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Abstract—Specific Language Impairment (SLI) is a language disorder that delays progress in mastering
speech-language skills, and typically occurs in childhood. Most speech-language pathologists commonly use
paper-based instruments to diagnose and treat this problem. This article describes the design, implementation,
and evaluation of SATEL, an ontology-based system used both in diagnosing this condition and as part of
speech therapy for children with SLI. With the help of a Kinect sensor, SATEL is able to recognize and
classify pronounced words. The proposed system was designed and evaluated by a team of four speech-
language pathologists and 26 children diagnosed with SLI. Results showed an accuracy rate of 94.42% and
97.75% in recognizing syllables and words correctly and incorrectly pronounced in the diagnostic and
treatment modules, respectively.

Index Terms—specific language impairment, speech therapies, ontologies, assistive technology

I. INTRODUCTION

Some language disorders affect a significant number of children in early school years (Jackson-Maldonado, 2011).
Particularly, Specific Language Impairment is associated with problems of grammaticality, poor vocabulary, and speech
fluency. Children with SLI do not suffer from any physical condition, such as hearing loss or neurological disease
(Jackson-Maldonado, 2011), but do not develop ordinary language skills as expected in early childhood, and face
specific difficulties encoding and decoding in the communication process.

SLI negatively influences children’s participation in classroom activities, since they struggle to learn new words and
communicate ideas and thoughts; this affects their academic development as the reading fluency has greater effects on
their performance in later years (Lange, 2019). Additionally, this type of disorder is a significant cause of undesired
child behaviour such as anxiety, frustration, and insecurity, which has repercussions on academic performance and
social interaction (Jackson-Maldonado, 2011; Woodman et al., 2018).

Technically speaking, children facing SLI may have difficulties with some or all dimensions of language, such as
phonology, the lexicon, semantics, morphology, and syntax. Thus, SLI is not a homogeneous disorder. Indeed, there are
many subtypes and combinations (Vazquez et al., 2011), this is why it is essential that children with this condition
receive appropriate and personalized therapy. On the other hand, although SLI is an international and recurrent problem,
in practice, speech-language pathologists rarely leverage the full potential of computer-based technology. Indeed, only a
few specific computer-based systems exist to support SLI therapy. Moreover, it was found that current systems are not
considering adaptability with a view to personalizing care.

This paper describes the design, development, and evaluation of an automated tool called Language Therapy Support
System (referred to as its Spanish acronym SATEL). SATEL aims to provide support for SLI diagnosis and language
therapy for native Spanish-speaking children. Specifically, the speech therapy provided by the system focuses on
helping children to overcome problems as they learn to pronounce certain words, syllables, and phonemes. This study
involved language specialists and children treated at the Psychopedagogical Care Centre for Preschool Education
(referred to as its Spanish acronym CAPEP), in Ensenada, Mexico.

II. TECHNOLOGY SUPPORTING SLI CARE
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Due to the high influence and rapid spread of computer-based technology and the Internet, organizations in all fields
(e.g. industry, tourism and education), have achieved increased productivity. However, there remain some specific
fields or subfields in which this possibility should be addressed or improved. Specifically, in the field of education, the
last two decades have seen several theoretical and empirical studies on language learning systems (Schoelles &
Hamburger, 1996; Segalowitz & Gatbonton, 1995; Sun & Gao, 2019; Xu et al., 2019).

Recently, research by Sharifi (2018) compared computer-based learning and traditional learning by students of
English, and found better language learning performance among students using computer tools, while Sydorenko,
Daurio, and Thorne (2018) generated computer simulations based on real-world scenarios to teach students a new
language, leading to better performance by students learning to master a new language. However, despite extensive
research in educational technology and language pedagogy, schools and teachers have not fully appropriated the
technology to apply it to language teaching (Kuure et al., 2015). Particularly, little research was found in SLI. Examples
of studies in this field are outlined below.

