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Abstract: Technology-based in-home reading and spelling programs have the potential to compensate
for the lack of sufficient instructions provided at schools. However, the recent COVID-19 pandemic
showed the immaturity of the existing remote teaching solutions. Consequently, many students did
not receive the necessary instructions. This paper presents a model for developing intelligent reading
and spelling programs. The proposed approach is based on an optimization model that includes
artificial neural networks and linear regression to maximize the educational value of the pedagogical
content. This model is personalized, tailored to the learning ability level of each user. Regression
models were developed for estimating the lexical difficulty in the literacy tasks of auditory and
visual lexical decision, word naming, and spelling. For building these regression models, 55 variables
were extracted from French lexical databases that were used with the data from lexical mega-studies.
Forward stepwise analysis was conducted to identify the top 10 most important variables for each
lexical task. The results showed that the accuracy of the models (based on root mean square error)
reached 88.13% for auditory lexical decision, 89.79% for visual lexical decision, 80.53% for spelling,
and 83.86% for word naming. The analysis of the results showed that word frequency was a
key predictor for all the tasks. For spelling, the number of irregular phoneme-graphemes was an
important predictor. The auditory word recognition depended heavily on the number of phonemes
and homophones, while visual word recognition depended on the number of homographs and
syllables. Finally, the word length and the consistency of initial grapheme-phonemes were important
for predicting the word-naming reaction times.

Keywords: educational technology; in-home learning; literacy; neural networks

1. Introduction

Lockdowns during the COVID-19 pandemic have highlighted an urgent need for
high-quality technology-based in-home educational programs. However, even before
the pandemic, there was always a need for such programs due to the important number
of students with severe reading and spelling difficulties. For example, In 2010, a large-
scale study evaluated the reading skills of around 800,000 young French adults (age 17 or
older) in terms of reading automaticity, vocabulary knowledge, and comprehension [1].
The results showed that 20.4% were not effective readers. Among them, 5.7% had very weak
reading skills, and 5.1% had severe reading difficulties. The alarming statistics obtained
from such studies encouraged many researchers to search for more effective instructional
approaches. Ubiquitous technologies, such as computers, tablets, and smartphones, have
great potential for home-based reading approaches. They offer many advantages, such as
unlimited access to instructional material, the possibility of personalization, and relieving
the burden on the teachers.
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It is highly recommended for reading and writing instructions to be systematic [2,3].
However, this is a difficult task for teachers who have limited time and linguistic knowl-
edge. New technologies have the potential to offer systematic instructional approaches.
In the scientific literature, there are various technology-based approaches for reading and
spelling instructions (e.g., [4–8]). However, these programs are often evaluated as black
boxes, and their content management systems are either rudimentary [9,10], or not explicit,
as highlighted by a recent review [11]. These problems motivated the research community
to develop systematic models from basic levels. In this context, this paper aims at ad-
dressing this problem by proposing an intelligent model for in-home reading and spelling
instructions dedicated to children of elementary and pre-elementary grades. Due to its
flexibility, this intelligent model can be used in a wide variety of reading and spelling
tasks. This approach is made of a model for presenting optimal instructional content and
regression models based on artificial neural networks and linear regressions. The objective
of the optimization model is to maximize the educational value of each training session.
This model is constrained by the ability level of each user. The meta-heuristic method of
genetic algorithm (GA) is used to solve the optimization problem.

However, to be efficient, the optimization model requires accurate parameters. Lexical
difficulty is one of the most important parameters, it depends on many lexical and sub-
lexical variables. Unraveling the weight of each variable and the intertwined relationships
between them is a complex problem. In addition, lexical difficulty highly depends on
the nature of the task. For example, a word may be easy to read but difficult to write.
For solving this complex problem, four lexical skills that cover most of the reading and
spelling tasks were identified. They are auditory and visual word recognition (represented
by auditory and visual lexical decision tasks), word decoding (represented by word nam-
ing) and spelling. The data of French lexical mega-studies were used with the data of
55 French lexical and sub-lexical variables (extracted from Lexique 3.83 [12,13], and Lexique
Infra [14]) to build the lexical difficulty models. For auditory and visual lexical decisions,
the MEGALEX [15] database was used. For the spelling task, the database published in
the EOLE book [16] was used and the Chronolex database [17] was used for the word
naming task.

Combining lexical and sub-lexical databases with the databases of the mega-studies
created a database that included 25,776 words for the visual lexical decision. However,
the auditory lexical decision had 15,842 words, the spelling task had 11,373 words, and the
word-naming task had 1481 words. Since the number of lexical and sub-lexical variables
was high (55 variables), forward stepwise analysis was used to identify the key variables
for the linear regression and the artificial neural network models. For each model, the top
10 variables were identified. Then, the linear regression and the ANN models were built
using these ten variables. The accuracy of the models was evaluated using 10-fold cross
validation method.

The objective of this study is to contribute to the fields of educational technology
and applied linguistics by proposing and evaluating an intelligent model for technology-
based reading and spelling programs. An optimization model solved by the meta-heuristic
approach of genetic algorithm is proposed to provide optimal instructional content for
the learners with considering specific difficulty levels. For accurately parametrizing this
optimization model, four predictive models of lexical difficulty are designed based on
artificial neural networks (ANN) and linear regression. In order to identify the most
important set of variables in each lexical difficulty model, a forward stepwise analysis is
carried out. For each of the predictive models, the top 10 variables are identified through the
forward stepwise analysis. The results showed that the neural network models performed
marginally better than the linear regression models in terms of the accuracy of auditory
word recognition, visual word recognition, spelling, and word-naming tasks.

The main contribution of this research in the domains of educational technology and
applied linguistics are as follows:
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- An intelligent model that can be adopted for various technology-based reading and
spelling tasks is proposed and evaluated.

- The model adapts to the ability level of the learner and presents educational content
that is neither too difficult, nor too easy. Hence, it complies with learning theories,
such as the flow theory [18,19].

- The model takes into accounts the length of the instructional sessions. Therefore,
the instructor can remotely choose the minimum and the maximum length of the
instructional session.

- The model adapts the presented content based on the previous session of the learner.
- The number of irregular phoneme-grapheme associations, word frequency, and min-

imum phoneme–grapheme associations are important for predicting the success
of spelling.

- The number of phonemes, homophones, and word frequency are important for the
auditory lexical decision task.

- The word frequency, number of homographs and syllables are the most important
variables for the visual lexical decision task.

- The number of letters, word frequency, and initial grapheme–phoneme consistency
are important for the word naming of monosyllabic, monomorphemic words.

The obtained results are beneficial for people with reading difficulties, particularly in
the conditions of the lack of sufficient instructions in schools. The provision of the training
tool presented in this paper could improve the acquisition of reading skills by learners and
represent important added value for society by opening opportunities for education to
people. The workflow of the conducted research is presented in the diagram of Figure 1.
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The proposed approach is described in Section 2. The data collection and the experi-
mentation procedures are presented in Section 3. Section 4 provides a detailed analysis of
the results obtained from the proposed models. Section 5 presents the discussion of the re-
sults and the limitations of this study. Finally, the conclusion and the research perspectives
are presented in Section 6.

2. Proposed Approach: Intelligent Reading and Spelling Instruction

It is highly recommended for the reading and writing tasks to be systematic [2,3].
Additionally, technology-based programs have the potential to offer systematic instruction.
However, the main challenge of technology-based in-home reading and spelling programs
is the personalization of the instructional content for each individual and providing the
optimal content for each training session. This paper presents a generalizable intelligent
model that could be applied to various instructional tasks.

