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Abstract

In Arabic, a predominantly consonantal script that features a high incidence of lexical ambi-
guity (heterophonic homographs), glyph-like marks called diacritics supply vowel informa-
tion that clarifies how each consonant should be pronounced, and thereby disambiguate the
pronunciation of consonantal strings. Diacritics are typically omitted from print except in situ-
ations where a particular homograph is not sufficiently disambiguated by the surrounding
context. In three experiments we investigated whether the presence of disambiguating dia-
critics on target homographs modulates word frequency, length, and predictability effects
during reading. In all experiments, the subordinate representation of the target homographs
was instantiated by the diacritics (in the diacritized conditions), and by the context subse-
quent to the target homographs. The results replicated the effects of word frequency (Exper-
iment 1), word length (Experiment 2), and predictability (Experiment 3). However, there was
no evidence that diacritics-based disambiguation modulated these effects in the current
study. Rather, diacritized targets in all experiments attracted longer first pass and later (go
past and/or total fixation count) processing. These costs are suggested to be a manifesta-
tion of the subordinate bias effect. Furthermore, in all experiments, the diacritics-based dis-
ambiguation facilitated later sentence processing, relative to when the diacritics were
absent. The reported findings expand existing knowledge about processing of diacritics,
their contribution towards lexical ambiguity resolution, and sentence processing.

Introduction

Arabic is a particularly interesting language for investigating how resolution of lexical ambigu-
ity occurs, and how it influences reading behavior. This is because Arabic features a predomi-
nantly consonantal script, where each consonantal string can have multiple pronunciations,
and meanings associated with these pronunciations (heterophonic homographs). As will be
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explained in more detail below, resolving lexical ambiguity associated with such words can be
achieved by adding diacritics that convey vowel sound information, thus fully specifying the
phonological and semantic representations of these words (e.g., the undiacritized letter string
18 /qdr/ which can be diacritized and pronounced as ;5.8 /q*d*r"/; )59 /q*d*r""/; )58 /q°d-
43/ 158 /q'dr™/, etc., with each pronunciation associated with a different meaning, see
details below). In the absence of diacritics in everyday print, Arabic readers regularly rely upon
context to disambiguate such words. We report three experiments that investigated diacritics-
based lexical ambiguity resolution in different types of Arabic words, namely, words of high-
and low-frequency (Experiment 1), short and long words (Experiment 2), and low-predictabil-
ity words (Experiment 3, given that high-predictability words would not require such
disambiguation).

Word frequency, length, and predictability: The big three

Word frequency, length and predictability effects on eye movements, whereby high-frequency,
short, or predictable words are read faster compared to low-frequency, longer, or unpredict-
able words, are considered benchmark findings in the reading literature, hence they are some-
times referred to as the “ big three’ [1, 2] (see [3, 4] for reviews). Numerous investigations have
reported and replicated word frequency effects such that words that occur more frequently in
a language attract shorter and fewer fixations and result in more skipping, compared to words
that occur less frequently in the language (see, e.g., [5-7]). Likewise, Hermena and colleagues
[8] reported that in Arabic, compared to low-frequency words, high-frequency words received
a significantly shorter first pass reading time and also attracted significantly fewer first-pass
fixations and a shorter go-past time (i.e., the sum of all fixation durations made from entering
the target word region until exiting this region forward, including (re)fixations on preceding
regions). Word frequency effects are typically explained as a function of repeated exposure to a
word that results in increasing the speed with which the representation of this word is accessed
and activated. Similarly, numerous investigations documented that words that contain more
letters are skipped less often, attract longer fixation durations, and more fixations and re-fixa-
tions (see e.g., [9-15]). These findings of word length effects were also recently replicated in
Arabic [16, 17]. Additionally, the findings reported in Arabic [16] further supported the idea
that the number of letters a word contains modulates fixation durations, or the decision of
when to move the eyes; whereas word skipping and other measures of where to move the eyes
are influenced mainly by the word’s spatial extent, or the amount of horizontal space the word
occupies (see also [18, 19]). The spatial extents of Arabic words vary, even for words that con-
tain the same number of letters, because proportional fonts are typically used in Arabic print
whereby letter sizes are allowed to vary.

Whereas word frequency and length are word-level variables, word predictability is a vari-
able that reflects the degree to which a particular word is expected from the context that pre-
cedes it. A great deal of evidence shows that the predictability of a word affects eye movement
behavior on that word with contextually predictable words (e.g., cake in: The baker rushed the
wedding cake to the ceremony) yielding shorter fixation durations and more skipping com-
pared to less predictable words that are equally semantically plausible (e.g., pies in: The baker
rushed the wedding pies to the ceremony; see [10, 13, 20-27]). As yet, no published studies have
documented word predictability effects in Arabic.

Lexical ambiguity resolution: The case of Arabic

The omission of the vowel sounds from print in Arabic, as is the case also in Hebrew, is a fea-
ture of these Semitic languages [28]. Vowels are added in the form of diacritics to each letter,
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thus indicating how each consonantal letter string should be pronounced. For example, the let-
ter string > 9 /qdr/ can be pronounced as 5.9 /q*d*r"/ ([he] was able to, verb, past tense, mas-
culine); ;5.9 /q*d*r™"/ (fate or destiny, noun, masculine); ;> 9 1*d*r*/ ([he] estimated or
destined, verb, past tense, masculine); ;5.9 / qidrun/ (pot or vessel, noun, masculine), etc.
depending on the diacritization pattern the word is given. As these diacritics are typically
removed from print, with the exception of educational materials for children up to 8-9 years
of age, and some religious and literature texts [29, 30], the incidence of lexical ambiguity is
high in Arabic, with one in every three words in normal text being an ambiguous heterophonic
homograph, as in the example above [31]. Readers of Arabic become very apt in relying on
context to disambiguate such homographs and to perform complete and accurate sentence
comprehension [29-31]. It is also an established practice in Arabic print that diacritics may be
added to a word in a sentence where the surrounding context does not sufficiently disambigu-
ate the homograph, and thus diacritics can be added to such words in order to ‘locally’ remove
the ambiguity on the otherwise ambiguous word itself. Arabic thus provides an ideal environ-
ment to investigate local (word-based) and context-based lexical disambiguation during text
reading.

The lexically ambiguous heterophonic homographs in Arabic, as in the example above, are
mostly biased, that is, have one dominant representation (phonological and associated seman-
tic value). In the above example ;53§ /q"d’r""/ fate (noun, masculine) is the dominant repre-
sentation as it is more frequently encountered than other representations, whereas ;5.9
/q'dr"™/ (pot or vessel, noun, masculine) can be thought of as the subordinate representation.
Thus, the dominant and subordinate representations of the base orthographic form ;5.9 /qdr/
are lexically different entries in terms of their phonological and semantic representations.
Importantly, the presence of diacritics alters the orthographic representation of the word, thus
instantiating a different word. In the absence of comprehensive databases that provides fre-
quency counts for all diacritized versions of Arabic homographs, we are making the assump-
tion that subordinate representations, instantiated by the diacritics, would actually be words of
lower frequency than the dominant representations that readers would adopt when they
encounter the undiacritized homographs. We are basing this assumption on the lower fre-
quency with which these subordinate representations were produced during the norming pro-
cedure (see details below, see also [32] for further discussion). The fact that the diacritics-
based disambiguation process instantiates a different word can be contrasted with homogra-
phy in English and other languages, where such ambiguous words diverge only in their seman-
tic representations, while sharing identical orthographic and phonological representations
(e.g., port: a waterfront facility, as the dominant meaning, or a type of wine, as the subordinate
meaning). The frequency difference between the dominant and subordinate representations is
in the frequency one meaning or the other is instantiated by the same lexical entry, port [33].

Previous findings suggest that following a non-constraining context (i.e., a context that
does not favor one particular meaning of the homograph over another), such biased homo-
graphs attract shorter fixation durations, relative to homographs that have two equally likely
meanings, known as balanced homographs [34-37]. This is typically attributed to the costly
competition between the equally likely word representations of the balanced homographs,
whereas with biased homographs, the dominant analysis is accessed first with little competi-
tion from the subordinate representation(s).

Recent evidence showed that when reading a sentence that contains a biased homograph
preceded by non-constraining context, Arabic readers adopt the dominant representation of
that homograph, and later context would then serve to either confirm or to challenge the read-
ers” analysis. If subsequent context instantiates the subordinate representation of the homo-
graph, and not the dominant representation adopted by the readers, disruption to processing
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is to be expected. Indeed, a recent investigation [38] found that in the absence of disambiguat-
ing context and diacritics, the readers adopted the dominant active voice representation of
homographic Arabic verbs and significant disruption to processing occurred when subsequent
context instantiated the subordinate, passive voice, representation of these verbs. Specifically,
fixation durations (first pass and later re-reading measures) were inflated at the disambiguat-
ing region (after the target word) that instantiated the subordinate (passive voice) representa-
tion, and at the end of the sentence region, where readers typically perform final integration
and synthesis processes (see e.g., [39]). These findings replicated what was reported in other
languages, where readers experienced similar disruption to processing as they attempted to
correct the inaccurate homograph representation they adopted, and sentence representation
they constructed [34, 36, 37, 40-43].

The effect that the presence of diacritics has on reading performance has been studied in
previous research. Some very informative investigations showed that readers depend heavily
on the sentence and text context when reading undiacritized Arabic in reading aloud [29-31,
44]. Unsurprisingly, these studies showed that readers’ accuracy improved when diacritics
were present. However, due to using off-line methodology (e.g., reporting accuracy rates), the
nature of moment-to-moment processing of diacritics and diacritized words could not be
inferred from these studies. Using on-line methods such as eye tracking, studies were equivo-
cal with regards to the effect of homograph diacritization in sentence reading. In one study,
there was little (and non-significant) difference between fixation durations on ambiguous
verbs as a function of the presence or absence of the diacritics that disambiguated these verbs
as passive [38]. On the other hand, using the boundary paradigm [45], where researchers
manipulate what information is available to the readers about the upcoming word, that is, par-
afoveally, interesting findings were obtained regarding the effects of the diacritics being pres-
ent on upcoming words. Typically, in boundary paradigm investigations, the presence of the
target itself in the parafovea, known as ‘identity preview,’ results in processing facilitation
(reduced fixation durations on the target) compared to when inaccurate or incomplete infor-
mation about the target is presented parafoveally [3, 4]. In the case of Arabic, the presence of
diacritics on an ambiguous target word located in the parafovea (i.e., typically the word follow-
ing the fixated word), appeared to act as an early warning that the pronunciation of the
upcoming diacritized word is likely to conform to the subordinate version [32]. Identity pre-
views of the diacritics on the target word resulted in the typical preview benefit (reduced gaze
duration) only for diacritics that instantiated the subordinate representation of the homo-
graph, and not when the diacritics instantiated the dominant analysis. As such, whether the
presence of disambiguating diacritics results in processing benefit may be contingent on
whether the diacritization pattern instantiated the dominant or the subordinate representation
of the target word: If the diacritics instantiate the latter, processing benefit (reduced first pass
fixation durations) may be expected. Developing certain expectations about the information to
be supplied by the diacritics is perhaps further evidence that readers’ experience with the lan-
guage needs to be accommodated in lexical ambiguity resolution models (see e.g., [46]). Specif-
ically, readers extract the statistical regularities about the co-occurrence of diacritics and the
instantiation of the subordinate representation of homographs (almost all the time), and this
appears to influence their eye movements during reading.