One of the first tools to address SLI was the BALDI system (Massaro, 2003). BALDI is a computer animation tool
that uses a talking head to illustrate the necessary articulatory movements to pronounce a word. Years later, in Toki and
Pange (2010), an improved environment was implemented based on the BALDI project. In this system, children have
access to the ‘Articulation Gym’ module, where they can practice phoneme utterance by completing specific tasks.

More recently, Di Pretoro (2016) proposed visual programming languages as a mean to develop SLI treatment. In
particular, she recommended the Scratch platform, an environment that uses building blocks of different colours and
shapes that resemble Lego bricks, and promotes the structural development of cognition, which is associated with
improvement in children’s linguistic capabilities.

One of the most recent contributions is presented in Nasiri, Shirmohammadi, and Rashed (2017), who conducted a
literature review on serious games used in therapy for children with language problems. Based on the outcomes of this
study, the group proposed a game in which the child has to give spoken instructions to move an avatar, explore an
environment, and find objects.

Although some progress has been made, none of the above systems provide support for both the diagnosis and
treatment of SLI. All the cited tools offer support in one way or another, either by assisting the therapist in diagnosing
the SLI or by complementing the child’s therapy, disregarding the symbiosis required between these two interconnected
activities. Furthermore, they do not consider personalizing the learning environment with features such as a customized
system interface, a specific sequence of instructions, or personalized feedback. The rest of this article describes how
personalization is addressed in the implementation of SATEL.

III. SATEL IMPLEMENTATION

SATEL was developed to support the diagnosis and treatment of SLI, explicitly addressing phonetics, phonology,
and semantics. The concept of SLI diagnosis refers to any medical intervention or examination on an individual who
may have any language disorder not caused by any physical or evident condition, in order to identify the nature of the
problem (Jackson-Maldonado, 2011). On the other hand, the concept of therapy implies the required post-diagnosis
treatment to help a person to overcome a disease or condition (Cambridge Dictionary, 2019).

Ideally, such a system should 1) evaluate incorrect pronunciations produced by the child when speaking, and 2)
provide audible and visual feedback. In implementing SATEL, engaging characters were used based on the age of the
intended user, using conventional technology like the Kinect motion sensor from the Xbox video game console. As far
as system functionality is concerned, open source libraries were used to recognize and evaluate children’s
pronunciation.

The methodology for developing the proposed system consisted of two main stages: a) the design and
implementation of the environment, and b) the evaluation of the proposed environment.

Design and Implementation of the Environment

In this phase, the structures and algorithms to conduct the diagnosis and treatment of children with SLI were created,
as well as the system architecture design and required user interfaces. The design and development of SATEL was
structured as follows: 1) implementation of the system architecture; 2) knowledge representation and algorithms; and 3)
design of the user interfaces.

A. Implementation of the System Architecture

Figure 1 shows the design of the SATEL architecture, enabling interaction between the components of the
environment. The architecture consists of four layers: User, Application, Database, and Expert Knowledge.
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Figure 1. SATEL architecture: a) The User layer presents the devices and interfaces that interact directly with the user; b) The
Application layer is the central core of SATEL including the libraries used; ¢) The Database Layer includes the local database; and
lastly, d) The Expert Knowledge Layer incorporates the ontology that represents the expert knowledge.

Within the User layer, three components interact directly with the user: 1) the user registration module; 2) the user
interfaces, in order to conduct the diagnosis and language therapy; and 3) the Kinect sensor, which captures the user’s
pronunciations.

In the Application layer, through the use of Microsoft® speech recognition libraries, the algorithms implemented in
SATEL are used to perform the necessary diagnostic and treatment procedures. These libraries are used to process the
information provided by users as they use the system. This information is then compared with a previously defined
Spanish grammar included in the SpeechGrammar.xml file.

The Database layer includes the components that make it possible to store the information provided by users as they
interact with SATEL, and the XAMPP server, which enables communication between the database and SATEL.