Early reading and spelling programs in elementary and pre-elementary grades consist
mainly of the six categories: the phonological awareness, phonics, spelling, vocabulary,
comprehension, and fluency. The contents of most of the tasks in these early literacy
categories are either sub-lexical units, words, word lists, sentences, or full texts. In order
to be systematic in organizing the instructional contents, two parameters are essential:
the difficulty level and the educational value of each content material. An optimal in-
structional session should offer the content that maximizes the educational value with a
limited difficulty level so that it does not surpass the ability level of the learner. This is an
optimization problem to be solved before each instructional session.

The educational value of a content material can be marked by frequency values.
If the content is made of single words, learning the highly frequent words brings more
educational value to the learner. However, estimating the word difficulty level is a more
complex process. Calculating lexical difficulty depends on many lexical and sub-lexical vari-
ables. In addition, the lexical difficulty depends highly on the task. In this article, the lexical
and sub-lexical databases were used with the data obtained from lexical mega-studies.
These databases were used to estimate the lexical difficulty for four main lexical skills
(visual and auditory word recognition, word decoding and spelling). The methods of linear
regression and artificial neural networks were used for modeling the lexical difficulties.

The architecture of the intelligent model for reading and spelling instruction is illus-
trated in Figure 2. A detailed description of each module of this system is presented in the
following sections.
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2.1. Reading and Spelling Categories

The National Reading Panel has suggested that phonological awareness, phonics,
vocabulary, comprehension, and fluency programs are essential for a balanced reading
instruction [20]. Subsequently, it was shown that progress in reading does not guarantee
progress in spelling. Hence, spelling should be addressed separately [21].

Phonological awareness is defined as “the understanding of different ways that oral
language can be divided into smaller components and manipulated” [22]. It includes abili-
ties, such as isolating, adding, deleting, and substituting the smaller units of the language,
e.g., syllable and phoneme [11]. Phonological awareness could be instructed at an early
age before the introduction of the written language. On the other hand, phonics focuses
on teaching how to decode the orthography. It refers to “various approaches designed to
teach children about the orthographic code of the language and the relationships of spelling
patterns to sound patterns” [23].

Vocabulary is “the knowledge of meanings of words” [24]. The vocabulary instruction
can be indirect, such as encouraging students to engage in reading activities, or it can be
direct by teaching new words individually. Comprehension is the goal of reading, it is
defined as “the construction of meaning of a written or spoken communication through a
reciprocal, holistic interchange of ideas between the interpreter and the message in a partic-
ular communicative context” [25]. Strategies, such as summarizing, self-questioning, and
paraphrasing, are used to enhance the comprehension of the reader [26]. Fluency is the high-
est level in reading. It “combines accuracy, automaticity, and oral reading prosody. When
taken together, they facilitate the reader’s construction of meaning” [27]. Practices such as
repeated reading and increasing independent and recreational reading are often used to
increase fluency [20]. Finally, for the instruction of spelling, the common interventions are
based on phonics, graphotactics, spelling rules, and morphological instructions [28].

Instructional content of the aforementioned literacy categories is mainly in the form of
words, word lists, sentences, or full texts. In cases of phonological awareness and phonics,
the content is often in the form of sub-lexical units. However, even in these cases, it is pre-
ferred to teach the sub-lexical units in the context of real words. Therefore, the instructional
content of most of the reading and spelling tasks can be organized by individual words.
The words used in the instructional content can contain the sub-lexical units that represent
the target of phonological awareness and phonics. They can also be the building blocks of
the texts used in vocabulary, spelling, comprehension, and fluency instructions.

2.2. Optimization

According to the Lev Vygotsky’s zone of proximal development, most of the devel-
opment happens when the instructional content is slightly more difficult than what the
user is actually capable of doing on his/her own [29]. The flow theory proposed by Mihaly
Csikszentmihalyi confirms that the peak of motivation is reached when there is a balance
between the task’s difficulty and the individual’s abilities [18]. When the material is too
difficult, the user will get frustrated or anxious, and if the learning material is too easy,
the user feels bored. Therefore, the learning program should provide the content with max-
imum educational value while remaining close to the user’s ability level. These intelligent
characteristics are essential for any in-home interventional programs. Traditionally, it is the
role of the instructor to choose the appropriate content. However, for the in-home approach,
the intelligent component of the literacy program must play the role of the instructor.

Maximizing the educational value of a training session while keeping the session’s
difficulty level within the learner’s abilities is an optimization problem. Modeling and
solving this optimization problem require deep linguistic knowledge and high computation
power, which cannot be provided by teachers. Modeling and solving this optimization
problem are the main objectives of this research.

The knapsack model is an optimization method used in previous research in edu-
cation [30]. The characteristics of this model allow modeling reading and spelling tasks.
In the knapsack problem, for the given items, each with their associated weights and values,
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a set of items that produce the highest total value, without surpassing the weight limit,
should be selected. In the case of this study, the items are the single words, the weights
are the difficulty level of words (lexical difficulty), and since learning more frequent words
is more valuable for the learner, the value parameter of each word is represented by its
lexical frequency.

The total value of the selected items is maximized by the objective function of this
optimization model. Therefore, an item with a high value has a greater probability to be
selected. Three constraints were considered for this optimization model:

- The constraint on the maximum difficulty: ensures that the selected items for the train-
ing session remain within the defined weight limit (difficulty level). It includes an up-
per weight (UW) for the upper limit of the content’s difficulty to avoid frustration and
a lower weight (LW) for the lower limit of the content’s easiness to avoid boringness

- The constraint on the session length: defines the maximum number of selected items
within a defined boundaries. The upper number (UN) and the lower number (LN)
are the maximum and the minimum number of items that could be selected (for a
training session), respectively.

- The constraint limiting the number of presentations (P): defines the maximum number
of times that a content material can be presented to the user. This constraint ensures
that a word will not be displayed to the learner more than a fixed number of times.

The proposed optimization model is presented below:
The objective function maximizes the value of each training session formulated as

the following:
Maximize ∑n

i=1 vixi (1)

where vi is the value of the item (learning content), and xi is one if the item is selected,
and zero if the item is not selected.

Subject to the following constraints:
The constraint on the difficulty level of each training session:

LW <
n

∑
i=1

wixi ≤ UW (2)

where wi is the weight (difficulty) of the item, LW is the minimum allowed weight, and the
UW is the maximum allowed weight.

The constraint on the number of items in each training session:

LN ≤
n

∑
i=1

xi ≤ UN (3)

where LN is the lower limit on the number of selected item, and the UN is the lower limit
on the number of selected items.

The constraint on the number of presentations for each reading material:

∀i pixi ≤ P (4)

where pi is the number of times a learning item is presented to the learner. P is the upper
limit on the number of presentations for each item.

Where:
xi ∈ {0, 1} (5)

Table 1 presents the variables and parameters of the optimization model. xi is the
variable and I, Ii, I, LW, UW, LN, UN, P are the parameters of the model.
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Table 1. The notation for the variable and parameters of the optimization model.

xi IIem i with a value of 0 or 1

vi Value of item i

wi weight of the item i

pi Number of Presentations of the item i

LW The minimum allowed weight

UW The maximum allowed weight

LN The lower limit on the number of selected item

UN The upper limit on the number of selected items

P The upper limit on the presentation count for each item

2.3. Genetic Algorithm

The proposed optimization model is a NP-complete problem. Therefore, when the size
of the problem is big, there is no known method to quickly find the best solution. The meta-
heuristic method of genetic algorithm (GA) is effective in approximating computationally
complex models. Hence, it was adopted to solve this problem.