The current experiments

In the current set of experiments, we aimed to expand what we know about the processing of
Arabic diacritics. Specifically, we investigate whether adding diacritics to resolve lexical ambi-
guity, locally on the ambiguous word itself, would have similar or different effects on high-
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and low-frequency words, and on longer and shorter words, that is, if this mode of disambigu-
ation would modulate these effects (Experiments 1 and 2). Additionally, we investigate
whether the presence of disambiguating diacritics would facilitate the processing of words of
low contextual predictability (Experiment 3).

In the reported experiments, biased ambiguous homographic Arabic words were embedded
in sentences such that the context preceding these words did not disambiguate them, and sub-
sequent context always instantiated the subordinate representation of these words. The words
were presented either undiacritized, or carrying the diacritics that also always instantiated the
subordinate representation.

Experiments 1 and 2: Word frequency and word length and diacritics-
based disambiguation

The experiments reported here aim to answer two questions. The first one is: How does dia-
critics-based disambiguation affect the processing of high- and low-frequency words, and
short and long words? There are potentially multiple plausible scenarios to consider. To begin
with, and on a simplistic level, it is possible that the presence of disambiguating diacritics will
eliminate any competition between the different representations of the target homographs and
thus facilitate processing of these target words. Although attractive, this scenario is not a likely
one. Recall that evidence suggests that when processing biased homographs, such as the ones
used as targets, readers access the dominant representation of this homograph with almost no
competition from the other subordinate representations [34, 36]. If the diacritics-based disam-
biguation does indeed result in facilitation of processing the diacritized word, a more likely
mechanism for this facilitation might proceed along the following lines. Readers would ‘spot’
the diacritics parafoveally, before fixating the target word, and this would cue the lexical pro-
cessing system that, most likely, the subordinate meaning is being instantiated in the upcom-
ing word, and thus the dominant representation is to be dismissed or suppressed. This may
result in a head start in activating the subordinate representation of the homograph. Once the
readers fixate the diacritized target, the subordinate analysis would be confirmed, in what we
will refer to as the ‘spot-activate-verify’ mechanism. This may result in faster processing of the
diacritized target words, and smoother progress in sentence reading. Importantly, if such ben-
efit is obtained, it would indicate that the presence of the diacritics has successfully guided the
readers towards a different lexical entry (the subordinate representation) from the entry the
readers would access in the absence of diacritics (the dominant representation).

However, as mentioned above, it is rather unlikely that even if this mechanism of spotting
the diacritics before fixating the word leads to facilitation, this facilitation would make process-
ing the diacritized words (instantiating the subordinate representation) faster than processing
the undiacritized words (the dominant representation is rapidly activated and assumed by the
readers). Yet, it is hard to rule out this scenario completely given the available evidence that
the presence of diacritics in the parafovea that instantiate the subordinate representation of
homographs results in facilitation on the diacritized word itself [32], as well as the reported
improved performance associated with the presence of diacritics in the text in other off-line
investigations (see above).

An arguably more plausible scenario is informed by the classic findings of lexical ambiguity
resolution research. Numerous studies reported significant processing costs when prior con-
text disambiguates a biased homograph instantiating the subordinate analysis of this homo-
graph. This has been referred to as the subordinate bias effect [34, 35, 40, 42, 47-49]. This
effect is typically explained as the processing costs of having to suppress the dominant analysis
of the homograph that is more readily accessible, in favor of the less-frequent, subordinate
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analysis [34, 35, 50]. Would the presence of diacritics that instantiate the subordinate analysis
result in processing costs akin to the subordinate bias effect, given that readers would have to
suppress the easily accessible dominant analysis of the homograph in favor of the subordinate
analysis? If so, this would be an interesting instance of the subordinate bias effect and would
suggest that this effect can be observed when the subordinate analysis of a homograph is
instantiated on the homograph itself—the diacritized Arabic homograph, and not only

when this subordinate analysis is instantiated by prior context. Note that Rayner et al. [42]
were able to obtain a reliable subordinate bias effect when the word immediately before the
ambiguous target (a modifier) instantiated the subordinate analysis of this target (e.g., the
modifier statistical table vs. kitchen table). The use of diacritics in Arabic allows us to disambig-
uate the target word without any indications towards the subordinate meaning in the preced-
ing context.

The second question these experiments aimed to investigate is would any facilitation, or
costs, resulting from the presence of the diacritics affect high- and low-frequency words differ-
ently, such that an interaction between these variables would be observed? And the same ques-
tion applies to the variables of word length (short, long) and diacritization (diacritized,
undiacritized). As far as we know, if diacritics provide an early, parafoveal, phono-semantic
cue to activate a particular pronunciation and meaning of the upcoming diacritized word,
there are currently no theoretical frameworks that would predict that this particular process
should affect high- or low-frequency words, or long and short words differently. The nature of
this question, and the analyses of possible interactions between the variables of word frequency
and length, and the presence of diacritics, are thus largely exploratory. With the diacritics
available parafoveally, there are potentially two possibilities, with the diacritics acting as a pre-
target cue to activate the subordinate representations and suppress the dominant ones: (a)
Most likely, the diacritics on the upcoming word activate the subordinate phonological repre-
sentation, and this leads to activation of the subordinate semantic representation (as in, e.g.,
the phonology-to-semantics route in the Dual Route Model [51]). Alternatively, (b) The
diacritics activate the subordinate semantic representation of the upcoming homograph, and
this would in turn activate its subordinate phonological representation (i.e., a semantics-to-
phonology feedback route as in, e.g., the Triangle Model [52, also 51]). In either case, none
of these models make explicit predictions regarding phono-semantic disambiguation that
would differentially affect one type of words or another, particularly if the phono-semantic
representations being instantiated are considerably less common (subordinate) than the word
forms. It is more likely that if the presence of the disambiguating diacritics results in any facili-
tation or costs, these effects would be observable to a similar degree on high- and low-fre-
quency words (Exp. 1), and on short and long words (Exp. 2). In the absence of definitive
empirical evidence, however, exploring and documenting whether or not diacritics-based dis-
ambiguation modulates the effects of word frequency and length is one of the aims of this
investigation.

Finally, and with regards to the effect of the presence of diacritics on sentence processing,
in line with previous findings [38] readers’ eye movements at the end of sentence region, and
particularly the re-reading of previous sections which originates from that region (go past
measure) will also be examined and be used as an index of later integrative processes (see also
[39]). If readers benefit from the presence of the disambiguating diacritics on the target, it is
plausible to expect that as the rest of the sentence confirms the subordinate analysis of the tar-
get, there should be no disruption to processing. By contrast, if in the absence of diacritics
readers do adopt the dominant representation of the homographic target, the subsequent sen-
tence context will challenge this analysis and later integrative processes should reflect a degree
of disruption.
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Method

Participants. The same set of participants took part in the eye tracking procedure in
Experiments 1 and 2. The participants were forty-four native Arabic speakers (22 women;
mean age = 31.0 years, SD = 6.2, range = 19-50) who participated in the eye tracking proce-
dure after giving written informed consent.

In all three experiments, all participants had normal or corrected-to-normal vision. They
were all recruited from the University of Southampton student population, and through the
Arabic and Lebanese Society in Southampton, UK. The participants were compensated £15
each for participation.

Participants for stimuli norming. A total of thirty-six additional native Arabic speaking par-
ticipants that did not take part in the eye tracking procedure were recruited (on-line) to per-
form the on-line norming tasks to prepare the stimuli used in all three experiments. These
participants were from a number of Arab countries (incl. Algeria, Tunisia, and Jordan) and
they were compensated £5 for their participation.

Stimuli. Experiment 1: Word frequency x diacritization stimuli. Twenty-eight pairs of
high- and low-frequency words were selected from the Aralex corpus [53] as target words.
High-frequency words had an average of 175 counts per million (CPM) in Aralex (SD = 7.5,
range = 58.2-558.9), whereas the low-frequency words had an average of 3 CPM (SD = 129,
range = 0.03-17.8). The difference of average log-transformed word frequency between the
two groups was statistically significant #(54) = 7.0, p < .05. The high- and low-frequency word
sets were matched on word length (for both sets, mean = 4.8 characters, SD = 2.9, range = 3-7).
We used a proportional font (Traditional Arabic) where the natural size of Arabic letters vary
in spatial extent (the horizontal space they occupy), which can result in words containing the
same number of letters occupying different spatial extents [16]. To control for this potential
confound, we used the same procedure described in previous studies [8, 16, 32] whereby we
matched the high- and low-frequency word pairs of the same number of letters on spatial
extent. Matching word pairs on spatial extent was achieved through extending letter ligatures
when necessary by one or two pixels so that both words in a stimulus set would have the spatial
extent of the largest one (see full details of this method in [16]). The target word pairs were
also matched on average age of acquisition (see stimuli norming procedure below, mean ;g
frequency = 9.1 years, SD = 1.0, range = 7-10.6; mean joy-frequency = 9-0 years, SD = 1,
range = 7.0-10.8; #(54) < 1). The high- and low-frequency words were used either undiacri-
tized or with the diacritics that instantiated the subordinate pronunciation. It is important to
note that the undiacritized and diacritized words (in both frequency conditions) would instan-
tiate the same pronunciation once placed in a sentence.

To make the use of diacritics on the target words ecologically valid, all target words, in all
three experiments were: (a) heterophonic-homographs, that is ambiguous words the exact pro-
nunciation of which requires sentence context or diacritics to access a full and accurate
phono-semantic representation [38], (b) the sentence context preceding these homographs
did not disambiguate them, and (c) as will be detailed below, the correct pronunciation of the
selected target words corresponded to one of the subordinate pronunciations possible for the
letter string [32, p.2023).

The undiacritized high- and low-frequency target word pairs were embedded in frame sen-
tences that were identical up to the target word, with the pre-target context being non-con-
straining. Following the target word, the sentence context was allowed to vary to suit the
meaning of the high- or low-frequency target word. Diacritics were added to the high- and
low-frequency target word pairs in the same sentence frames to create the diacritized condi-
tions. Thus, the diacritized and undiacritized high-frequency targets appeared in completely
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HF: It is natural that the participant in the theatrical play would learn his lines well.

the intersection in high-speed roads would be visible.

Fig 1. A sample stimuli set for Experiment 1. The target words are underlined in the Arabic frame sentences and the English translation. HF and LF are high- and
low frequency target words conditions, respectively, and HFD and LFD are diacritized high- and low frequency target words conditions, respectively.

https://doi.org/10.1371/journal.pone.0259987.9001

identical sentences, and the same applied to low-frequency words. The frame sentences con-
tained on average 11 words (~ 63 characters, including spaces). The target word was always
placed near the middle of the sentence. A sample stimuli set of the frequency x diacritization
manipulation is provided in Fig 1.

Experiment 2: Word length x diacritization stimuli. Twenty-eight pairs of short (4-letter)
and long (6-letter) words were used as target words. As in previous investigations of word
length effects in Arabic and other languages (see above), the longer, 6-letter, words occupied
wider spatial extent on the screen relative to the shorter 4-letter words (mean difference in
spatial extent = 13.3 pixels, SD = 6.6, range = 4-26). The short and long words were matched
on orthographic frequency (Aralex mean CPM g0t words = 30.8, SD = 45.5; and mean CPM
long words = 26.4, SD = 0.83; #(54) < 1). Similarly, the two sets of words were also matched on
age of acquisition (mean g words = 9.7 years, SD = 0.9, range = 7.8-11.0; and mean long words
=9.3 years, SD = 0.8, range = 7.6-11.0; £(54) = 1.7, p = 0.10). The short and long words were
either undiacritized or with the diacritics that instantiated the subordinate pronunciation. For
this experiment as well, the undiacritized and diacritized words (in both the short and long
conditions) would instantiate the same pronunciation once placed in a sentence.