Finally, within the Expert Knowledge layer, the knowledge of the speech-language pathologists is represented by an
ontology and formalized using the Web Ontology Language (OWL) (Florez-Fernandez, 2007). According to the
research carried out in Liaw et al., (2013) and Liaw et al., (2014), the representation of knowledge through ontologies is
suitable for use and application in information systems for health support. There is previous work where ontologies are
used to model expert knowledge, such as the work presented in Alloni et al., (2018), where an ontology-based system is
developed to support cognitive rehabilitation therapies, which includes exercises similar to those used in speech
therapies. Similarly, in Greenbaum et al., (2019), ontologies are used to manage a considerable amount of medical
terms and concepts. In SATEL this knowledge base is used through a reasoner to diagnose and determine personalized
treatment for children with SLI.

B. Knowledge Representation and Algorithms

Nowadays, adaptive learning has become a relevant research topic. Adaptive learning aims to personalize instruction
based on several factors, such as devices, context, and individual student characteristics, customizing aspects like the
instructional content and sequence, the look and feel of the material, and the type of feedback (Liu, 2007). Primarily,
the design of the domain model of SATEL seeks to adapt and integrate language therapy sequences and instructional
content, in order to provide instruction and support according to the specific language requirements of each child using
the system.

Considering the heavy reliance on expert knowledge to understand and validate the proposed model, it was decided
to explore the use of ontologies. Through this knowledge representation technique, a knowledge structure was obtained
that was easy for therapists and computers to understand (Gascuena et al., 2006).
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IV. EXPERT KNOWLEDGE BASE

Below is included some of the information obtained from an interview conducted with therapists from CAPEP. The
instrument outcomes were used to design and implement the SATEL ontology, which represents the expert knowledge
base.

1. The therapists from CAPEP divide Spanish phonemes into four complexity levels:
Level I. Vowel phonemes: {a, ¢, i, 0, u}.
Level II. Consonant phonemes {b, k, d, f, g,j, 1, m,n, p, s, t, y}.
Level III. Consonant phonemes {r, err, ch, fi, z}.
Level IV. Consonant phonemes {bra, kra, dra, fra, gra, pra, tra, bla, kla, fla, glo, pla, tla, rra}.
2. Child age and complexity levels:
(a) Children between 2 and 2.5 years of age must be competent using words including phonemes from
complexity levels I and II.
(b) Children between 2.5 and 5 years of age must be competent using words including phonemes from
complexity levels I to III.
(c) From age 5 and up, children must be competent using words including phonemes from complexity levels
[toIV.

A. Description of the SATEL Ontology

The above information was incorporated into the proposed ontology as shown in Figure 2. The ontology consists of
three layers of classes: high-level (Diagnostic and Treatment), core-level (Word and Vocabulary), and symbolic-level
(Syllable and Phoneme).

‘ Diagnostic useWords® Mseiords™ Treatment
diaglD: Number treatPrevious® | treatiD: Number
diagName: String treatNext® | treatName: String
diagType: Number treatType: Number
diagWordsSequence: String treatWordSequence: String
diagPhoenemes: String treatPhoenemes: String
diagSyllables: String treatSyllables: String
diagAge: Number treatTime: Number
useWords: Word* s treatPrevoius: Treatment *

wordiD: Number treatNext: Treatment *
hasSyllable* wordName: String useWords: Word*
[ wordDescription: String

wordimage: String L belongsVocabulary*

v wordAnimation: String ¥
belongsVocabulary:

Syllable Vocabulary® Vocabulary

hasSyllable: Pronunciation®

syllableName: String — vocSemanticField: String

syllableDescription: String vocComplexity: number [1-5]
syllableCategory: Number
syllableAnimation: String
hasPhaneme: Phoneme* Phoneme

phonemeName: Char
phonemeDescription: String
hasPhoneme® phonemeType: Char [C,V]

» | phonemecCategory: Char [B,M]
phonemeAnimation: String
phonemeComplexity: number [1-4]

Figure 2. The SATEL ontology. The diagnosis and treatment classes use the word class, composed of syllables and phonemes.