The first step of implementing the genetic algorithm was to define the nature of the
genes. In this context, the genes were binary values where each gene represented a single
instructional material. This can be a single word, word list, question, sentence, or text.
If the gene is equal to zero, this means that the material is not selected but if the gene
is equal to one, this means that the material is selected. The second step was to define
the chromosome. In this context, the chromosome is an array of binary values (genes).
The size of the chromosome is identical to the size of the content. The third step was the
random creation of chromosomes for the first population. At the beginning of this step,
the chromosomes with all-zero genes are created. Then, for each chromosome, a number of
genes (equal to the length of the session) are selected randomly and set to one.

In the fourth step, a piecewise function was developed as the fitness function to
evaluate the feasibility and suitability of each solution for this optimization problem. This
function divided the solutions into the categories of strictly infeasible, mildly infeasible,
feasible but not suitable, and feasible and suitable.

The first category of strictly infeasible happened when the selected items had a total
weight more than the maximum allowed weight. For this category, the big-M (penalty)
method was used by assigning a big negative number to the fitness function and reducing
the total weight. Therefore, when two infeasible solutions were compared, the solution
having the lower total weight had a better fitness value. Using this method converged the
solutions towards feasible areas.

The second category of mildly infeasible referred to the solutions that satisfies the
weight constraint but violated the constraint of the session length. For this category,
a small-M (penalty) was used and multiplied by the degree of the deviation from the
allowed session length. Using this method converged the session lengths towards the
allowed boundaries.

For the third category of feasible but not suitable, the value of the fitness function
remained negative but closer to zero than the big-M or small-M values. This third state
occurred when the main constraints on total weight and session length were respected but
violating the constraint on the number of presentations. In this situation, the value of the
fitness function was set to the extent of the deviation from the constraint. Therefore, in the
case of having two similar solutions where the constraint on the number of presentations is
violated, the solution having less deviation was regarded as a fitter solution. This converged
the solutions towards the feasible areas.

For the fourth category of feasible and suitable, the fitness function was always
positive. It was equal to the total value of the selected reading materials.



Computers 2023, 12, 56 8 of 28

The following piecewise function used for computing the fitness (F) of the solutions is
presented below and its parameters are presented in Table 2:

F =



M− w, w > W

m ∗ (LN − n), n < LN and w < W

m ∗ (n−UN), n > UN and w < W

p− P, p > P and LN < n < UN and w < W

v, p < P and LN < n < UN and w < W

(6)

Table 2. The parameters of the fitness function.

F Fitness value of the solution

w Total weight of the solution

v Total value of the solution

n Number of the selected items in the solution

p Total number of prior Presentations

M Big negative penalty

m Small negative penalty

LW The minimum allowed weight

UW The maximum allowed weight

LN The lower limit on the number of selected item

UN The upper limit on the number of selected items

P The upper limit on the presentation count for each item

2.4. Lexical Difficulty Model

The optimization model proposed in this paper could lead to accurate solutions if its
parameters are set accurately. Lexical difficulty level represents the weight parameter of the
model. However, estimating lexical difficulty is complex as tens of lexical and sub-lexical
variables affect lexical difficulty. The order of their importance is not fully known and the
relationships between the variables are complex.

Previous studies have shown that particularly for beginners in reading, word length
is a better predictor of lexical difficulty [31,32]. In addition, the effect of word length is
more important for less skilled readers and people with reading disorders such as dyslexia
or pure alexia [33]. Word-length can be presented by the number of letters, graphemes,
phonemes, syllables, or morphemes. Another important variable is lexical frequency.
Its effect on word naming and lexical decision times has been shown [34,35]. Another key
variable affecting lexical difficulty is the orthographic consistency. It includes grapheme to
phoneme (GP) mapping consistency (feed-forward consistency) and phoneme to grapheme
(PG) mapping consistency (feedback consistency). It was shown that both of these variables
have effects on word recognition [36]. In addition, the number of consonant clusters,
the number of neighbors (words that differ only in one letter or one phoneme), and the
number of homophones can affect lexical difficulty [37–40], respectively.

Lexical difficulty depends on the task. For example, in a reading task, the word
may be considered easy, but it may prove difficult in writing. This is particularly the
case for French language, which has an asymmetric orthography, meaning that writing
is often more challenging than reading [41]. Moreover, one word may be difficult for a
particular age but easy for another age. These layers of complexity create a challenge
in the accurate estimation of lexical difficulty. To solve this problem, regression models
based on linear regression and artificial neural networks were used in this research to
estimate lexical difficulty in French language. Four lexical skills of visual and auditory
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word recognition, word decoding, and spelling were studied and modelled using linear
regression and artificial neural networks.

Linear regression requires a relatively a small amount of data, it is computationally
fast, easy to understand and interpret. However, it is not accurate in handling non-linearity,
which represents its main drawback. Since most of real-life cases include non-linearity,
linear regression fails to capture their underlying relationships. On the other hand, artificial
neural networks have the capacity of modeling most complex problems. They can handle
both linearity and non-linearity. Depending on the number of hidden layers and the
number of neurons in each layer, it can provide significant computational power. However,
it requires considerably more input-output data to reach acceptable accuracy than linear
regression models. In addition, the understanding and interpretation of artificial networks
model is much more difficult. Furthermore, its training time can be significantly longer
than linear regression. Since linear regression and artificial neural networks allow different
possibilities, both models were used in this study for the creation of lexical difficulty models.
The comparison of their accuracy could provide guidance for using the most appropriate
model. These models and the evaluation of their accuracies are presented in Section 4.

The data needed for building lexical difficulty models fit within two categories.
The first category is the outcome data of behavioral mega-studies that tested the lexi-
cal tasks for thousands of words with human subjects. The second category is the lexical
and sub-lexical databases that contain tens of quantified characteristics for each word.

3. Methodology and Data Collection

This section presents the data collection procedure, the methods used for the imple-
mentation of the approach, and the data analysis.

3.1. French Lexical Mega-Studies

For building the lexical difficulty models, French lexical mega-studies were used to
collect the data for auditory and visual lexical decision, word naming, and spelling. These
databases are the result of behavioral mega-studies in which the lexical tasks of numerous
words were tested with many human subjects. In word naming, the subjects were requested
to read a word aloud, the time taken for reading was recorded. In auditory lexical decision,
the pronunciation of a word is played. The subjects had to decide whether it is a real word
or a pseudoword, the reaction time to provide the answer was recorded. In the visual
lexical decision task, a written word is presented. The subjects were requested to indicate
whether the word is a real word or a pseudoword, and the reaction time was recorded.
In the spelling task, a word is pronounced, then the subjects were requested to write its
spelling for which the errors and the correct answers were recorded.

For the spelling task, the database published in the EOLE book [16] was used. This
database contains the results of spelling task for around 12,000 words tested with many stu-
dents in over 2000 classrooms in France. In this work, Béatrice and Philipe Pothier collected
the average spelling success-rate of students for all the words across the five grades of the
primary school in France. For the auditory and visual lexical decision tasks, MEGALEX
database [15] was selected. It includes the decision times and accuracies of 28,466 words
for visual lexical decision and 17,876 words for auditory lexical decision. For the word-
naming task, Chronolex database [17] was selected, including 1482 monosyllabic and
monomorphemic words.