The undiacritized short and long target word pairs were embedded in frame sentences that
were identical up to the target word, with the pre-target context being non-constraining. Fol-
lowing the target word, the sentence context was allowed to vary to suit the meaning of the
short or long target word. Diacritics were added to the short and long target word pairs, and
the diacritized words appeared in the same frame sentences that encompassed the undiacri-
tized pairs. Thus, the diacritized and undiacritized short target words appeared in completely
identical sentences, and the same applied to the long words. The frame sentences contain on
average 10 words (~ 59 characters, including spaces). The target word was always placed near
the middle of the sentence. A sample stimuli set of the length x diacritization manipulation is
provided in Fig 2.

Norming procedure. For all stimuli of the three experiments, the following were the steps
in which the norming was conducted. The first step was to establish the subordinate and
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LD

SD
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e s sl Jed Lite e s Al calia
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L: The vehicle arrived and on board was an Italian receptionist for the tourists at the airport.

S:......

on board was the bride’s furniture and it was pretty.

Fig 2. A sample stimuli set for Experiment 2. The target words are underlined in the Arabic frame sentences and the English translation. L and S are long (6
letter) and short (4 letter) target words conditions, respectively, and LD and SD are diacritized long and short target words conditions, respectively.

https://doi.org/10.1371/journal.pone.0259987.9002

dominant pronunciations of the potential target words. To this end, the participants who took
part in the norming study were given a set of 256 undiacritized homographic words, and were
asked to put each word in a complete and meaningful sentence. Only grammatically sound
sentences were used to establish the pronunciation dominance of the ambiguous target words.
A pronunciation of a particular word was deemed subordinate if it was instantiated < 40% of
the time in the produced sentences and an alternative pronunciation was produced more fre-
quently. If more than one subordinate pronunciation was given by the participants, the one
that was given least times was chosen to be used in the subsequent stages of norming. Only
subordinate pronunciations were used in the subsequent norming stages. The participants
were naive as to the ultimate purpose of this activity.

The following stages aimed at establishing that these words are still in use and are known to
typical Arabic readers (given that all the words conformed to the subordinate pronunciations).
To this end, the participants were asked to indicate the correct definition of each word in a
multiple-choice task (one of the options available was “I do not know this word”). The words
used in the subsequent stages of norming were all known to the participants.

The following step was to establish the age of acquisition of the remaining words on the list.
The participants supplied the estimates summarized above concerning the age they thought
they acquired each word.

Design. A 2 word frequency (high, low) x 2 diacritization (diacritized, undiacritized)
design was adopted in Experiment 1, with frequency and diacritization being the within-sub-
ject independent variables. The stimuli were counterbalanced using a Latin square and pre-
sented in pseudorandom order. Thus, participants saw each target only once, with equal
number of high- and low-frequency words, diacritized and undiacritized in the testing session
(i.e., 14 items per condition). The same 2 x 2 design, and counterbalancing and randomization
procedures were adopted in Experiment 2, with word length (short, long) and diacritization
(diacritized, undiacritized) being the two within-subject independent variables (also 14 items
per condition).
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Apparatus. The apparatus was identical for all three experiments. An SR Research Eyelink
1000 eye tracker was used to record participants’ eye movements during reading. Viewing was
binocular, but eye movements were recorded from the right eye only. The eye tracker sampling
rate was set at 1000 Hz. The eye tracker was interfaced with a Dell Precision 390 computer and
with a 20-inch ViewSonic Professional Series P227f cathode ray tube (CRT) monitor (resolu-
tion 1024 x 768 pixels). A headrest was used to minimize participants’ head movements. The
sentence text was displayed in black (Traditional Arabic font size 18, equivalent to the size of
English print in Times New Roman font size 14) on a light grey background. Each sentence fit-
ted in a single line. The display was 73 cm from the participants, and at this distance, on aver-
age, 2.3 characters equaled 1° of visual angle. The participants used a VPixx RESPONSEPixx
VP-BB-1 button box to enter their responses to comprehension questions and to terminate tri-
als after reading the sentences.

Procedure. The study was approved by the University of Southampton Ethics Committee.
Data for both experiments were collected in the same session, with the sentences for each
experiment acting as filler items for the other. The items of a third unrelated experiment were
also presented to the participants in the same session, and acted as additional filler items. The
experimental task was explained to the participants upon arrival at the lab and consenting par-
ticipants began by taking part in Arabic reading proficiency screening tasks. These tasks con-
sisted of reading aloud a printed paragraph (82 words), extracted from an Arabic newspaper,
and also reading sentences aloud from the computer monitor. Only participants with 100%
reading aloud accuracy rate were allowed to proceed to the actual eye tracking procedure.

The eye tracker was calibrated using a horizontal 3-point calibration at the beginning of the
experiment, and the calibration was validated. Calibration accuracy was always < 0.25°, other-
wise calibration and validation were repeated. Prior to the onset of the target sentence, a circu-
lar fixation target (diameter = 1°) appeared on the screen in the location of the first character
of the sentence, to the right side of the screen.

The participants were required to read silently, starting with ten practice sentences to
become familiar with the procedure, before continuing on to the experimental sentences. The
participants pressed a button once reading a sentence was finished, and this changed the dis-
play to the screen with a fixation target, and after this target was fixated the new sentence was
displayed. On 25% of trials, pressing this button brought up a comprehension question to
which the participants provided a yes/no answer using the same response box, prior to the
onset of the screen with the fixation target. Participants were allowed to take as many breaks as
they needed after which the eye tracker was re-calibrated and the calibration was validated.
Testing sessions lasted approximately 45-60 minutes.

A final screening task to assess the participants’ proficiency in decoding diacritics accurately
was performed after the eye tracking procedure. In this task participants were required to read
aloud a list of 60 words, including 36 diacritized words. This task was conducted subsequent to
the eye tracking procedure so that the participants were not alerted to the experimental interest
in processing diacritics. Only eye movement data from highly proficient participants (diacrit-
ics decoding accuracy > 80%) were included in the reported analyses.

Results

The sentence comprehension scores were analyzed separately for each of the experiments, and
the results indicated that the participants were highly skilled. Experiment 1 (word

frequency x diacritics) mean comprehension score = 91.1% (SD = 5.4, range = 78.1-100%);
and Experiment 2 (word length x diacritics) mean comprehension score = 90.8% (SD = 5.7,
range = 77.4-100%).
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Launch distance is the distance between the location of the last pre-target fixation and the
location of the first fixation on the target word. Existing evidence suggests that pre-processing
of Arabic diacritics from a distant launch site may reduce the accuracy and efficiency of pro-
cessing the diacritized target word, given the small size of diacritics relative to letters [32, 54].
A small percentage of trials where launch distance into the target word was > 4° (~ 9 charac-
ters) were removed from the analyses (1.1% in Experiment 1; and 0.9% in Experiment 2).

In both experiments, we report a number of eye movement measures for the target word
region. These are (i) word skipping probability (the probability that the target word was not fix-
ated during first pass reading); first pass reading measures, namely (ii) first fixation duration
(the duration of the first fixation in first pass reading on the target word, regardless of the
number of fixations the word received overall); (iii) single fixation duration (the duration of
the fixation on the target in first pass reading in instances where the target received exactly one
fixation during sentence reading); and (iv) gaze duration (the sum of fixation durations the tar-
get word received during first pass reading and before exiting the target word to go forward or
backwards in the text). We also report (v) go past time (the sum of all fixation durations made
from entering the target word region until the first fixation to the right of the target word. This
measure includes regressions originating from the target word); (vi) total fixation count (the
total number of fixations a word received from all passes); and (vii) total fixation time (the sum
of all fixation durations the target received).

For the end of sentence region, we report the measure of go past time (the sum of fixation
durations from the time of entering the end of the sentence region until the end of the trial, as
there is no region further to the right of it), as discussed above. For this analysis, in both exper-
iments, the contrast targeted diacritized vs. non-diacritized sentences, collapsing across the
word frequency conditions (Exp. 1), and similarly collapsing across word length conditions
(Exp. 2) conditions. This contrast was possible given that, with the exception of the presence
or absence of the diacritics on the target, the diacritized and non-diacritized sentences were
identical.

We used the Ime4 package (version 1.1-23 [55]) within the R environment for statistical
computing [56] to analyze the raw fixation duration measures by fitting generalized linear
mixed-effects models (GLMMs), with Gamma-distribution assumed for the fixation durations
that were the dependent variables. The use of these GLMMs removes the need for the fixation
duration measures to be normally distributed and as such there is also no need for prior trans-
formation of the data [57]. For word skipping probability we used logistic GLMM:s to account
for the binary nature of this variable. We always started by running models with maximal ran-
dom structure [58]. We trimmed the models when failure to converge, or when singular
boundaries (a sign of overparameterization) were identified. Trimming the random effects
structure was done first by removing interactions between random effects and then, if neces-
sary, by also removing slopes. All findings reported here are thus from successfully converging
models. This procedure was followed in analyzing the data in all three experiments.

Experiment 1: Word frequency x diacritization

Prior to running the models, we prespecified the contrasts between the levels of the two fixed
factors (target word frequency and diacritization, +.5/-.5 coding for each factor), using the
contr.sdif function in the MASS package [59]. In all models, subjects and items were specified
as the random variables.

For each of the eye movement measures, we report beta values (b), standard error (SE), ¢
statistic for fixation durations and count measures, z statistic for skipping probability, and the
p value associated with the ¢ or z statistic. Furthermore, Bonferroni correction was applied to
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Table 1. Descriptive statistics of eye movement measures at target word region (experiment 1 -word frequency x diacritization).

High Frequency Low Frequency

Diacritized Non-Diacritized Diacritized Non-Diacritized

Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Skipping (probability) 0.04 (0.20) 0.06 (0.24) 0.05 (0.22) 0.06 (0.23)
First Fixation Duration (ms) 286 (125) 261 (94) 305 (128) 296 (122)
Single Fixation Duration (ms) 300 (11) 267 (6) 316 (10) 313 (9)
Gaze Duration (ms) 475 (303) 345 (188) 522 (355) 421 (250)
Go Past (ms) 562 (418) 424 (325) 633 (448) 475 (370)
Total Fixation Count 4.1 (3.6) 32(2.4) 39(3.1) 3.5(2.9)
Total Fixation Time (ms) 1160 (1025) 819 (644) 1183 (960) 940 (826)

https://doi.org/10.1371/journal.pone.0259987.t001

reduce family-wise error rate resulting from running multiple contrasts on the eye movement
measures at the target word region [60]. For all target word analyses, the Bonferroni-corrected
o =.05 <+ 7 eye movement measures < .007 was be adopted. For the analysis at the end of sen-
tence region we only report one measure of eye movements and so o = .05 was adopted.

i. Target word analysis. The descriptive statistics for all reported eye movement measures
at the target word region are listed in Table 1. Table 2 details the GLMM analyses output.

Skipping. There was no significant main effect or interactions of word frequency and diacri-
tization on the probability of word skipping.

