings-
en test-rondes kunnen worden uitgevoerd, op weg naar volwaardige klinische
instrumenten.





Stellingen behorend bij het proefschrift

1. Enabling speech clinicians to structure linguist ic materials in their treat-
ment programs will facili tate the delivery of treatment based on current
theoret ical knowledge.

2. T he frequency of various syllables in the Dutch language is exponentially
distributed.

3. For the generat ion of monosyllabic speech treatment targets in Dutch, a
syllabary derived from the canonical pronunciat ion of words can be seen
as an appropriate material.

4. Interact ive computer games for pract icing speech timing skills can pro-
mote a posi t ive experience of speech motor training and enhance motiva-
t ion for pract ice.

5. Utilizing popular computer and video games for therapy purposes is likely
to decrease the risk that gaming will be perceived as tedious, compared
to custom-made games.

6. I t is worthwhile to explore adaptive A ltered Auditory Feedback (A A F )
procedures, and devise methods to ‘tailor’ A A F procedures to the indi-
vidual needs of people who stut ter.

7. An audio cue provided during silent segments may assist some speakers
who stut ter to init iate speech fluently.

8. A dedicated framework is needed in order to promote a durable process
of innovation in the field of communication disorders.

9. T he role of technological support in the field of communication disor-
ders is complementary, as speech therapists will always be central in the
delivery of treatment .
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10. Guard your roving thoughts with a jealous care, for speech is but the
dialer of thoughts, and every fool can plainly read in your words what is
the hour of your thoughts.