3.2. French Lexical and Sub-Lexical Variables

In this study, the French language was used for creating lexical difficulty models.
The Lexique 3 database [12,13] was used for the general lexical variables and the Lexique-
Infra [14] was used for sub-lexical variables. Both databases contain the data of approx-
imately 140,000 French words. These two databases were combined with selecting only
quantified variables. The result led to 55 lexical and sub-lexical variables for which the
list is presented in Table 3. All the quantified data were normalized to a value ranging
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from 0 to 1. The frequency of words was calculated by averaging the frequency values
in books and films available in the Lexique 3 database. Since these average frequencies
were dispersed, the standard frequency index (SFI) formula was used to homogenize them
before the normalization process. The formula below was adopted from the Manulex
database [42], originally proposed by John B. Carroll [43]. SFI is the standard frequency
index, and c is the word count.

SFI = 10 ∗
(
log10 c + 4

)
(7)

Table 3. The lexical and sub-lexical variables.

Variable Definition Source
Frequency Standard Frequency Index (SFI) computed based on the frequency counts

Lexique 3.83

islem If the word is a lemma (canonical form), the value is one, otherwise its value is zero

nblettres Number of letters

nbphons Number of phonemes

nbsyll Number of syllables

nbmorph Number of morphemes

nbhomoph Number of homophones

nbhomogr Number of homographs

voisorth Number of orthographic neighbors

voisphon Number of phonological neighbors

puorth Orthographic unicity point

puphon Phonological unicity point

Freq_GP Mean grapheme-phoneme Consistency (Type Count)

Lexique-Infra

FreqTok_GP Mean grapheme-phoneme Consistency (Token Count)

Freq_I_GP Grapheme-phoneme consistency for the initial grapheme (Type Count)

Freq_I_Tok_GP Grapheme-phoneme consistency for the initial grapheme (Token Count)

Freq_M_GP Grapheme-phoneme consistency for the middle graphemes (Type Count)

Freq_M_Tok_GP Grapheme-phoneme consistency for the middle graphemes (Token Count)

Freq_F_GP Grapheme-phoneme consistency for the final grapheme (Type Count)

Freq_F_Tok_GP Grapheme-phoneme consistency for the final grapheme (Token Count)

minfreqgraph_GP Minimum grapheme-phoneme consistency of the word (Type Count)

minfreqgraphTok_GP Minimum grapheme-phoneme consistency of the word (Token Count)

countregTy_GP Number of grapheme-phoneme irregularities in the word (Type Count)

countregTo_GP Number of grapheme-phoneme irregularities in the word (Token Count)

posregTy_GP Position of the first grapheme-phoneme irregularity in the word (Type Count)

posregTo_GP Position of the first grapheme-phoneme irregularity in the word (Token Count)

Freq_PG Mean phoneme-grapheme Consistency (Type Count)

FreqTok_PG Mean phoneme-grapheme Consistency (Token Count)

Freq_I_PG Phoneme-grapheme consistency for the initial phoneme (Type Count)

Freq_I_Tok_PG Phoneme-grapheme consistency for the initial phoneme (Token Count)

Freq_M_PG Phoneme-grapheme consistency for the middle phoneme (Type Count)

Freq_M_Tok_PG Phoneme-grapheme consistency for the middle phoneme (Token Count)

Freq_F_PG Phoneme-grapheme consistency for the final phoneme (Type Count)
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Table 3. Cont.

Variable Definition Source

Freq_F_Tok_PG Phoneme-grapheme consistency for the final phoneme (Token Count)

minfreqgraph_PG Minimum phoneme-grapheme consistency of the word (Type Count)

minfreqgraphTok_PG Minimum phoneme-grapheme consistency of the word (Token Count)

countregTy_PG Number of phoneme-grapheme irregularities in the word (Type Count)

countregTo_PG Number of phoneme-grapheme irregularities in the word (Token Count)

posregTy_PG Position of the first phoneme-grapheme irregularity in the word (Type Count)

posregTo_PG Position of the first phoneme-grapheme irregularity in the word (Token Count)

complexmoygraph Average complexity of graphemes (average number of letters for each grapheme)

LetFreqTy Average letter frequency in the word (Type Count)

LetFreqTo Average letter frequency in the word (Token Count)

BigrFreqTy Average bigram frequency in the word (Type Count)

BigrFreqTo Average bigram frequency in the word (Token Count)

TrigrFreqTy Average trigram frequency in the word (Type Count)

TrigrFreqTo Average trigram frequency in the word (Token Count)

PhonFreqTy Average phoneme frequency in the word (Type Count)

PhonFreqTo Average phoneme frequency in the word (Token Count)

BiphonFreqTy Average biphone frequency in the word (Type Count)

BiphonFreqTo Average biphone frequency in the word (Token Count)

GraphFreqTy Average grapheme frequency in the word (Type Count)

GraphFreqTo Average grapheme frequency in the word (Token Count)

SylphonFreqTy Average phonological syllable frequency in the word (Type Count)

SylphonFreqTo Average phonological syllable frequency in the word (Token Count)

The lexical and sub-lexical database that contains 55 variables was combined with the
databases of the four lexical tasks. The overlapping data generated four databases with
11,373 words for the spelling task, 25,776 words for the visual lexical decision, 15,842 words
for the auditory lexical decision, and 1481 words for the word-naming task. Furthermore,
the output data was the success rates for the spelling task and the reaction times for word-
naming database. The output data for the lexical decision tasks were both the reaction
times and error rates. However, the latter was not included in building the regression
models. This decision was made because the subjects involved in these tasks were adults
form whom the number of errors for most of the words was significantly low. Hence, the
reaction time was considered as a more pertinent indicator of word recognition difficulty.
In addition, for the lexical decision tasks, the standardized reaction times were used instead
of the raw reaction times. Finally, all these data were normalized to values ranging from
0 to 1.

3.3. Forward Stepwise Method

The forward stepwise method was used to identify the top 10 lexical and sub-lexical
variables for building each lexical difficulty model. If none of the variables were dropped
for building the lexical difficulty model, the model could become unnecessarily complex.
Some of the independent variables did not significantly affect the dependent variable.
In addition, despite the significant effect of some variables, they have strong collinearity
with other variables.

To overcome these problems, the forward stepwise analysis was used for the identifi-
cation of the most important variables for each lexical difficulty model. The initiation of
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the forward stepwise method was carried out with a model without any variable (called
NULL model). Subsequently, the variable having the most predictive value was selected
and added to the model. In the following step, the new model was tested with all the
other variables, and again the variable that added the most predictive value was kept in
the model. This process can be ended when the change in the predictive value becomes
not significant. The process of forward stepwise analysis was performed for both lin-
ear regression and artificial neural network. For the forward stepwise linear regression,
the selection criterion was the probability of F (p-value). For the forward stepwise artificial
neural network, the selection criterion was the mean absolute error (MAE) computed by
the following the formula:

MAE =
1
N

N

∑
n=1

(|an − bn|) (8)

where: a is the real value, b is the predicted value, and N is the number of data points.
For evaluating the accuracy of the models, a second error rate was used together with

the MAE to obtain a more complete understanding of the accuracy of the model. This error
rate is the root mean square error (RMSE) computed by the following equation:

RMSE =
2

√
∑N

n=1(an − bn)
2

N
(9)

where a is the real value and b is the predicted value. N is the total number of data points.
Extensive training time was provided to allow the model selecting the variables

accurately. In artificial neural network technical terms, each time the model is trained
with the whole dataset, an Epoch is completed. In this study, the ANN models had
1000 epochs for recording their highest accuracy. In each step, all the models were compared
to select the model having the better accuracy. Long training time was allowed because,
with each step, the differences between the variables were narrowed and the selection of
better variable required high precision. For the identification of the top 10 variables among
55 lexical variables, the forward stepwise method required training 505 models for each
lexical task. Building 505 models with 1000 training epochs and shuffling all the training
sets for each epoch required extensive computation time.