First pass reading measures. The pattern of results obtained for first and single fixation, and
gaze duration was almost identical. In all three measures there was a significant main effect of
word frequency, in the expected direction, with shorter fixation durations on high-frequency
target words. There was also a significant main effect of diacritization such that diacritized
words attracted longer fixation durations compared to undiacritized words (in single fixation
duration the effect (p = .0072) almost reached the Bonferroni-corrected alpha level p = .007).
No significant interaction between word frequency and diacritization was found in any of the
first pass reading measures.

Go past time. Similar to first pass reading measures, there was a significant effect for both
word frequency and diacritization, in the same directions, and no significant interaction.

Total fixation count. Only a significant effect of diacritization was obtained such that diacri-
tized words attracted more fixations compared to undiacritized words. There was no signifi-
cant main effect of frequency. The interaction between frequency and diacritization did not
survive the Bonferroni correction of the o value.

Total fixation time. Similar to first pass reading measures and go past, there was a signifi-
cant effect for both word frequency and diacritization, in the same directions. The interaction
between frequency and diacritization did not survive the Bonferroni correction for multiple
comparisons.

Bayesian analysis of interactions. Given the absence of significant interactions between dia-
critization and word frequency effects, Bayesian analyses were conducted to quantify the
amount of evidence the data provide for either the null hypothesis or the alternative hypothe-
sis. We carried out the analysis by comparing two models. In both models, participants and
items were specified as random factors. The first model did not feature an interaction between
the fixed factors of word frequency and diacritization, whereas the second model did. The
analyses were carried out using the BayesFactor package in the R environment (version
0.9.12-4.2, [61]) and used the default scale value (0.5) for the Cauchy priors on effect size, and
100,000 Monte Carlo iterations. BayesFactor values of <1 is considered to indicate evidence
for the model without fixed factors interaction (i.e., evidence for the null hypothesis Hy).
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Table 2. GLMM output for eye movement measures (Experiment 1).

Target Word Region
b SE t/z p
Skipping
(Intercept) -2.27 0.61 -3.69 .0002
Diacritized vs. Non-Diacritized 0.86 0.95 0.91 .3646
High vs. Low Frequency -0.19 0.12 -1.53 .1250
Diacritization x Frequency -0.13 0.20 -0.66 -5069
First Fixation Duration
(Intercept) 289.70 9.16 31.62 <.0001
Diacritized vs. Non-Diacritized -16.36 5.78 -2.83 .0047
High vs. Low Frequency 26.60 5.78 4.60 <.0001
Diacritization x Frequency 10.66 10.07 1.06 .2899
Single Fixation Duration
(Intercept) 309.83 11.79 26.28 <.0001
Diacritized vs. Non-Diacritized -18.76 6.99 -2.69 .0072
High vs. Low Frequency 33.59 7.06 4.76 <.0001
Diacritization x Frequency 21.44 12.26 1.75 .0803
Gaze Duration
(Intercept) 449.32 19.70 22.80 <.0001
Diacritized vs. Non-Diacritized -98.81 9.72 -10.16 <.0001
High vs. Low Frequency 33.07 9.84 3.36 .0008
Diacritization x Frequency 24.53 15.32 1.60 .1094
Go Past
(Intercept) 541.66 12.82 42.24 <.0001
Diacritized vs. Non-Diacritized -160.88 12.56 -12.81 <.0001
High vs. Low Frequency 74.19 15.93 4.66 <.0001
Diacritization x Frequency -18.64 17.30 -1.08 .2810
Total Fixation Count
(Intercept) 3.64 0.37 9.74 <.0001
Diacritized vs. Non-Diacritized -0.65 0.12 -5.60 <.0001
High vs. Low Frequency 0.12 0.12 0.99 .3200
Diacritization x Frequency 0.46 0.23 1.97 .0495
Total Fixation Time
(Intercept) 1028.85 20.84 49.37 <.0001
Diacritized vs. Non-Diacritized -280.10 17.99 -15.57 <.0001
High vs. Low Frequency 81.68 18.98 4.30 <.0001
Diacritization x Frequency 55.94 22.07 2.53 .0113
End of Sentence Region
b SE p
Go Past
(Intercept) 3946.32 11.49 343.32 <.0001
Diacritized vs. Non-Diacritized 50.32 13.42 3.75 .0002

Significant p values (Bonferroni-correct for target word measures) are marked in boldface. The final models that yielded these results are reported in S1 File.

https://doi.org/10.1371/journal.pone.0259987 1002

Conversely, BayesFactor vales of >1are considered evidence for the model with fixed factors
interaction (i.e., evidence for the alternative hypothesis H;). The BayesFactors values obtained

from the analyses were: 0.09 for skipping (strong evidence for H), 0.20 for first fixation
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duration (substantial evidence for Hy), 0.43 for single fixation duration (anecdotal evidence
for Hy), 0.16 for gaze duration (substantial evidence for Hy), 0.09 for go past time (strong evi-
dence for Hy), 0.60 for total fixation count (anecdotal evidence for Hy), and 0.33 for total fixa-
tion time (substantial evidence for Hy). The parenthetical descriptors are based on the
categorization commonly used to interpret BayesFactor values, where values <1/3 constitute
substantial evidence for the null effect, and <1/10 strong evidence [62, 63].

ii. End of sentence region analysis. Go past time. Go past time was significantly longer at
the end of the sentences in the undiacritized condition (Mean = 3708, SD = 3979) relative to
when the target words were diacritized (Mean = 3668, SD = 3406, see Table 2 for GLMM anal-
ysis output).

Experiment 2: Word length x diacritization

i. Target word analysis. The descriptive statistics for all reported eye movement measures
at the target word region are listed in Table 3. Table 4 details the GLMM analyses output.

Skipping. There was a significant main effect of word length on skipping probability, in the
expected direction with shorter words being skipped more often than longer words. There was
however no significant main effect of diacritization, and no interaction.

First pass reading measures. In first and single fixation durations, there were no significant
main effects of word length or diacritization, nor significant interactions. In gaze duration,
however, there was a significant main effect of word length, in the expected direction, and a
significant main effect of diacritization such that diacritized words attracted longer fixation
durations compared to undiacritized words. Similar to first and single fixation durations, there
was no significant interaction between word length and diacritization in gaze duration.

Go past time. Similar to gaze duration, there was a significant effect for both word frequency
and diacritization, in the same directions, and no significant interaction.

Total fixation count. Only a significant effect of word length was obtained such that longer
words attracted more fixations than shorter words. There was no significant main effect of dia-
critization and no interaction between word length and diacritization.

Total fixation time. Similar to the gaze duration and go past measures, there was a signifi-
cant effect for both word length and diacritization, in the same directions. There was no signif-
icant interaction between word length and diacritization.

Bayesian analysis of interactions. Similar to Exp. 1, Bayesian analyses were conducted to
quantify the amount of evidence the data provide for either the null hypothesis or the alterna-
tive hypothesis. We used the same procedure of comparing models without and with interac-
tion of the fixed factors. The BayesFactors values obtained from the analyses were: 0.13 for

Table 3. Descriptive statistics of eye movement measures (experiment 2 -word length x diacritization).

Skipping (probability)

First Fixation Duration (ms)
Single Fixation Duration (ms)
Gaze Duration (ms)

Go Past (ms)

Total Fixation Count

Total Fixation Time (ms)

https://doi.org/10.1371/journal.pone.0259987.t003

Long Words Short Words
Diacritized Non-Diacritized Diacritized Non-Diacritized
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
0.03 (0.17) 0.02 (0.14) 0.05 (0.22) 0.06 (0.24)
302 (130) 280 (113) 286 (125) 285 (118)
306 (132) 290 (121) 289 (126) 293 (117)
506 (314) 405 (241) 441 (319) 357 (179)
639 (433) 544 (458) 595 (487) 424 (306)
3.8(3.0) 3.7(2.7) 3.5(2.7) 3.1(2.4)
1136 (909) 998 (779) 1020 (885) 849 (734)
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Table 4. GLMM output for eye movement measures (experiment 2 -word length x diacritization).

Target Word Region
b SE t/z
Skipping
(Intercept) -3.40 0.22 -15.66 <.0001
Diacritized vs. Non-Diacritized -0.12 0.32 -0.38 .7024
Long vs. Short Words -0.91 0.32 -2.82 .0048
Diacritization x Length -0.60 0.64 -0.93 .3550
First Fixation Duration
(Intercept) 290.43 8.89 32.66 <.0001
Diacritized vs. Non-Diacritized -10.54 5.71 -1.85 .0649
Long vs. Short Words 5.66 5.65 1.00 .3160
Diacritization x Length -19.40 10.25 -1.89 .0585
Single Fixation Duration
(Intercept) 299.02 10.31 29.02 <.0001
Diacritized vs. Non-Diacritized -9.57 7.75 -1.24 2170
Long vs. Short Words 7.55 7.75 0.98 .3290
Diacritization x Length -20.16 14.58 -1.38 1670
Gaze Duration
(Intercept) 431.09 17.89 24.10 <.0001
Diacritized vs. Non-Diacritized -71.32 11.75 -6.07 <.0001
Long vs. Short Words 50.03 11.02 4.54 <.0001
Diacritization x Length -29.94 16.08 -1.86 .0627
Go Past
(Intercept) 558.21 22.01 25.37 <.0001
Diacritized vs. Non-Diacritized -100.84 11.30 -8.93 <.0001
Long vs. Short Words 53.73 14.62 3.67 .0002
Diacritization x Length 8.79 18.30 0.48 .6309
Total Fixation Count
(Intercept) 3.52 0.31 11.37 <.0001
Diacritized vs. Non-Diacritized -0.28 0.11 -2.44 .0149
Long vs. Short Words 0.51 0.11 4.44 <.0001
Diacritization x Length 0.32 0.23 1.41 1582
Total Fixation Time
(Intercept) 1052.84 17.28 60.93 <.0001
Diacritized vs. Non-Diacritized -162.13 20.82 -7.79 <.0001
Long vs. Short Words 134.41 15.63 8.60 <.0001
Diacritization x Length 21.37 17.37 1.23 .2190
End of Sentence Region
b SE
Go Past
(Intercept) 3409.16 13.12 259.78 <.0001
Diacritized vs. Non-Diacritized 108.42 19.31 5.62 <.0001

Significant p values (Bonferroni-correct for target word measures) are marked in boldface. The final models that yielded these results are reported in S1 File.

https://doi.org/10.1371/journal.pone.0259987 1004

skipping (substantial evidence for Hy), 0.29 for first fixation duration (substantial evidence for
H,), 0.22 for single fixation duration (substantial evidence for Hy), 0.11 for gaze duration (sub-
stantial evidence for Hy), 0.38 for go past time (anecdotal evidence for Hy), 0.19 for total
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fixation count (substantial evidence for H,), and 0.09 for total fixation time (strong evidence
for Hy).

ii. End of sentence region analysis. Go past time. Similar to the findings in Experiment 1,
go past time was significantly longer at the end of the sentences in the undiacritized condition
(Mean = 3298, SD = 3246) relative to when the target words were diacritized (Mean = 3188,
SD = 3192, see Table 4 for GLMM analysis output).