The first layer is intended to cover the top elements within the domain ontology. In this case, it includes the high-
level activities that serve to address SLI: Diagnosis and Treatment. The diagnostic class contains descriptive attributes
and also some variables to indicate the phonemes, syllables, and words to consider for children of each specific age.
Similarly, the treatment class represents the phonemes, syllables, and words to be strengthened during the intervention,
as well as the previous and next treatment in the event of success, partial success, or failure in reaching the expected
pronunciation performance. Both classes are connected to the word class through the useWords attribute, which makes
it possible to establish a relationship between the high-level classes and their used words.

The core-level layer includes the words selected for SLI therapy purposes. The word class consists of the core
elements of the knowledge base, including all the words selected for diagnosis, treatment, or both. The wordAnimation
attribute is used to indicate the animation file for each specific word. This animation provides the feedback for the
correct pronunciation of words, through an avatar representing a girl. Each word can be used for improving
pronunciation or vocabulary skills; words are connected to the corresponding classes through the hasSyllable and
belongsVocabulary attributes.

Finally, the symbolic-level layer includes the basic classes Syllable and Phoneme, which are used to compose the set
of entities within the word class. These classes are also linked through the hasPhoneme attribute. The
phonemeAnimation and syllableAnimation attributes are used to indicate the multimedia file.

B. Speech Processing Algorithms

Traditionally, CAPEP therapists use 52 printed images to conduct diagnostic and treatment activities, and commonly
show children some or all of these images, as required, hoping that they spontaneously pronounce the corresponding
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word. These images are based on the full set of words from the standardized language test “Linguistic Exploration in
Preschool Children” (Exploracion lingtiistica del nifio preescolar - ELNP) (Ballestero, 2019). If therapists are
diagnosing SLI, they evaluate the vocabulary level and the correct pronunciation of the words. On the other hand, if
they are treating SLI, the therapists provide feedback on the pronunciation mistakes.

The implemented algorithms consistently use the SpeechGrammar.xml file, which stores the set of words defined for
the diagnosis procedure. Following the recommendations of the CAPEP therapists who participated in the study, the
SATEL knowledge base includes the 52 words used in the ELNP language test. This instrument includes categories of
words that make it possible to identify phonetic and phonological problems present in children, representing all Spanish
phonemes described in the four levels of complexity outlined in the expert knowledge base section. The words in the
ELNP instrument are distributed as follows, based on the complexity grading scale for Spanish phonemes: 25 level 1,
12 level III, and 15 level IV (all also considered level I). A set of these words was considered in SATEL for the
diagnosis of SLI. In addition, in order to avoid duplicating words, the treatment process was supplemented with 38
additional words recommended and provided by the therapists, and distributed as follows: 24 level 11, 8 level III, and 6
level IV. The results of this study showed that, by using the Kinect sensor and its development libraries, it is possible to
identify the correct or incorrect pronunciation of this group of words and phonemes with a high confidence level. The
implemented algorithms are described below.

1. Diagnostic Module

This module shows a set of images, then records and classifies the words pronounced by the child. Algorithm 1
summarizes the activities in this module.

Algorithm 1. Diagnosis

Input:
Set of images that represent words.
For each image in the diagnostic dataset:
1. The image is shown.
2. The child’s pronunciation is recorded.
3.The audio is converted into a character token.
4. The pronunciation is classified as correct or incorrect.
Output:
The number of correct and incorrect words, and the set of incorrect words.

Each image in the dataset has its corresponding word, defined in the grammar file SpeechGrammar.xml. Through the
Microsoft.Speech.Recognition library the system converts the audio received by the Kinect sensor to a character token
named Result.Semantics.Value. A confidence index is also obtained, indicating the perceived clarity in the
pronunciation.

To determine the correct pronunciation of a word, two factors are considered: (1) whether children vocalize the word
corresponding to the image presented, and (2) the clarity and precision with which they pronounce each phoneme. Once
all the images have been presented to the child, the outputs of the diagnostic module are the number of correct and
incorrect words, and a list of incorrect words.