3.4. Computation of the Accuracy of Lexical Difficulty Models

For the evaluation of the final accuracy of the lexical difficulty models, 10-fold cross-
validation method was used. The dataset was divided into 10 equal-sized (randomly
selected) subsets. Then, one subset (test set) was kept for the validation of the model and
the remaining nine folds were used for training the model. When the training of the model
was completed, the test set was used to evaluate its accuracy and the accuracy metrics of
RMSE and MAE were recorded. Then, another subset was used as a new test set and the
model was trained with the remaining subsets. This process was repeated ten times and
the average RMSE and MAE were calculated. This cross-validation process was followed
for both linear regression and artificial neural network models.

4. Results

This section presents the performance evaluation of the optimization model and the
sensitivity analysis of the genetic algorithm. Then, the linear regression and ANN forward
stepwise analyses are presented for auditory and visual lexical decision, word naming,
and spelling.

4.1. Case Study on the Optimization Model

As a case study, a database of 315 Dolch sight words [44] was prepared. The weight pa-
rameters representing difficulty levels were distinguished by the word length. The frequency
levels of words were used as the value parameter of the optimization model. For the
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Genetic Algorithm, an Adam chromosome was constructed with 315 binary genes, with
each gene representing one word. For each generation, the population size is equal to
50. Further, 25% of the new generation were selected as the fittest solutions of the past
generation, which were passed directly to the new generation (elite selection) and 75%
were created through crossover. There was a 20% chance of mutation among this 75%.

To create new offspring, a uniform crossover with a mixed probability of 0.5 was used.
A partial shuffle mutation with the probability rate of 20% was used. The iteration number
(generation number) was chosen as the termination method of the algorithm. However,
it was also possible to terminate the algorithm based on time. A time-based termination
strategy guaranteed that the algorithm took the same time to initiate across all the devices.
However, for slower devices, the solution could be less optimal. On the other hand, the
iteration-based termination offered the same level of performance by the algorithm.

The algorithm was set to terminate after the 100th generation. It returned the fittest
chromosome, which was converted to words. This problem was solved using a laptop (MSI
Stealth Pro) with a processor of Intel Core i7 2.80 GHz, 16 GB RAM, 8 GB GeForce GTX
1070 graphics card. It took, on average, 1070 milliseconds to finish the algorithm. However,
for AWS cloud computing service with 3 GB of RAM, it took on average 168 milliseconds,
which was more than six times faster. It is important to note that although 1 s is acceptable
for the user, the local PC that tested the algorithm had relatively powerful specifications.
When the algorithm is performed on mobile devices or any device with low computation
power, cloud computing provides a faster and more accurate solution.

4.2. Sensitivity Analysis of the Genetic Algorithm

The analysis of the efficiency of the structural choices in the genetic algorithm was car-
ried out. Series of tests were performed in the cloud-computing version of the optimization
model. The first analysis investigated the performance of the GA for different numbers
of generations concerning the objective function (total value) and the computation time
(milliseconds). For each iteration, the algorithm was performed ten times for which the
averages of total value and computation times were recorded. Figure 3 depicts the ob-
tained results, showing the linear relationship between time and the number of generations.
However, the optimal value reached an asymptote.
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Figure 4 illustrates the analysis of the size of the population and its effect on the
execution time and the obtained optimal value. The model was executed 20 times for each
population size, for which the averages of the total value and the computation time were
recorded. The analysis revealed the linear relationship between the population size and
the computation time, but the total value reached an asymptote. The important question
was to determine the most effective population size for a fixed computation time. Hence,
the GA’s termination was set to 200 milliseconds, the algorithm was executed 20 times for
each population size, and the averages of total value and computation time were recorded
(Figure 5). The results showed that the population sizes of 100 and 150 were the most
efficient. However, when the population size increased further, the total value decreased.
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Another analysis was carried out on the performance of the model with four crossover
functions. In uniform crossover (with the mixed probability of 0.5), each gene of the
offspring was taken from one parent based on a 50–50 percent chance. Therefore, each
parent’s contribution to the offspring was around 50%. in one-point crossover, one point in
both parents was selected randomly, and all the genes beyond that point were swapped
between the two parents to produce the two offspring. In two-point crossover, two points
were selected in parent chromosomes, and the genes between these two points were
swapped between the two parents. In the three-parent crossover, the genes of two of
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the parent chromosomes were compared. When the two parents had the same gene, this
common gene was transferred to the offspring. However, if the genes were different,
the gene from the third parent was chosen for the offspring. The algorithm with each
crossover was performed ten times for which the average time and value were calculated.
The results are presented in Figure 6. This shows the advantage of uniform crossover
compared to two-point, one-point, and three-parent crossovers. Despite the longer time
required to perform uniform crossover, the increase in performance was considerable.
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The same analysis was performed for the mutation types. Five mutation functions
were studied by executing the model 30 times for each mutation type with recording the
averages of time and value. In partial shuffle mutation, two points were randomly chosen
and the sequence between these two points was shuffled. In displacement mutation, one
part of the chromosome (a sequence of genes) was chosen randomly, and then, this part
was removed and placed at a random position in the chromosome. In insertion mutation,
a single gene was randomly selected and removed from the chromosome, then placed in
another random position. In reverse sequence mutation, a random part of the chromosome
was chosen (a sequence of genes), and their sequence was reversed. Finally, in the twors
mutation, two randomly chosen genes swapped positions. The results of the tests on
mutation functions are presented in Figure 7. The results were close, but the performance
of partial shuffle mutation was slightly better than other functions in terms of the total
value. Additionally, the computation times were close, with a minimum of 159 milliseconds
and a maximum of 164 milliseconds.
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Another parameter related to mutation was the mutation probability. In order to
find the optimal mutation probability, eight probabilities were tested. The algorithm was
executed 30 times for each probability and the average total values and computation times
were calculated. The results presented in Figure 8 shows that 20% and 25% mutation rates
produced higher total value. However, the 20% percent mutation rate was slightly faster.
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Figure 8. Comparison of the model performance for different mutation probabilities.

The selection methods of chromosomes for passing to the next generation was studied
by comparing four selection methods. The first method was Elite selection in which the
fittest chromosomes were selected for passing to the next generation. Roulette wheel is a
fitness-proportionate selection method in which the probability of selection for each chro-
mosome is based on its fitness. Therefore, the fitter individuals have a higher probability
of being selected. Stochastic universal sampling is also a fitness-proportionate selection
method which ensured that this proportionality is kept in the selection because this is
not guaranteed by the classic roulette wheel selection. In tournament selection, several
competitions are held with a number of chromosomes and the winning chromosomes
are selected as the fittest chromosomes. The key element in tournament selection is the
size of the competitions. If the size is small, weak chromosomes have more chance to be
selected. However, if the size of competitions is big, weaker chromosomes have less chance
to be selected.

Each selection type was tested by executing the algorithm 30 times to obtain the
average performance. The results presented in Figure 9 shows that the elite selection
method resulted in higher total values and a faster computation time.
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4.3. Regression Models for Auditory Word Recognition

This section presents the forward stepwise analysis of the auditory lexical decision
using linear regression and artificial neural networks. The accuracy of the two models was
compared with the mean absolute error (MAE) and the root mean squared error (RMSE).
Table 4 shows that the number of phonemes in the word was the most important variable
for predicting the auditory lexical decision’s reaction time. The frequency, number of
homophones, number of syllables, and is-lemma (is the word a lemma) were the next
important variables. The two forward stepwise models resulted in eight similar variables
and two different variables.