Discussion

The results from both experiments were largely consistent. To begin with, we obtained the
expected classic word frequency effects in all first pass processing measures, and in go past
time and total fixation time, with longer fixation times for low frequency compared to high fre-
quency words. We also replicated word length effects in gaze duration, and in measures of
later processing (go past time. total fixation count, and total fixation time), with longer words
receiving longer fixation times than shorter words. Importantly, in Experiment 1, the effect of
adding disambiguating diacritics that instantiated the subordinate analysis of the target words
resulted in longer fixation durations on the target during almost all first pass reading measures
and go past time, total fixation time, as well as more fixations on the target, relative to when
the ambiguous target was undiacritized. This applied to both high- and low-frequency words,
with no significant interaction between the variables of word diacritization and frequency.
Similarly, in Experiment 2, diacritized targets attracted longer gaze duration, go past time and
total fixation time relative to undiacritized targets. There was also no significant interaction
between word diacritization and length.

In the light of the results from these two experiments, we can rule out that spotting the dia-
critics parafoveally has resulted in processing facilitation (additional evidence from pre-target
word analyses are reported in S1 File). We will test this prediction once again in Experiment 3.
The results suggest that the costs associated with the diacritics instantiating the subordinate
phono-semantic representations of the ambiguous heterophonic homographs, and suppress-
ing the dominant representations (i.e., the subordinate bias effect), affected the processing of
these words regardless of their frequency, or length. Furthermore, we found no evidence that
the presence of the disambiguating diacritics on the target word modulated word frequency
and length effects. Indeed, in the both experiments there were no significant interactions
between diacritization and the variables of word frequency and length, and the Bayesian analy-
ses yielded evidence only for this outcome.

Downstream from the target words, at the end of the sentence region, the pattern of results
was reversed. In both experiments the diacritized target word conditions yielded significantly
shorter re-reading time, indexed by go past measure, relative to when the targets were undia-
critized. This pattern suggests that readers made use of the diacritics when present on the tar-
get to disambiguate it, and as the remainder of the sentence confirmed the representation they
adopted (the subordinate analysis of the target), reading progressed smoothly. By contrast, in
the absence of the disambiguating diacritics on the target, the readers arguably adopted the
dominant analysis of the homograph. This allowed them to progress through the target word
region with relative ease, with shorter first pass and re-reading time compared to when the tar-
get was disambiguated by the diacritics. As the rest of the sentence instantiated the subordinate
representation of the target, however, the readers’ analysis of the sentence including the target
was challenged, resulting in substantial increase in re-reading at the end of sentence region.
These findings replicate previous reported results [e.g., 34, 36, 40, 42]. Further discussion of
the implications of these results will follow in the General Discussion.
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Experiment 3: Word predictability and diacritics-based
disambiguation

Whereas word frequency and length effects pertain to word-level properties and processes,
word predictability effect indexes the extent to which sentence context facilitates the identifica-
tion of a predictable word (e.g., [10, 20-22, 27]). In the current experiment, we aimed to repli-
cate word predictability effects in Arabic homographic target words, as well as explore the
potential interplay between diacritics-based disambiguation and predictability.

In the case of ambiguous homographic words, placing such words after context that guides
the reader to predict a particular word arguably resolves the bulk, if not all, of the ambiguity
and makes the use of diacritics superfluous. As such, we were constrained to use diacritics only
with low-predictability targets, where the use of diacritics would be deemed ecologically valid,
that is, where the previous context does not guide the readers to adopt one particular represen-
tation of the homograph or make it predictable. Consequently, we investigated the classic
predictability effects by contrasting high- and low-predictability conditions, and examined the
effects of diacritization of low-predictability words by contrasting diacritized and undiacritized
low-predictability targets. The subordinate representation of the target homographs was
always instantiated (by diacritics or the subsequent context).

If contextually predictable words are easier to identify because previous context has already
activated some aspects of their representations (e.g., semantic, syntactic, or phonological, see
e.g. [21]), then it is plausible that in the absence of contextual predictability, another source
that provides additional information about a word’s pronunciation and meaning may facilitate
its identification. Arabic diacritics, as discussed above, are such an additional source of infor-
mation that would serve to fully disambiguate the phono-semantic representation of the
ambiguous word. Additionally, and as discussed above, spotting the diacritics parafoveally,
prior to fixating the target, may allow readers to expect and adopt the subordinate phono-
semantic representation of this word. This spot-activate-verify mechanism may thus offset,
even to a small extent, the processing costs of the target word being of low predictability in the
context in which it is embedded. Thus, the current experiment perhaps provides the ultimate
test of this hypothesis, with the diacritics allowing the target’s phono-semantic representation
to become expected and activated prior to fixating it potentially reducing the cost of the target
not being predictable from preceding context. If diacritized low-predictability words become
faster to identify relative to when undiacritized, we may conclude that diacritics-based disam-
biguation attenuated (low) predictability effects.

However, another plausible scenario would be that the presence of diacritics that instantiate
the subordinate representation of the homographic words results in added processing costs as
a manifestation of the subordinate bias effect (see above, e.g., [34, 35]), as was observed in
Experiments 1 and 2. If this is the case, then the diacritization will compound the difficulty of
processing of the low-predictability targets.

As with Experiments 1 and 2, we also examined whether diacritizing the target word facili-
tated sentence processing by reporting readers’ re-reading activity at the end of sentence
region (go past measure). In this respect, we forward the same hypotheses outlined in Experi-
ments 1 and 2. Namely, as the subordinate analysis of the target is instantiated by the disam-
biguating diacritics, and the rest of the sentence confirms this analysis, no disruption in later
sentence processing would be observed. Whereas, if in the absence of diacritics readers fail to
suppress the dominant representation of the homographic target, their analysis will be chal-
lenged by the subsequent sentence context, and disruption will be observed at later integrative
sentence processes.
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Method

Participants. Thirty-six native Arabic speakers (17 women; mean age = 30.8 years, SD = 9.0,
range = 20-65) participated in the eye tracking procedure after giving written informed
consent.

Stimuli. Thirty pairs of high- and low predictability words were used as targets. As with the
frequency and length stimuli, the high- and low-predictability target words were the subordi-
nate versions of common Arabic heterophonic-homographs. The high- and low-predictability
words were matched on orthographic frequency (Aralex mean CPM pigh predictability = 46.7,

SD = 74.4; and mean CPM oy predictability = 64.7, SD = 132.1; (58) < 1). Similarly, the two sets
of words were also matched on age of acquisition (mean high_predictabitity = 8.5 years, SD = 1.2,
range = 7-10.2; and mean 1. predictability = 8.9 years, SD = 1.0, range = 7-10.8; £(58) < 1). The
high- and low-predictability word sets were matched on word length (for both sets, mean = 4.7
characters, SD = 1.2, range = 3-6) and on spatial extent.

The undiacritized high- and low-predictability target word pairs were embedded in frame
sentences that were identical until the target word. Subsequent to the target word, the sentence
context was allowed to vary to suit the high- or low-predictability targets. Diacritics were
added to the low-predictability words thus creating the diacritized low predictability condi-
tion, and the diacritized targets appeared in the same frame sentences that encompassed the
undiacritized targets. Thus, the diacritized and undiacritized low-predictability targets
appeared in completely identical sentences. The frame sentences contained on average 15
words (~ 81 characters, including spaces). The target word was always placed near the middle
of the sentence. A sample stimuli set for the predictability and diacritization manipulation is
provided in Fig 3.

Norming procedure. In addition to the norming steps listed above (Experiments 1 and 2) to
establish meaning dominance, familiarity with the target words etc., the target words intended
for the high- and low-predictability conditions were selected using a cloze task. The words in
the high-predictability condition were produced 100% of the time (i.e., by all 12 participants
who took part in this task), whereas the low-predictability words were never produced (i.e.,
produced by 0 participants).

HP Ll 53 JLS) e Yy daitie dalns Lginy) s Of Ao aY) il 5 el 8 Ailsall oLl 22y

LP emaall 8 G el (e Yoy aiie 483 Ll gt o e oY1 il 5 praall 8 Ailisall el 2y

LPD el b cppaill (e Wy At 189 iyl prpnat o e oY) il g pmsnnal) 8 A6yLusall o\l 2ay

HP: After the end of the competition in the pool the mother agreed for he daughter to become a
specialized swimmer instead of completing her studies.

LP:...... specialized hairdresser instead of practicing in the pool.
Fig 3. A sample stimuli set for Experiment 3. The target words are underlined in the Arabic frame sentences and the English translation. HP and LP are high- and

low-predictability target words conditions, respectively, and LPD is the diacritized low-predictability condition.

https://doi.org/10.1371/journal.pone.0259987.9003
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Design. The effects of word predictability and diacritization were assessed separately
through adopting three within-subject one-way experimental conditions: high-predictability
(undiacritized), low-predictability (undiacritized), and low-predictability (diacritized). The sti-
muli were presented in random order and counterbalanced such that an equal number of sti-
muli from each condition was presented, and each presented item appeared only once in the
testing session. The apparatus and experimental procedure were identical to Experiments 1
and 2. Notably, items from another unrelated experiment were used as filler items for the tar-
get sentences of the current experiment.

Results

The sentence comprehension scores indicated that the participants were reading for compre-
hension: mean score = 90.2% (SD = 6.1, range = 83.3-100%).

The analyses reported below used the data points of only 26 items of the stimuli set, with 4
items excluded from the analyses upon discovering errors in sentence structures of these
items. In the remaining data set, as with Experiments 1 and 2, a small percentage (0.6%) of tri-
als where launch distance into the target word was > 4° (~ 9 characters) were removed from
the analyses.

We report the same eye movement measures on the target word as in Experiments 1 and 2.
We also report the go past measure at the end of sentence region for the diacritized vs. undia-
critized low-predictability conditions. The inferential analyses were also run in a similar man-
ner to Experiments 1 and 2, including the Bonferroni correction to reduce family-wise error
rate resulting from running multiple contrasts in the target word region. Specifically, sliding
contrasts were prespecified using the contr.sdif function in the MASS library to reveal predict-
ability effects (high- vs. low-predictability conditions), and to reveal diacritization effects (low-
predictability vs. low predictability diacritized conditions). Model trimming was performed as
described above when necessary (e.g., when singular fit was identified). In the case of the mea-
sure of skipping, not even intercept only models converged. The only GLMM that converged
and did not result in a singular fit contained items only intercept.

i. Target word analysis. The descriptive statistics for all reported eye movement measures
at the target word region are listed in Table 5. Table 6 details the GLMM analyses output.

Predictability effects. The well-documented word predictability effects were obtained in
skipping, first fixation and gaze durations, go past time, total fixation count, and total fixation
time. However, the effect survived the Bonferroni correction for multiple testing in go past
time, total fixation count, and total fixation time.

Diacritization effects. The presence of diacritics on the low-predictability target words
resulted in significantly reduced skipping probability. Additionally, diacritization also resulted
in increased reading times in gaze duration, go past time and total fixation time. The pattern

Table 5. Descriptive statistics of eye movement measures (experiment 3 -word predictability and diacritization).