2. Expert Reasoning

Expert knowledge is represented by the ontology depicted in Figure 2. This ontology is used by the reasoner module
to conduct the diagnosis and treatment of children with SLI. Algorithm 2 summarizes the activities in this intermediate
process.

Algorithm 2. Expert reasoning

Input:
Set of mispronounced words detected in the diagnostic step.
For each mispronounced word:
1. The word is broken down into syllables and phonemes.
2. The frequency of each phoneme is determined.
3. The most difficult phonemes are detected based on frequency.
4. Five words containing the difficult phonemes are randomly selected.
Output:
Set of five words.

The expert reasoning algorithm uses as an input the set of incorrect words from the child’s last diagnosis. This is sent
to the reasoner.php file, which uses algorithm 2 to break down the received words into syllables and phonemes. Each
word is separated into syllables, using the knowledge base represented by the ontology. Then, it is separated into
phonemes to identify those that recur most frequently; this process allows the system to detect which phonemes are the
most difficult for each child.
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Once the most difficult phonemes are identified, a new query is sent to the ontology, using the list of detected
phonemes as a parameter. This makes it possible to obtain words containing the specific phonemes. Finally, five words
that include the problematic phonemes are selected randomly for consideration in the treatment process. Thus, the
system is able to provide personalized treatment to children.

3. Treatment Module
In a similar manner to the diagnosis activity, algorithm 3 shows the required procedure for the treatment activity.

Algorithm 3. Treatment

Input:
Set of five words selected by the reasoner in algorithm 2.
For each word selected:
1. The corresponding image is shown.

2. The child’s pronunciation is recorded.
3. The audio is converted into a character token.
4. The pronunciation is classified as correct or incorrect.
5. Ifthe pronunciation is incorrect:
a. An animation plays the correct word.
b.  The system asks for a second pronunciation.
c. If the pronunciation is incorrect:
i.  Ananimation shows how to pronounce each syllable correctly.
ii.  The child’s pronunciation is recorded.
iii.  The pronunciation is classified as correct or incorrect.
Output:

As feedback, the phonemes the child finds most difficult are shown and highlighted using links and a colour code.
Clicking on a link shows the correct pronunciation using the avatar-based animation.

A list of five words is received from the reasoner module. Then, for each word, the corresponding image is displayed
to the child (see Figure 3). Like in the diagnostic module, the Kinect sensor detects the words pronounced by the child
and then, using the Microsoft® Speech libraries, the pronounced word is classified as correct or incorrect.

CERRAR

Figure 3. SATEL treatment interface. This interface presents the set of images used during the treatment activity, and the avatar used for feedback.

If the detected pronunciation does not match the displayed image, it will be saved in the database as an incorrect
answer, and an animation will be played showing how to say that word. Then, the system asks for a second
pronunciation of the same word. If the system detects an incorrect pronunciation again, that word is divided into
syllables and an avatar-based animation of how to pronounce each syllable is shown.

V. SATEL EVALUATION

This section describes the results of the evaluation of the system’s performance and the user experience provided by
the environment.

A. Study Methodology

1. Participants

In general, the implemented system was evaluated by four female therapists with more than 20 years of experience
each in the field of SLI, and 26 children. The language therapists were professionals working at CAPEP with expertise
in areas involving language development. The children were 20 boys and 6 girls aged between 4 and 7 years. All were
from different public schools and received language therapy at CAPEP.

CAPEP receives children identified as having a language problem by teachers from different schools in the town, in
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order to diagnose the possible existence of SLI professionally. If CAPEP confirms SLI, the language therapy service is
provided. Therapists determined which children participated in the evaluation of SATEL, mainly on the basis of which
children displayed a favourable attitude towards interacting with technology and had parental consent.

2. Data Collection and Sources

The data used in this study was collected from multiple sources: interviews, observation, questionnaires, videos, and
system logs.