Table 4. Forward stepwise analysis of the auditory lexical decision task.

Step
Linear Regression Artificial Neural Network

Added
Variable β RMSE % MAE % Added

Variable RMSE % MAE %

1 nbphons 0.72 13.13 10.56 nbphons 13.12 10.52

2 Frequency −0.24 12.78 10.24 Frequency 12.70 10.15

3 nbhomoph −0.16 12.54 10.00 nbhomoph 12.43 9.88

4 nbsyll −0.30 12.39 9.88 nbsyll 12.25 9.75

5 islem −0.13 12.25 9.75 islem 12.08 9.58

6 Freq_PG −0.08 12.17 9.70 Freq_PG 11.97 9.51

7 Freq_F_Tok_GP −0.08 12.13 9.66 SylphonFreqTy 11.91 9.46

8 voisphon 0.10 12.10 9.63 Freq_F_PG 11.84 9.40

9 PhonFreqTo −0.07 12.07 9.61 SylphonFreqTo 11.82 9.35

10 SylphonFreqTy 0.08 12.05 9.59 Freq_F_Tok_GP 11.75 9.30

Figure 10 illustrates the progress of the forward stepwise analysis on the measure
of root mean square error (RMSE). The diagram shows that as the steps progressed,
the difference between the two models became bigger and the ANN produced the lower
error rate. Nevertheless, the difference between the two approaches remained marginal.
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The linear regression and ANN models with the selected 10 variables were constructed
and trained. The analysis of their accuracies using the 10-fold cross-validation method led
to the following results:

The average error rates of the linear regression model:

- RMSELR = 12.05% (SD = 0.22)
- MAELR = 9.60% (SD = 0.16)

The average error rates of the ANN model (with two hidden layers of 20 neurons):

- RMSEANN = 11.87% (SD = 0.12)
- MAEANN = 9.42% (SD = 0.17).

The difference between the average error rates of the two models:

- RMSEDIFF = 0.18%
- MAEDIFF = 0.18%

The similarity of the linear regression and ANN performance reveals that either the
task had low non-linearity or the data size was not sufficient for detecting any complex
relationship. The models were also constructed and trained with all the 55 lexical vari-
ables, and the analysis of their accuracies using the 10-fold cross-validation led to the
following results:

The average error rates of the linear regression:

- MAELR-All = 9.49 (SD = 0.17)
- RMSELR-All = 11.92 (SD = 0.17)

The average error rates of the ANN model (with two hidden layers of 20 neurons):

- MAEANN-All = 9.25 (SD = 0.14)
- RMSEANN-All = 11.67 (SD = 0.14)

The results of the analysis are illustrated in Figure 11.
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4.4. Regression Models for Visual Word Recognition

Table 5 presents the forward stepwise analysis results on visual lexical decision using
linear regression and ANN. The word frequency was the most important variable in
predicting the reaction time of the visual lexical decision task. The two forward stepwise
models resulted in five similar variables and five different variables. The five similar
variables were the frequency, number of homographs, number of syllables, phonological
unicity point, and number of morphemes.
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Table 5. Forward stepwise analysis of the visual lexical decision task.

Step
Linear Regression Artificial Neural Network

Added
Variable β RMSE% MAE% Added

Variable RMSE % MAE %

1 Frequency −0.56 12.50 9.95 Frequency 11.97 9.40

2 nbhomogr −0.17 12.02 9.55 puphon 11.16 8.70

3 nbsyll 0.20 11.77 9.35 nbhomogr 10.76 8.39

4 puphon −0.23 11.39 9.00 nbsyll 10.57 8.25

5 LetFreqTy 0.04 11.34 8.94 BigrFreqTy 10.46 8.12

6 Freq_F_Tok_PG −0.07 11.32 8.92 islem 10.44 8.05

7 PhonFreqTo 0.05 11.29 8.90 Freq_F_PG 10.33 7.97

8 FreqTok_PG 0.04 11.28 8.88 SylphonFreqTo 10.27 7.88

9 posregTo_GP 0.03 11.27 8.88 BiphonFreqTy 10.23 7.86

10 nbmorph −0.03 11.26 8.87 nbmorph 10.22 7.82

Figure 12 illustrates the progress of the forward stepwise analysis on the measure
of RMSE. Similar to the auditory lexical decision, the diagram shows that as the steps
progressed, the difference between the two models became bigger and the ANN produced
the lower error rate compared to linear regression. However, the difference between the
two models remained marginal.
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The linear regression and ANN models with the selected 10 variables were constructed
and trained. The analysis of their accuracies using the 10-fold cross-validation method led
to the following results:

The average error rates of the linear regression model:

- RMSELR = 11.26% (SD = 0.22)
- MAELR = 8.87% (SD = 0.17)

The average error rates of the ANN model (with two hidden layers of 20 neurons):

- RMSEANN = 10.21% (SD = 0.16)
- MAEANN = 7.92% (SD = 0.14)
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The difference between the average error rates of the two models:

- RMSEDIFF = 1.05%
- MAEDIFF = 0.95%.

The models were also trained with all the 55 lexical variables and the analysis of their
accuracies using the 10-fold cross-validation method led to the following results:

The average error rates of the linear regression model:

- MAELR-All = 8.87 (SD = 0.18)
- RMSELR-All = 11.15 (SD = 0.24)

The average error rates of the ANN model:

- MAEANN-All = 7.82 (SD = 0.16)
- RMSEANN-All = 10.04 (SD = 0.17)

The results of the analysis are illustrated in Figure 13.
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4.5. Regression Models for Word Spelling

The stepwise analysis of spelling task using linear regression and the ANN was carried
out (Table 6). It should be noted that in the EOLE database [16] each word has five spelling
success rates that represent the five primary school grades. Therefore, the number of the
dataset was 56,865. The grade variable was included in the models by default. The two for-
ward stepwise models (linear regression and ANN) resulted in six similar variables and four
different variables. The six similar variables were the number of phoneme-grapheme irreg-
ularity, frequency, minimum consistency of phoneme–grapheme associations, consistency
of the last phoneme-grapheme association, number of grapheme-phoneme irregularities,
and the average frequency of phonological syllables.

Figure 14 illustrates the progress of the forward stepwise analysis on the measure
of RMSE. Similar to the two other tasks, the diagram shows that as the steps progressed,
the difference between the two models increased and ANN produced a lower error rate.
The difference between these models remained marginal but it is more sizable when
compared to the two lexical decision tasks.
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Table 6. The results of the forward stepwise analysis of the spelling task.

Step
Linear Regression Artificial Neural Network

Added
Variable β RMSE % MAE % Added

Variable RMSE % MAE %

1 countregTo_PG −0.26 23.56 19.26 countregTo_PG 23.28 18.49

2 Frequency 0.17 22.69 18.52 Frequency 22.12 17.48

3 minfreqgraph_PG 0.21 22.42 18.23 minfreqgraph_PG 21.12 16.71

4 Freq_F_PG −0.14 22.13 17.93 countregTy_GP 20.61 16.07

5 voisorth 0.08 21.99 17.80 nblettres 20.40 15.67

6 TrigrFreqTo 0.11 21.85 17.67 SylphonFreqTy 20.14 15.51

7 nbmorph 0.06 21.80 17.63 minfreqgraphTok_PG19.72 15.34

8 SylphonFreqTy −0.06 21.75 17.58 Freq_PG 19.87 15.19

9 countregTy_GP −0.07 21.70 17.54 Freq_F_PG 19.63 15.05

10 complexmoygraph −0.05 21.65 17.5 Freq_F_Tok_PG 19.57 15.01
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The linear regression and ANN models with the selected 10 variables were constructed
and trained. The analysis of their accuracies using the 10-fold cross-validation method led
to the following results:

The average error rates of the linear regression model:

- RMSELR = 21.65% (SD = 0.13)
- MAELR = 17.50% (SD = 0.12)

The average error rates of the ANN model (with two hidden layers of 20 neurons):

- RMSEANN = 19.47% (SD = 0.27)
- MAEANN = 15.17% (SD = 0.25)

The difference between the average error rates of the two models:

- RMSEDIFF = 2.18%
- MAEDIFF = 2.33%.