High Predictability Low Predictability Low Predictability Diacritized
Mean (SD) Mean (SD) Mean (SD)
Skipping (probability) 0.20 (0.40) 0.27 (0.45) 0.17 (0.38)
First Fixation Duration (ms) 264 (102) 285 (109) 301 (135)
Single Fixation Duration (ms) 275 (102) 296 (116) 318 (126)
Gaze Duration (ms) 351 (185) 402 (221) 463 (293)
Go Past (ms) 422 (320) 554 (750) 568 (438)
Total Fixation Count 2.2 (1.5) 2.9(2.0) 3.0 (2.0)
Total Fixation Time (ms) 587 (456) 791 (599) 884 (662)

https://doi.org/10.1371/journal.pone.0259987.t1005
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of fixation duration results strongly resembles the effects of diacritization reported in Experi-
ment 2. The effect survived the Bonferroni correction in measures of skipping, gaze duration,
and total fixation time.

ii. End of sentence region analysis. Go past time. Similar to the findings in Experiments 1
and 2, go past time was significantly longer at the end of the sentences in the undiacritized
condition (Mean = 3708 SD = 3580) relative to when the target words were diacritized
(Mean = 3438, SD = 3479, see Table 6 for GLMM analysis output).

Discussion. The data trends reported are in line with the word predictability effect. For
instance, early processing and first pass measures showed that low-predictability targets
resulted in 7% reduction in skipping rate, and attracted on average 21 ms longer first fixation
durations, 51 ms longer gaze durations. Predictability effects were also obtained in later

Table 6. GLMM output for eye movement measures (experiment 3 -word predictability and diacritization).

Target Word Region
b SE \ t/z p
Skipping
(Intercept) -2.31 0.50 -4.64 <.0001
High vs. Low Predictability 0.77 0.26 2.98 .0029
Low Predictability vs. Low Predictability Diacritized -1.05 0.27 -3.95 .0001
First Fixation Duration
(Intercept) 282.82 11.27 25.10 <.0001
High vs. Low Predictability 22.55 11.07 2.04 .0416
Low Predictability vs. Low Predictability Diacritized 10.98 12.08 0.91 .3635
Single Fixation Duration
(Intercept) 299.46 12.23 24.48 <.0001
High vs. Low Predictability 26.12 16.31 1.60 .1090
Low Predictability vs. Low Predictability Diacritized 18.13 18.80 0.96 .3350
Gaze Duration
(Intercept) 407.66 19.64 20.76 <.0001
High vs. Low Predictability 29.19 13.38 2.18 .0291
Low Predictability vs. Low Predictability Diacritized 43.42 14.30 3.04 .0024
Go Past

(Intercept) 519.01 20.43 25.40 <.0001
High vs. Low Predictability 45.64 15.46 2.95 .0032
Low Predictability vs. Low Predictability Diacritized 37.21 17.13 2.17 .0298

Total Fixation Count
(Intercept) 2.69 0.21 12.99 <.0001
High vs. Low Predictability 0.66 0.13 5.26 <.0001
Low Predictability vs. Low Predictability Diacritized 0.09 0.13 0.71 0.4760

Total Fixation Time
(Intercept) 792.53 22.94 34.55 <.0001
High vs. Low Predictability 147.66 16.76 8.81 <.0001
Low Predictability vs. Low Predictability Diacritized 120.00 18.71 6.42 <.0001

End of Sentence Region
b SE t p
Go Past

(Intercept) 3795.99 30.45 124.68 <.0001
Low Predictability vs. Low Predictability Diacritized -122.94 22.83 -5.38 <.0001

Significant p values (Bonferroni-correct for target word measures) are marked in boldface. The final models that yielded these results are reported in S1 File.

https://doi.org/10.1371/journal.pone.0259987.t1006

PLOS ONE | https://doi.org/10.1371/journal.pone.0259987 November 15, 2021 20/27


https://doi.org/10.1371/journal.pone.0259987.t006
https://doi.org/10.1371/journal.pone.0259987

PLOS ONE

Diacritization and word frequency, length, and predictability

processing measures with low predictability targets attracting 132 ms longer go past time, and
204 ms longer total fixation time, relative to high-predictability words, in addition to the sig-
nificant increase in total fixation count for low-predictability words.

With regards to the effects of the diacritics-based disambiguation, the results largely replicated
the findings from Experiments 1 and 2. The presence of these disambiguating diacritics on the
low-predictability targets did not speed up their identification. Rather, diacritization resulted in
significant reduction in skipping rates (10%), as well as significantly increased gaze duration, a
marginal increase in go past time, and a substantial increase in total fixation time. We, thus, have
no evidence that the information supplied by the diacritics compensated for the low-predictabil-
ity status of the diacritized targets, and, once again, no evidence that spotting diacritics parafove-
ally facilitated the processing of the disambiguated homograph once it was fixated (again, note
that additional evidence from pre-target word analyses are reported in S1 File).

Also similar to what was reported in Experiments 1 and 2, at the end of the sentence region,
the pattern of results was reversed as the diacritized target word condition yielded significantly
shorter go past measure, relative to the undiacritized condition. This pattern suggests that read-
ers made use of the diacritics on the target, and that the remainder of the sentence confirmed
the subordinate representation of the homograph that was instantiated by the diacritics.
Whereas in the absence of the disambiguating diacritics the readers must have adopted the
dominant representation of the target, only to have this representation challenged later on in
subsequent sentence regions, resulting in a significant increase in processing time (re-reading).

General discussion

The reported experiments replicated the basic word frequency, length and predictability effects
in Arabic. In addition, the results were informative with regards to exploratory questions that
motivated this research, namely, whether the effects of diacritics-based disambiguation during
sentence reading would modulate word frequency, length and predictability effects. In Experi-
ments 1 and 2 we did not find evidence that diacritics-based disambiguation modulated the
effect of word frequency or length: There were no statistically reliable interactions between
diacritization and these effects. The presence of diacritics increased readers’ early (first pass)
processing time, and also the attempts to integrate the diacritized target with prior context (go
past measure on the target words), as well as in total fixation time on the diacritized targets.
This was the case for both high- and low-frequency words (Experiment 1), and long and short
words (Experiment 2). The processing costs observed on diacritized targets did not differen-
tially affect words in the harder-to-process conditions (e.g., low-frequency or longer words).

Similarly, in Experiment 3, adding disambiguating diacritics to the low-predictability
ambiguous targets did not facilitate the identification of these words, relative to when the dia-
critics were absent. Rather, there was a significant reduction in skipping rates, and a similar
pattern of increased processing time on the diacritized target words. The idea that adding the
diacritics would, at least to some extent, speed up the identification of words that are not pre-
dictable from previous context was not supported by our findings. Similar to Experiments 1
and 2, there was no evidence that spotting the diacritics parafoveally and activating the subor-
dinate phono-semantic representation of the homographic target facilitated the processing of
this target once fixated. Rather, the reduction in skipping rate of diacritized words replicated
previous findings [38], suggesting that readers may adopt a more cautious processing strategy
(e.g., reduced skipping) in respect of an upcoming diacritized word.

In all three experiments, the inflated processing time on the diacritized target words most
likely reflect the costs associated with (a) the processing of the additional phono-semantic infor-
mation supplied by the diacritics, and (b) the homograph disambiguation processes that includes
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activating the subordinate representation, and suppressing the more readily accessible dominant
representation (i.e., the subordinate bias effect). Thus, this is the first time, to our knowledge, the
subordinate bias effect was obtained by instantiating the subordinate representation via charac-
teristics of the homographic word itself rather than through manipulation of the characteristics
of the prior context, as was consistently the case in the previous studies reviewed above.

As discussed above, we are not aware of a theoretical framework that would predict that
diacritics-based disambiguation would have affected easier-to-process words (i.e., high-fre-
quency and short words, Exps. 1 and 2) differently than their harder-to-process counterparts,
that is an interaction between diacritization (i.e., disambiguation) and the variables of word
frequency and length. As discussed above, in biased homographs, such as the targets in all
reported experiments, the subordinate representation, or representations, occur in the lan-
guage less frequently than the dominant representation. As such, these subordinate representa-
tions that are instantiated by the diacritics are, by definition, low-frequency words. In effect,
instantiating the subordinate representations turned all target words into (even) lower-fre-
quency versions, and hence produced the processing costs that were reported in all diacritized
conditions, in all experiments, and with no interaction with the variables of word frequency
and length in Experiments 1 and 2. It is worth noting however, that previous investigations
revealed some differences between processing of low-frequency unambiguous words, and
ambiguous words that were disambiguated such that a low-frequency (subordinate) represen-
tation was instantiated. For instance, Sereno et al.,, [33] found that although the patterns of eye
movements on both types of words were similar, the disambiguated words attracted more
regressions. In a later investigation, Sereno et al., [48] reported a step-like function: Fixation
durations on the disambiguated homographs (instantiating the subordinate representation)
fell between shorter fixation durations on higher-frequency controls that matched the fre-
quency of the overall word form of the ambiguous homographs, and the much longer fixation
durations on low-frequency controls that matched the frequency of the subordinate represen-
tations of the homograph. The limited availability of databases that list the frequency counts of
subordinate representations of Arabic homographs prevented us from utilizing this type of fre-
quency matching. Given the linguistic properties of Arabic (e.g., the abundance of homo-
graphic words), it can be a fertile linguistic environment to further investigate the subordinate
bias effect and to what extent it overlaps or diverges from word or meaning frequency effects.
The theoretical contributions of such research would be considerable (see e.g., [35]).

Instantiating the subordinate representation on the target itself through the diacritics facili-
tated later processing of the sentences. Specifically, integrating the diacritized target word into
the overall sentence representation was easier as both the diacritics and the subsequent context
instantiated the subordinate representation of the targets. By contrast, in the absence of the
disambiguating diacritics on the targets, readers’ processing of the sentence was marked by
disruption and lengthier integration processes. This manifested as a significant inflation of go
past time on the end of sentence region, compared to when the targets were diacritized. This
indicates that in the absence of diacritics, readers adopted the dominant representation of the
target, and this analysis was challenged in subsequent sentence regions that instantiated the
subordinate representation of the targets.

Given the dominance of heavily biased homographs in Arabic, which is reflected in the sti-
muli selection, the inclusion of contrast conditions such as balanced homographs (diacritized
or not) was not possible. As such, our results cannot really be used to evaluate models that
posit that in the absence of constraining or disambiguating context, the competition between
the different representations of these homographs influences the processing time required
(e.g., the reordered access model, see [50, 61] for reviews). This competition was kept minimal
in all reported experiments. Similarly, given that we could not include control conditions
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where diacritized homographs followed disambiguating context, to ensure that the use of the
diacritics was ecologically valid, the reported results cannot be used to adjudicate between
modular versus integrative accounts of lexical ambiguity resolution. Modular accounts (also
referred to as autonomous access models, e.g., the integration model [37]), mainly rule out any
role of context in selecting the representation of the homograph that should be accessed. By
contrast, integrative models (also referred to as selective access models, e.g., the reordered
access model, [64]; see [50] for review) postulate that context may play some (or even a major)
role in selecting a particular representation of the homographs.

All that said, the patterns of results we obtained may perhaps lend some additional support
to the remaining aspects of the reordered access model. This model remains the only theoreti-
cal (and computationally implemented) framework that successfully accommodates the subor-
dinate bias effect [50]. Specifically, if we adopt the plausible interpretation that the inflated
processing time on the diacritized targets in all experiments is a replication of the subordinate
bias effect (given that the diacritics instantiated the subordinate representations of these tar-
gets), the following conclusions are possible. In line with the reordered access model assump-
tions [64], both dominant and subordinate representations of the target homographs must
have become available to the readers simultaneously. In the absence of the disambiguating dia-
critics, the dominant representation was adopted with minimal competition. By contrast,
when the diacritics that instantiated the subordinate representation were present, the readers
had to suppress the easily accessible dominant representation, hence the inflated processing
time on the diacritized targets. Furthermore, and also in line with the predictions of the reor-
dered access model, the disruption to processing observed downstream at the end of sentence
region, for the undiacritized target conditions in all experiments, unequivocally supports the
idea that when readers encounter biased homographs that are not disambiguated by context
(or by diacritics, in the case of Arabic), the readers adopt the dominant analysis. This analysis
was however challenged as the post-target sentence context instantiated the subordinate repre-
sentation of the homographs. Notably, this end of sentence disruption to processing was not
observed when the readers encountered the disambiguating diacritics on the target.