First, during the therapy sessions, each child’s pronunciation was logged in the system database, and the whole
intervention was recorded. Then, using the logs and videos, precision and accuracy were evaluated to estimate the
system’s ability to identify correct and incorrect pronunciation of words and syllables by children.

This activity was carried out by the first author of this article. Following the therapists’ instruction that a word should
be correctly articulated to be considered a satisfactory pronunciation; word pronunciation was evaluated one by one.
Then, in order to estimate the precision and accuracy of SATEL in classifying correct and incorrect pronunciations, a
comparison was made between the results of the video evaluation and the classification data in the SATEL system logs.

3. SATEL Performance Evaluation

This phase evaluated the precision and accuracy of SATEL in categorizing correct and incorrect pronunciations.
Considering that SATEL performs a binary classification of the children’s pronunciations, precision, inverse
precision, and accuracy were estimated using the equations for binary classifiers (Powers, 2011). In this context,
precision implies the system’s confidence level in classifying the pronunciation of a word or syllable as correct
(positive pronunciation), and is quantified by equation (1), where TP is the number of true positive pronunciations and
FP the number of false positive pronunciations:
TP

M
. TP+FP . . . . L .
Inverse precision measures the proportion of incorrect cases that are indeed negative pronunciations (equation 2),

where TN is the number of true negative pronunciations and FN is the number of false negatives:

(@)
TN+FN
Finally, the accuracy of the classifier indicates the proportion of correct classifications with respect to the full set of
positive and negative pronunciations, and is defined by equation 3 as:
TP+TN 3)

TP+FP+TN+FN
The results of the performance evaluation of SATEL are given below.

Precision =

Inverse precision =

Accuracy =

B. Diagnostic Module

A total of 26 children from CAPEP participated in evaluating the SATEL diagnostic module. The purpose of this
evaluation was to assess the system’s ability to properly identify correct and incorrect pronunciations using the
implemented algorithms. Based on the therapists’ recommendations, participants were asked to pronounce the first 20
words of the 52 initially included in SATEL. These words were considered by the researchers and therapists sufficient
to evaluate the children’s speech and language skills and the system’s performance. The complexity level of the
selected words is distributed as follows: 9 level 11, 9 level III, and 2 level IV. These included words with two and three
syllables. The data shown in Table 1 was obtained from this evaluation.
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TABLE 1
PRECISION, INVERSE PRECISION, AND ACCURACY OF THE SATEL’S DIAGNOSTIC MODULE.
The User Identifier Consists Of A Unique Id Followed By The User's Gender — M (Male) Or F (Female) — And Age.

User Proper identificqtio_n of correct Precision Proper identificat_ioq of incorrect Invgr_se Accuracy
pronunciations pronunciations Precision
1-M7 4 out of 4 100% 16 out of 16 100% 100%
2-M5 6 out of 7 85.71% 11 outof 13 84.61% 85%
3-M5 2 out of 2 100% 18 out of 18 100% 100%
4-M5 5 out of 5 100% 15 outof 15 100% 100%
5-M4 7 out of 8 87.50% 11 outof 12 91.60% 90.00%
6-F6 0 out of 0 — 20 out of 20 100% 100%
7-M5 5 out of 6 83.30% 14 out of 14 100% 95.00%
8-M6 4 out of 5 80.00% 15 outof 15 100% 95.00%
9-M6 3 out of 4 75.00% 15 outof 16 93.75% 90.00%
10-M6 0 out of 0 — 19 out of 20 95.00% 95.00%
11-F6 4 out of 5 80.00% 14 outof 15 93.33% 90.00%
12-M6 6 out of 6 100% 12 out of 14 85.71% 90.00%
13-M6 2 out of 3 66.66% 17 out of 17 100% 95.00%
14-M6 7 out of 7 100% 11 outof 13 84.61% 90.00%
15-M5 6 out of 7 85.71% 13 outof 13 100% 95.00%
16-M7 10 out of 11 90.90% 8 out of 9 88.88% 90.00%
17-F6 6 out of 7 85.71% 12 outof 13 92.30% 90.00%
18-M6 3 out of 4 75.00% 16 out of 16 100% 95.00%
19-F6 6 out of 6 100% 14 out of 14 100% 100%
20-M6 5 out of 5 100% 15 outof 15 100% 100%
21-M4 0 out of 0 — 20 out of 20 100% 100%
22-M4 7 out of 8 87.50% 12 out of 12 100% 95.00%
23-F6 4 out of 4 100% 14 out of 16 87.50% 90.00%
24-F6 7 out of 7 100% 13 outof 13 100% 100%
25-M6 11 outof 11 100% 8 out 0of 9 88.88% 95.00%
26-M5 9 out of 9 100% 9 out of 11 81.81% 90.00%
129 out of 141 91.65% 362 out of 379 94.92% 94.42%