The models were also trained with all the 55 lexical variables and the analysis of their
accuracies using the 10-fold cross-validation method led to the following results:

The average error rates of the linear regression model:

- MAELR-All = 17 (SD = 0.1)
- RMSELR-All = 21.15 (SD = 0.11)

The average error rates of the ANN model:
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- MAEANN-All = 13.26 (SD = 0.14)
- RMSEANN-All = 16.96 (SD = 0.19)

The results of the analysis are illustrated in Figure 15.

Computers 2023, 12, x FOR PEER REVIEW 22 of 28 
 

- RMSEANN = 19.47% (SD = 0.27)  

- MAEANN = 15.17% (SD = 0.25)  

The difference between the average error rates of the two models: 

- RMSEDIFF = 2.18% 

- MAEDIFF = 2.33%. 

The models were also trained with all the 55 lexical variables and the analysis of their 

accuracies using the 10-fold cross-validation method led to the following results: 

The average error rates of the linear regression model: 

- MAELR-All = 17 (SD = 0.1)  

- RMSELR-All = 21.15 (SD = 0.11) 

The average error rates of the ANN model: 

- MAEANN-All = 13.26 (SD = 0.14)  

- RMSEANN-All = 16.96 (SD = 0.19) 

The results of the analysis are illustrated in Figure 15. 

1 2 3 4 5 6 7 8 9 10

17

18

19

20

21

22

23

24

Step

R
M

S
E

, 
%

Linear Regression

ANN

 

Figure 14. Root Mean Square Error for the forward stepwise analysis of the visual lexical decision 

task. 

Top 10 All Top 10 All

75

80

85 Spelling

1
0

0
 -

 R
M

S
E

, 
%

Linear Regression Neural Networks
  

Figure 15. Comparison of the accuracy of the linear regression and ANN models. 

The EOLE database [16] has the advantage of being tested with children of the five 

primary grades in France. Each word in the database included the average spelling suc-

cess-rate for each of the five grades. The result of the forward stepwise analysis for each 

grade is presented in Table 7. These results showed that the number of phoneme–graph-

eme irregularities (countregTo_PG) was the most important variable for all five grades. 

The next important variable was word frequency. However, word frequency was less im-

portant in the first grade, but it became more important considering the standardized 

Figure 15. Comparison of the accuracy of the linear regression and ANN models.

The EOLE database [16] has the advantage of being tested with children of the five
primary grades in France. Each word in the database included the average spelling success-
rate for each of the five grades. The result of the forward stepwise analysis for each grade
is presented in Table 7. These results showed that the number of phoneme–grapheme
irregularities (countregTo_PG) was the most important variable for all five grades. The next
important variable was word frequency. However, word frequency was less important in
the first grade, but it became more important considering the standardized coefficients in
the grade-by-grade analysis. On the other hand, it was noticed that voisorth variable repre-
senting the number of orthographic neighbors, was initially important but this decreased
with each grade. The minimum consistency of phoneme-grapheme associations was a
stable variable across the five grades. However, the importance of the average trigram
frequency in the word (TrigrFreqTo) increased by each grade. Lastly, final phoneme–
grapheme consistency was a stable predictor of spelling success in the French language but
its importance marginally decreased by each grade.

Table 7. Grade-based forward stepwise linear regression for the spelling task.

Step
Grade 1 Grade 2 Grade 3 Grade 4 Grade 5

Added Variable β Added Variable β
Added

Variable β
Added

Variable β
Added

Variable β

1 countregTo_PG −0.14 countregTo_PG −0.29 countregTo_PG −0.33 countregTo_PG −0.34 countregTo_PG −0.31

2 voisorth 0.13 Frequency 0.16 Frequency 0.22 Frequency 0.25 Frequency 0.27

3 minfreqgraph_PG 0.24 voisorth 0.13 minfreqgraph_PG 0.28 TrigrFreqTo 0.12 TrigrFreqTo 0.14

4 Freq_F_PG −0.17 minfreqgraph_PG 0.27 Freq_F_PG −0.15 minfreqgraph_PG 0.25 minfreqgraph_PG 0.24

5 posregTo_PG −0.13 Freq_F_PG −0.16 TrigrFreqTo 0.12 Freq_F_PG −0.14 Freq_F_PG −0.12

6 Freq_GP 0.10 TrigrFreqTo 0.10 voisorth 0.09 voisorth 0.07 nbmorph 0.09

7 complexmoygraph −0.09 posregTo_PG −0.14 nbmorph 0.09 nbmorph 0.08 nbhomogr 0.07

8 Frequency 0.08 complexmoygraph −0.09 SylphonFreqTy −0.09 SylphonFreqTy −0.08 posregTy_PG 0.10

9 FreqTok_PG 0.11 Freq_GP 0.09 countregTy_GP −0.08 posregTy_PG 0.09 SylphonFreqTy −0.08

10 nblettres −0.08 posregTy_PG 0.09 posregTy_PG 0.08 nbhomogr 0.06 countregTy_GP −0.05
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4.6. Regression Model for Word-Naming

For the word-naming task, only 1481 words were available in the database. Hence,
the ANN model could not produce accurate results. For this reason, only forward step-
wise linear regression was carried out for which the results are presented in Table 8.
The most important variable was the number of letters. The consistency of the initial
grapheme–phoneme association was the next important variable. The third variable was
the frequency. The three next variables were related to the initial grapheme-phoneme and
phoneme-grapheme associations. It should be noted that this task was performed with
only monosyllabic, monomorphemic words for which the results may not be generalizable
to all words. The results from the 10-fold cross validation produced the average error rates
of 16.14% for RMSE (SD = 1.07) and 13.02% MAE (SD = 0.78). Furthermore, the 10-fold
cross-validation of the linear regression, including all the 55 lexical variables, yielded
the root mean square error (RMSE) = 16.09% (SD = 0.94) and the mean absolute error
(MAE) = 12.83% (SD = 0.81).

Table 8. Forward stepwise analysis of the word-naming task.

Linear Regression

Step Added Variable β R2 RMSE % MAE %

1 nblettres 0.72 0.055 17.315 14.30

2 Freq_I_Tok_GP −0.24 0.094 16.955 13.80

3 Frequency −0.16 0.112 16.795 13.68

4 Freq_I_GP −0.30 0.124 16.684 13.47

5 Freq_I_PG −0.13 0.148 16.458 13.22

6 Freq_I_Tok_PG −0.08 0.167 16.282 13.08

7 nbhomogr −0.08 0.174 16.224 13.08

8 Freq_PG 0.10 0.180 16.170 13.06

9 PhonFreqTo −0.07 0.187 16.103 12.97

10 posregTy_PG 0.08 0.194 16.041 12.94

5. Discussion

The results of this study showed that the word frequency remained among the most
influential variables in predicting the outcome of lexical tasks. This is in line with the results
of other studies [45,46]. However, the results also showed that the prediction of lexical diffi-
culty depended on the type of the task and each task was affected by a different set of lexical
and sub-lexical variables. The spelling task depended heavily on phoneme-grapheme irreg-
ularity and consistency variables. The number of irregular phoneme-grapheme associations
and the minimum consistency value of phoneme–grapheme associations in the word are
the most important variables in the prediction of spelling. In addition, the final phoneme-
grapheme consistency value played a more prominent role than the initial and middle
grapheme-phoneme associations. This may be due to the specific characteristic of the
French language that has highly inconsistent final phoneme–grapheme associations.