The idea that readers adopt the dominant representation in the absence of diacritics and
prior constraining context is perhaps also in line with the principles of the Bayesian Reader
model [65]. This model postulates that the word identification system functions optimally and
readers are ideal observers. As such, it is plausible that the reader considers the prior probabil-
ity of the word occurrence, and hence words that occur more frequently are easier to identify
(i.e., the word frequency effect, see e.g., [66, 67]). Specifically, the probability P of observing
the perceptual input I, given that the word W has been presented, is captured by the term P(I |
W), and continuously updating the probability with each new encounter. It is possible to
extrapolate from this account and suggest that the reader also considers the probability that a
dominant or subordinate representation of a printed word will be instantiated. A potentially
fruitful line of activity is to expand the model and make more formal and explicit assumptions
that include variables such as the presence or absence of diacritics (see also [67]).

To summarize, the results reported replicate the word frequency, length and predictability
effects in Arabic. The results also suggest that the subordinate bias effect can be observed when
the disambiguation happens on the target word itself (not only when it is driven by informa-
tion from prior context, as in previous research). The costs associated with the diacritics
instantiating the subordinate representations of the targets affected all diacritized conditions,
regardless of the target’s frequency or length (Exps. 1 and 2). Furthermore, we found no evi-
dence that spotting the diacritics prior to fixating the target attenuated processing costs for
low-predictability targets (Exp. 3). In fact, there was no evidence that spotting the diacritics
prior to fixating the target facilitates the processing of the diacritized target, relative to when
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undiacritized, in any of the experiments. Further experimentation needs to be undertaken to
replicate and expand upon the findings reported in this exploratory work. This will develop
our knowledge regarding the relationship between diacritization and other word- and sen-
tence-related variables, and accordingly serve to update current models and theories of word
identification.

Supporting information

S1 File. Final GLMM models and pre-target analyses. The complete list of final models
reported in the analyses, and analyses of pre-target region.
(DOCX)

Author Contributions

Conceptualization: Ehab W. Hermena, Simon P. Liversedge, Denis Drieghe.
Data curation: Ehab W. Hermena, Sana Bouamama.

Formal analysis: Ehab W. Hermena.

Funding acquisition: Ehab W. Hermena, Simon P. Liversedge, Denis Drieghe.
Investigation: Sana Bouamama, Simon P. Liversedge, Denis Drieghe.
Methodology: Ehab W. Hermena, Simon P. Liversedge, Denis Drieghe.
Project administration: Sana Bouamama, Denis Drieghe.

Resources: Sana Bouamama, Simon P. Liversedge.

Software: Sana Bouamama.

Supervision: Denis Drieghe.

Visualization: Ehab W. Hermena.

Writing - original draft: Ehab W. Hermena.

Writing - review & editing: Ehab W. Hermena, Simon P. Liversedge, Denis Drieghe.

References

1. Kliegl R., Nuthmann A., and Engbert R. (2006). Tracking the mind during reading: The influence of past,
present, and future words on fixation durations. Journal of Experimental Psychology. General, 135, 12—
35. https://doi.org/10.1037/0096-3445.135.1.12 PMID: 16478314

2. RaynerK., & Liversedge S. (2011). Linguistic and cognitive influences on eye movements during read-
ing. In Liversedge S. P., Gilchrist I. D., & Everling S. (Eds.), The Oxford Handbook of Eye Movements
(pp. 751-766). Oxford, England: OUP.

3. RaynerK. (1998). Eye movements in reading and information processing: 20 years of research. Psy-
chological Bulletin, 124, 372—-422. https://doi.org/10.1037/0033-2909.124.3.372 PMID: 9849112

4. RaynerK. (2009). Eye movements and attention in reading, scene perception, and visual search. The
Quatrterly Journal of Experimental Psychology, 62, 1457—-1506. https://doi.org/10.1080/
17470210902816461 PMID: 19449261

5. HyonaJ. (2011). Foveal and parafoveal processing during reading. In Liversedge S. P., Gilchrist I. D., &
Everling S. (Eds.), The Oxford Handbook of Eye Movements (pp. 819-838). Oxford, England: OUP.

6. Inhoff A. W., & Rayner K. (1986). Parafoveal word processing during eye fixations in reading. Percep-
tion and Psychophysics, 40, 431-439. https://doi.org/10.3758/bf03208203 PMID: 3808910

7. JuhaszB.J., & Pollatsek A. (2011). Lexical influences on eye movements in reading. In Liversedge S.
P., GilchristI. D., & Everling S. (Eds.), The Oxford Handbook of Eye Movements (pp. 873—-893). Oxford,
England: OUP.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259987 November 15, 2021 24/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259987.s001
https://doi.org/10.1037/0096-3445.135.1.12
http://www.ncbi.nlm.nih.gov/pubmed/16478314
https://doi.org/10.1037/0033-2909.124.3.372
http://www.ncbi.nlm.nih.gov/pubmed/9849112
https://doi.org/10.1080/17470210902816461
https://doi.org/10.1080/17470210902816461
http://www.ncbi.nlm.nih.gov/pubmed/19449261
https://doi.org/10.3758/bf03208203
http://www.ncbi.nlm.nih.gov/pubmed/3808910
https://doi.org/10.1371/journal.pone.0259987

PLOS ONE

Diacritization and word frequency, length, and predictability

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Hermena E. W., Liversedge S. P., Bouamama S., & Drieghe D. (2019). Orthographic and root fre-
quency effects in Arabic: Evidence from eye movements and lexical decision. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 45, 934—954. https://doi.org/10.1037/xIm0000626
PMID: 30247050

Brysbaert M., Drieghe D., & Vitu F. (2005). Word skipping: Implications for theories of eye movement
control in reading. In Underwood G. (Ed.), Cognitive processes in eye guidance (pp. 53-78). Oxford,
UK: Oxford University Press.

Drieghe D., Brysbaert M., Desmet T., & De Baecke C. (2004). Word skipping in reading: On the inter-
play of linguistic and visual factors. European Journal of Cognitive Psychology, 16, 79—103. https://doi.
org/10.1080/09541440340000141

Hyona J., & Olson R. K. (1995). Eye fixation patterns among dyslexic and normal readers: Effects of
word length and word frequency. Journal of Experimental Psychology: Learning, Memory, and Cogni-
tion, 21, 1430-1440. https://doi.org/10.1037//0278-7393.21.6.1430 PMID: 7490575

Juhasz B. J., White S. J., Liversedge S. P., & Rayner K. (2008). Eye movements and the use of parafo-
veal word length information in reading. Journal of Experimental Psychology: Human Perception and
Performance, 34, 1560-1579. https://doi.org/10.1037/a0012319 PMID: 19045993

Kliegl R. Grabner E., Rolfs M, and Engbert R. (2004). Length, frequency, and predictability effects of
words on eye movements in reading. European Journal of Cognitive Psychology, 16, 262—-284. https:/
doi.org/10.1080/09541440340000213

Rayner K., & McConkie G. W. (1976). What guides a reader’s eye movements? Vision Research, 16,
829-837. https://doi.org/10.1016/0042-6989(76)90143-7 PMID: 960610

Rayner K., Sereno S. C., & Raney G. E. (1996). Eye movement control in reading: A comparison of two
types of models. Journal of Experimental Psychology. Human Perception and Performance, 22, 1188—
1200. https://doi.org/10.1037//0096-1523.22.5.1188 PMID: 8865619

Hermena E. W., Liversedge S. P., & Drieghe D. (2017). The influence of a word’s number of letters, spa-
tial extent, and initial bigram characteristics on eye movement control during reading: Evidence from
Arabic. Journal of Experimental Psychology: Learning, Memory, and Cognition, 43, 451-471. https://
doi.org/10.1037/xIm0000319 PMID: 27893224

Paterson K. B., Alimabruk A. A. A., McGowan V. A., White S. J., & Jordan T. R. (2015). Effects of word
length on eye movement control: The evidence from Arabic. Psychonomic Bulleting and Review.
https://doi.org/10.3758/s13423-015-0809-4 PMID: 25690581

Hautala J., Hy6na J., & Aro M. (2011). Dissociating spatial and letter-based word length effects
observed in readers’ eye movement patterns. Vision Research, 51, 1719-1727. https://doi.org/10.
1016/j.visres.2011.05.015 PMID: 21664920

Rayner K., & Pollatsek A. (1981). Eye movement control during reading: Evidence for direct control.
Quatrterly Journal of Experimental Psychology, 33A, 351-373. https://doi.org/10.1080/
14640748108400798 PMID: 7199753

Ashby J., Rayner K., and Clifton C. (2005). Eye movements of highly skilled and average readers: Dif-
ferential effects of frequency and predictability. Quarterly Journal of Experimental Psychology, 58A,
1065-1086. https://doi.org/10.1080/02724980443000476 PMID: 16194948

Balota D. A., Pollatsek A., & Rayner K. (1985). The interaction of contextual constraints and parafoveal
visual information in reading. Cognitive Psychology, 17, 364—390. https://doi.org/10.1016/0010-0285
(85)90013-1 PMID: 4053565

Drieghe D., Rayner K., and Pollatsek A. (2005). Eye movements and word skipping during reading
revisited. Journal of Experimental Psychology: Human Perception and Performance, 31, 954-969.
https://doi.org/10.1037/0096-1523.31.5.954 PMID: 16262491

Frisson S., Rayner K., and Pickering M.J. (2005). Effects of contextual predictability and transitional
probability on eye movements during reading. Journal of Experimental Psychology: Learning, Memory,
and Cognition, 31, 862-877. https://doi.org/10.1037/0278-7393.31.5.862 PMID: 16248738

Hyona J. (1993). Effects of thematic and lexical priming on readers’ eye movements. Scandinavian
Journal of Psychology, 34,293-304. https://doi.org/10.1111/j.1467-9450.1993.tb01126.x PMID:
8303233

Rayner K., Ashby J., Pollatsek A., and Reichle E.D. (2004). The effects of frequency and predictability
on eye fixations in reading: Implications for the E-Z Reader model. Journal of Experimental Psychology.
Human Perception and Performance, 30, 720-732. https://doi.org/10.1037/0096-1523.30.4.720 PMID:
15301620

Rayner K., & Well A. D. (1996). Effects of contextual constraint on eye movements in reading: A further
examination. Psychonomic Bulletin & Review, 3,504-509. https://doi.org/10.3758/BF03214555 PMID:
24213985