The precision of SATEL varies depending on the detection of correct or incorrect pronunciations. A better
performance was observed in identifying words pronounced incorrectly (TN), with 94.92% correct identifications. The
precision of the system was lower in detecting correct pronunciations. However, an acceptable performance was
observed, with an average precision of 91.65%. It should be noted that there were nearly three times more incorrect
pronunciations than correct ones; this behaviour is considered normal because the test was conducted with children
facing SLI. Overall, for the diagnostic module, the accuracy of SATEL in the detection of both correct and incorrect
pronunciations was 94.42%.

The first column in Table 1 (User) uses a letter and number combination to indicate the gender (female or male) and
age of children participating in the study. SATEL’s performance is consistent regardless of age and gender. The
accuracy of the system was 94.44% and 94.41% for children 4-5 and 6-7 years old, respectively; and 95.00% and
94.25% for girls and boys, respectively.

C. Treatment Module

The performance evaluation for the treatment module was carried out with 15 of the 26 students who participated in
the previous evaluation: 11 boys and 4 girls. The objective of this evaluation was to assess SATEL’s precision and
accuracy in identifying correct and incorrect pronunciations of words and syllables. As mentioned in algorithm 2,
children were asked to pronounce 5 previously selected words on the basis of their diagnosis results. Whenever they
said a word incorrectly twice, they were asked to pronounce the syllables in that word. Our evaluation of SATEL’s
ability to classify pronunciations takes into account each individual child’s pronunciation of words and syllables,
resulting in a different number of evaluations for each child (see Table 2).
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TABLE 2
PRECISION, INVERSE PRECISION, AND ACCURACY OF THE SATEL’S TREATMENT MODULE.
The User Identifier Consists Of A Unique ID Followed By The User's Gender — M (Male) Or F (Female) — And Age.

User Proper identification of correct Precision Proper identification of incorrect Inverse
pronunciations pronunciations Precision Accuracy
1-M6 2 out of 2 (0)* 100% 15outof 16 (9)* 93.75% 94.44%
2-M5 0 out of 0 (0)* 100% 21 outof21 (11)* 100% 100%
3-M6 2 out of 2 (1)* 100% 19 out of 19 (10)* 100% 100%
4-F6 Soutof5 (4)* 100% 12 outof 13 (5)* 92.30% 94.44%
5-M4 4 outof4 (2)* 100% 10 outof 10 (4)* 100% 100%
6-M5 loutofl (1)* 100% 20 out of 20 (10)* 100% 100%
7-F6 1 outof1 (0)* 100% 18 outof 19 (10)* 94.73% 95.00%
8-M6 4 out of 4 (3)* 100% 12 outof 13 (4)* 92.30% 94.11%
9-M5 loutofl (1)* 100% 21 outof21 (11)* 100% 100%
10-M4 2 out of 2 (2)* 100% 15outof 16 (7)* 93.75% 94.44%
11-M4 S5outof5 (2)* 100% 10 outof 10 (4)* 100% 100%
12-M5 2 out of 2 (0)* 100% 13 outof 14 (7)* 92.85% 93.75%
13-M6 3outof3 (2)* 100% 19 out of 19 (10)* 100% 100%
14-F6 3outof3 (2)* 100% 16 outof 16 (8)* 100% 100%
15-F6 3 outof 3 (0)* 100% 10 outof 10 (4)* 100% 100%
38 out of 38 100% 231 out 0f 237 97.31% 97.75%