The reaction times from the auditory lexical decision relied heavily on the number
of phonemes which is a measure of the word length. This was caused by the nature of
the task, as explained by the authors of the MEGALEX database [15]. The users could
respond as soon as the sound of the word started playing. Since users often waited until the
end of the word’s pronunciation, the words with more phonemes caused longer reaction
time. Apart from the word length effect, the number of homophones is an important
variable in predicting auditory lexical decision. Homophones are words that have the
same pronunciations but different meanings. In an auditory lexical decision task, a high
number of homophones reduced the reaction time in recognizing that the word is not
a pseudoword. The auditory lexical decision is a good representative of auditory word
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recognition. However, deciding whether the word is real or pseudoword is not the ultimate
level of word recognition. Contrary to the results, high homophones, in theory, should
slow down the user in the extraction of the meaning. The same applies to the number of
homographs and visual lexical decision. Homographs are words with the same spelling
but with different meanings. The results of this study showed that a higher number of
homographs facilitates the visual lexical decision. However, this may be the opposite in
normal reading in which a high number of homographs may induce confusion and slow
down the reader.

Apart from frequency and number of homographs, the phonological unicity point
(puphon) is another variable with an important facilitatory effect on the visual lexical
decision. This variable calculates the number of phonemes required (since the beginning of
its pronunciation) for its recognition as a unique word. It was not expected for this variable
to appear among the most important variables for predicting visual lexical decision. After
examining the manual of the Lexique 3 database [13,47], it was noticed that the phonological
and orthographic unicity points were only generated for lemmas (canonical form of a word).
The words that were not lemma had zero for their unicity points. This means that the
puphon and puorth variables at times conveyed the unicity points, but they also conveyed
whether the word was a lemma or not. This additional information could explain this effect.
However, the orthographic unicity point also conveyed the information about lemmas
but the results showed its limited importance. For further interpretation of these results,
the Lexique 3 database was investigated, and it was revealed that the orthographic unicity
point contained almost double zeros (90879) compared to the zero values in the variable
representing the phonological unicity point (48784). This additional information contained
in the puphon variable made it a more important variable for the analysis.

The key variables for the for estimating the reaction time of the word-naming task are:
the letter number, word frequency, initial grapheme-phoneme, and phoneme-grapheme
consistency and the number of homographs. The Chronolex database [17] only contained
monosyllabic and monomorphemic words. For future studies, it is necessary to investigate
whether the initial grapheme–phoneme association consistencies keep their importance in
naming multisyllabic words. The importance of the number of letters in the word-naming
task could be due to the extra time required to finish articulating longer words.

The Lexique-Infra database [14] used as the source of sub-lexical variables is a compre-
hensive database containing around 140,000 words. However, more variables could be in-
cluded to increase the accuracy of the lexical difficulty models. Particularly, as the minimum
consistency variables were important in predicting spelling success, minimum grapheme–
phoneme frequency variables should have been useful for predicting the spelling task.
A grapheme-phoneme relationship may be completely consistent but very rare. In this case,
minimum frequency variables convey more important information than the consistency
variables. The number of graphemes is another missing variable. Current results showed
that the number of syllables is an important variable representing the word-length for the
lexical decision tasks, while the number of letters is more important for the spelling and
word-naming task. However, this result was obtained without considering the number
of graphemes.

The linear regression and ANN models had approximately similar accuracy, but ANN
models marginally outperformed linear regression models. However, the results of these
models showed that the advantage of ANN was dependent on the size of the training set.
Figure 16 shows the accuracy difference between ANN and linear regression models in
terms of the training size. The relationship shows that more datasets are necessary to obtain
better performance of the ANN models.
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After estimating the word difficulties, the next big challenge is to estimate the user’s
ability level. The spelling difficulty model in this study was grade-based. Therefore, the
difficulty of the session could be set by the grade level of the learner, but the process is
less accurate for other tasks. One solution is to use a coefficient for each grade and allow
greater difficulty for higher grades. It should be noted that the difference between the
grades becomes smaller as they progress. The data of the spelling task showed this fading
difference. The average spelling success rate of the first graders was 17.87%, while the
second graders were 13.68% higher than the first graders. The differences between the
following grades were 13.21%, 10.28%, and 8.56%. However, the generalization of this
trend to other reading tasks requires further investigations.

The intelligent model reported in this study brings a new contribution to the develop-
ment of instructional programs. Moreover, there is no similar approaches reported in the
previous research for the technology-based reading instruction. Hence, the evaluation of
this model in comparison with similar models was not possible.

6. Conclusions and Research Perspectives

This paper presents a model for intelligent technology-based reading and spelling
tasks. An optimization model is proposed to provide optimal instructional content for
the learners with considering specific difficulty levels of the contents. The meta-heuristic
approach of genetic algorithm was developed to solve the optimization problem, and
the most optimal setup for the genetic algorithm was analyzed. To obtain accurate so-
lutions, the parameters of the optimization model should be set with precision. Notably,
the difficulty level of the instructional materials should be accurately estimated. In this
paper, the lexical difficulty models of four lexical tasks were developed based on linear
regression and artificial neural networks. The databases from lexical mega-studies were
combined with lexical and sub-lexical databases. This resulted in 55 lexical and sub-lexical
variables and 15,842 words for auditory word recognition, 25,776 words for visual word
recognition, 1481 words for word naming, and 11,373 words for spelling task.

For building lexical difficulty models, each task was analyzed with 55 lexical and
sub-lexical variables. In order to identify the most important set of variables, the forward
stepwise analysis was carried out for both the artificial neural networks and linear regres-
sions. The top 10 variables for each of the lexical tasks were identified when comparing the
accuracies of the models. The neural network models performed marginally better than
the linear regression models. The auditory word recognition task reached 88.13% accuracy
calculated by the 10-fold cross validation based on the root mean square error (RMSE).



Computers 2023, 12, 56 26 of 28

The accuracy was 89.79% for visual word recognition, 80.53% for spelling task, and 83.86%
for word-naming task.

The spelling models showed that variables, such as the number of irregular phoneme–
grapheme associations, word frequency, and minimum phoneme–grapheme associations,
are important in predicting spelling success. The auditory lexical decision task depended
highly on the number of phonemes, homophones, and word frequency. For the visual
lexical decision task, word frequency, number of homographs, and syllables are among the
most important variables. Finally, for the word naming of monosyllabic, monomorphemic
words, the number of letters, word frequency, and initial grapheme–phoneme consistency
are important variables.

The research presented in this paper presents a contribution to the development
of intelligent technology-based reading and spelling instruction. However, in order to
differentiate the types of learning, such as skill and knowledge acquisition, the reported
optimization model needs more elaboration to include additional instructional constraints.
Additional lexical and sub-lexical variables could be also included in the creation of lexical
difficulty models. Finally, the lexical difficulty models could be used as a stepping-stone
for the creation of sentence difficulty models.
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