*(number of evaluated syllables)

From these results, a fairly similar level of precision was observed in SATEL’s classification of incorrect
pronunciations. A slight increase of 2.39% was observed in the treatment module. As for correct pronunciations, the
results of the experiment showed that 100% precision was achieved. This excellent performance was obtained as a
result of considering the evaluation of syllable pronunciation (the number of syllables evaluated is given in brackets).
The treatment module exhibited 97.75% accuracy in the detection of pronunciations, both correct and incorrect, which
the creators of the system consider a remarkable performance for this version of SATEL. Again, SATEL’s performance
is consistent regardless of age and gender, exhibiting only a slight variation. The accuracy of the system was 98.31%
and 97.25% for children 4-5 and 6-7 years old, respectively; and 97.36% and 97.89% for girls and boys, respectively.

In general, SATEL’s ability to identify the correct and incorrect pronunciation of words is outstanding. The use of
the confidence index to identify incorrect pronunciations, implemented through the classification algorithms, allowed
the system to perform its work effectively, achieving an error rate in accuracy of 5% or less. Furthermore, system
performance improves considerably when evaluating the pronunciation of syllables. In this case, when classifying
words and syllables, SATEL exceeded the researchers’ expectations with around 98% accuracy. However, these
outcomes indicate that SATEL performance may be affected by several factors, including word length and the
combination of certain syllables.

Another important point to note is the performance of SATEL at an individual level. From this perspective, the
lowest classification accuracy during the diagnostic process was 85%; this only occurred in one case. On the other hand,
classification accuracy for 57% of children was 95% or more. Similarly, for the treatment module, individual accuracy
was 95% or more for 67% of users. These outcomes indicate an adequate performance in general and in individual
cases.

Finally, the use of SATEL’s ontology was adequate to provide personalized assistance within the treatment module.
Once the SLI diagnostic process had been conducted, SATEL was able to personalize treatment therapies by asking for
the pronunciation of specific words and syllables according to the children’s language deficiencies.

VI. CONCLUSIONS AND FUTURE WORK

This paper described the SATEL system, a computer-based tool intended to complement and reinforce SLI therapies.
Unlike current computer-based systems supporting SLI, SATEL integrates language therapists’ two main activities:
diagnosis and treatment. This paper proposes an ontology to represent the knowledge of speech-language specialists and
presents the results of an evaluation of SATEL performance conducted with children facing SLI.

An outstanding system performance was achieved in terms of identifying correct and incorrect words and syllables
spoken by children facing SLI. The outcomes indicate that the system, supported by the Kinect sensor, is able to
evaluate children’s pronunciations with accuracy of 94.42% and 97.75% for the diagnostic and treatment modules,
respectively. Using the Kinect sensor and the information provided by its development libraries, SATEL is able to
identify correct or incorrect pronunciations of words and phonemes with a high confidence level.

Previous studies on the use of computer-assisted tools to support language learning, specifically in the case of SLI,
have emphasized the use of specific multimedia elements to support children in mastering pronunciation skills.
Different technologies and learning strategies have been proposed and implemented, such as the use of computer
animations, computer games, and mobile technologies. While this interactive approach is fully supported by the authors
of this study, it is also complemented by two main characteristics: the design and implementation of an ontology-based
knowledge base and a set of algorithms to personalize instruction.

SATEL’s threefold ontological scheme enables the integration and linkage of the syllables and phonemes of existing

©2021 ACADEMY PUBLICATION



862

JOURNAL OF LANGUAGE TEACHING AND RESEARCH

words. Even though the words currently available in the SATEL ontology are limited to the system’s needs, this
knowledge representation is scalable and versatile; it can be easily adapted to many different language learning
activities. On the other hand, the implemented algorithms provide the capacity to personalize instruction.
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