PLOS ONE | https://doi.org/10.1371/journal.pone.0259987 November 15, 2021 25/27


https://doi.org/10.1037/xlm0000626
http://www.ncbi.nlm.nih.gov/pubmed/30247050
https://doi.org/10.1080/09541440340000141
https://doi.org/10.1080/09541440340000141
https://doi.org/10.1037//0278-7393.21.6.1430
http://www.ncbi.nlm.nih.gov/pubmed/7490575
https://doi.org/10.1037/a0012319
http://www.ncbi.nlm.nih.gov/pubmed/19045993
https://doi.org/10.1080/09541440340000213
https://doi.org/10.1080/09541440340000213
https://doi.org/10.1016/0042-6989%2876%2990143-7
http://www.ncbi.nlm.nih.gov/pubmed/960610
https://doi.org/10.1037//0096-1523.22.5.1188
http://www.ncbi.nlm.nih.gov/pubmed/8865619
https://doi.org/10.1037/xlm0000319
https://doi.org/10.1037/xlm0000319
http://www.ncbi.nlm.nih.gov/pubmed/27893224
https://doi.org/10.3758/s13423-015-0809-4
http://www.ncbi.nlm.nih.gov/pubmed/25690581
https://doi.org/10.1016/j.visres.2011.05.015
https://doi.org/10.1016/j.visres.2011.05.015
http://www.ncbi.nlm.nih.gov/pubmed/21664920
https://doi.org/10.1080/14640748108400798
https://doi.org/10.1080/14640748108400798
http://www.ncbi.nlm.nih.gov/pubmed/7199753
https://doi.org/10.1080/02724980443000476
http://www.ncbi.nlm.nih.gov/pubmed/16194948
https://doi.org/10.1016/0010-0285%2885%2990013-1
https://doi.org/10.1016/0010-0285%2885%2990013-1
http://www.ncbi.nlm.nih.gov/pubmed/4053565
https://doi.org/10.1037/0096-1523.31.5.954
http://www.ncbi.nlm.nih.gov/pubmed/16262491
https://doi.org/10.1037/0278-7393.31.5.862
http://www.ncbi.nlm.nih.gov/pubmed/16248738
https://doi.org/10.1111/j.1467-9450.1993.tb01126.x
http://www.ncbi.nlm.nih.gov/pubmed/8303233
https://doi.org/10.1037/0096-1523.30.4.720
http://www.ncbi.nlm.nih.gov/pubmed/15301620
https://doi.org/10.3758/BF03214555
http://www.ncbi.nlm.nih.gov/pubmed/24213985
https://doi.org/10.1371/journal.pone.0259987

PLOS ONE

Diacritization and word frequency, length, and predictability

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

White S.J., Rayner K., and Liversedge S.P. (2005). The influence of parafoveal word length and contex-
tual constraints on fixation durations and word skipping in reading. Psychonomic Bulletin and Review,
12, 466-471. https://doi.org/10.3758/bf03193789 PMID: 16235630

Share D. L., & Bar-On A. (2017). Learning to read a Semitic abjad: The Triplex Model of Hebrew reading
development. Journal of Learning Disabilities, 51, 444—453. https://doi.org/10.1177/
0022219417718198 PMID: 28703637

Abu-Rabia S. (1997). Reading in Arabic orthography: The effect of vowels and context on reading accu-
racy of poor and skilled native Arabic readers in reading paragraphs, sentences, and isolated words.
Journal of Psycholinguistic Research, 26, 465-482. https://doi.org/10.1023/a:1025034220924 PMID:
9232011

Abu-Rabia S. (2001). The role of vowels in reading Semitic scripts: Data from Arabic and Hebrew.
Reading and Writing, 14, 39-59. https://doi.org/10.1023/A:1008147606320

Abu-Rabia S. (1998). Reading Arabic texts: Effects of text type, reader type, and vowelization. Reading
and Writing, 10, 105—-119. https://doi.org/10.1023/A:1007906222227

Hermena E. W., Liversedge S. P., & Drieghe D. (2016). Parafoveal processing of Arabic diacritical
marks. Journal of Experimental Psychology: Human Perception and Performance, 42,2021-2038.
https://doi.org/10.1037/xhp0000294 PMID: 27732043

Sereno S. C., Pacht J. M., & Rayner K. (1992). The effect of meaning frequency on processing lexically
ambiguous words: Evidence from eye fixations. Psychological Science, 3, 296-300. https://doi.org/10.
1111/j.1467-9280.1992.tb00676.x

Duffy S. A., Morris R. K., & Rayner K. (1988). Lexical ambiguity and fixation times in reading. Journal of
Memory and Language, 27, 429-446. https://doi.org/10.1016/0749-596X(88)90066-6

Pacht J. M., & Rayner K. (1993). The processing of homophonic homographs during reading: evidence
from eye movement studies. Journal of Psycholinguistic Research, 22,251-271. https://doi.org/10.
1007/BF01067833 PMID: 8366477

Rayner K., & Duffy S. A. (1986). Lexical complexity and fixation times in reading: Effects of word fre-
quency, verb complexity, and lexical ambiguity. Memory & Cognition, 14, 191-201. https://doi.org/10.
3758/BF03197692 PMID: 3736392

Rayner K., & Frazier L. (1989). Selection mechanisms in reading lexically ambiguous words. Journal of
Experimental Psychology: Learning, Memory, and Cognition, 15, 779-790. https://doi.org/10.1037//
0278-7393.15.5.779 PMID: 2528602

Hermena E. W., Drieghe D., Hellmuth S., & Liversedge S. P. (2015). Processing of Arabic diacritical
marks: Phonological-syntactic disambiguation of homographic verbs and visual crowding effects. Jour-
nal of Experimental Psychology. Human Perception and Performance, 41, 494-507. https://doi.org/10.
1037/xhp0000032 PMID: 25706771

Frazier L., & Rayner K. (1982). Making and correcting errors during sentence comprehension: eye
movements in the analysis of structurally ambiguous sentences. Cognitive Psychology, 14,178-210.
https://doi.org/10.1016/0010-0285(82)90008-1

Dopkins S., Morris R. K., & Rayner K. (1992). Lexical ambiguity and eye fixations in reading: A test of
competing models of lexical ambiguity resolution. Journal of Memory and Language, 31, 461-477.
https://doi.org/10.1016/0749-596X(92)90023-Q

Leinenger M., Myslin M., Rayner K., & Levy R. (2017). Do resource constraints affect lexical process-
ing? Evidence from eye movements. Journal of Memory and Language, 93, 82—103. https://doi.org/10.
1016/j.jml.2016.09.002 PMID: 28503023

Rayner K., Cook A. E., Juhasz B. J., & Frazier L. (2006). Inmediate disambiguation of lexically ambigu-
ous words during reading: evidence from eye movements. British Journal of Psychology, 97, 467—-482.
https://doi.org/10.1348/000712605X89363 PMID: 17018184

Sheridan H., Reingold E. M., & Daneman M. (2009). Using puns to study contextual influences on lexi-
cal ambiguity resolution: Evidence from eye movements. Psychonomic Bulletin & Review, 16, 875—
881. https://doi.org/10.3758/PBR.16.5.875 PMID: 19815792

Abu-Rabia S., & Siegel L. S. (1995). Different Orthographies Different Context Effects: The Effects of
Arabic Sentence Context in Skilled and Poor Readers. Reading Psychology: An International Quarterly,
16, 1-19. https://doi.org/10.1080/0270271950160101

Rayner K. (1975). The perceptual span and peripheral cues in reading. Cognitive Psychology, 7, 65—
81. https://doi.org/10.1016/0010-0285(75)90005-5

Rodd J. M. (2020). Settling Into Semantic Space: An Ambiguity-Focused Account of Word-Meaning
Access. Perspectives on Psychological Science, 15, 411-427. https://doi.org/10.1177/
1745691619885860 PMID: 31961780

PLOS ONE | https://doi.org/10.1371/journal.pone.0259987 November 15, 2021 26/27


https://doi.org/10.3758/bf03193789
http://www.ncbi.nlm.nih.gov/pubmed/16235630
https://doi.org/10.1177/0022219417718198
https://doi.org/10.1177/0022219417718198
http://www.ncbi.nlm.nih.gov/pubmed/28703637
https://doi.org/10.1023/a%3A1025034220924
http://www.ncbi.nlm.nih.gov/pubmed/9232011
https://doi.org/10.1023/A%3A1008147606320
https://doi.org/10.1023/A%3A1007906222227
https://doi.org/10.1037/xhp0000294
http://www.ncbi.nlm.nih.gov/pubmed/27732043
https://doi.org/10.1111/j.1467-9280.1992.tb00676.x
https://doi.org/10.1111/j.1467-9280.1992.tb00676.x
https://doi.org/10.1016/0749-596X%2888%2990066-6
https://doi.org/10.1007/BF01067833
https://doi.org/10.1007/BF01067833
http://www.ncbi.nlm.nih.gov/pubmed/8366477
https://doi.org/10.3758/BF03197692
https://doi.org/10.3758/BF03197692
http://www.ncbi.nlm.nih.gov/pubmed/3736392
https://doi.org/10.1037//0278-7393.15.5.779
https://doi.org/10.1037//0278-7393.15.5.779
http://www.ncbi.nlm.nih.gov/pubmed/2528602
https://doi.org/10.1037/xhp0000032
https://doi.org/10.1037/xhp0000032
http://www.ncbi.nlm.nih.gov/pubmed/25706771
https://doi.org/10.1016/0010-0285%2882%2990008-1
https://doi.org/10.1016/0749-596X%2892%2990023-Q
https://doi.org/10.1016/j.jml.2016.09.002
https://doi.org/10.1016/j.jml.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28503023
https://doi.org/10.1348/000712605X89363
http://www.ncbi.nlm.nih.gov/pubmed/17018184
https://doi.org/10.3758/PBR.16.5.875
http://www.ncbi.nlm.nih.gov/pubmed/19815792
https://doi.org/10.1080/0270271950160101
https://doi.org/10.1016/0010-0285%2875%2990005-5
https://doi.org/10.1177/1745691619885860
https://doi.org/10.1177/1745691619885860
http://www.ncbi.nlm.nih.gov/pubmed/31961780
https://doi.org/10.1371/journal.pone.0259987

PLOS ONE

Diacritization and word frequency, length, and predictability

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

Kambe G., Rayner K., & Duffy S. A. (2001). Global context effects on processing lexically ambiguous
words: Evidence from eye fixations. Memory & Cognition, 29, 363-372. https://doi.org/10.3758/
bf03194931 PMID: 11352220

Sereno S. C., O’Donnell P. J., & Rayner K. (2006). Eye movements and lexical ambiguity resolution:
Investigating the subordinate-bias effect. Journal of Experimental Psychology: Human Perception and
Performance, 32, 335-350. hitps://doi.org/10.1037/0096-1523.32.2.335 PMID: 16634674

Sheridan H., & Reingold E. M. (2012). The time course of contextual influences during lexical ambiguity
resolution: evidence from distributional analyses of fixation durations. Memory & Cognition, 40, 1122—
1131. https://doi.org/10.3758/s13421-012-0216-2 PMID: 22576974

Reichle E. D., Pollatsek A., & Rayner K. (2007). Modeling the effects of lexical ambiguity on eye move-
ments during reading. In van Gompel R. P. G., Fischer M. H., Murray W. S., & Hill R. L (Eds.), Eye
movements: A window on mind and brain (pp. 271-292). Oxford: Elsevier.

Seidenberg M. S., & McClelland J. L. (1989). A distributed, developmental model of word recognition
and naming. Psychological Review, 96, 523-568. https://doi.org/10.1037/0033-295x.96.4.523 PMID:
2798649

Harm M. W., & Seidenberg M. S. (2004). Computing the meanings of words in reading: Cooperative
division of labor between visual and phonological processes. Psychological Review, 111, 662—720.
https://doi.org/10.1037/0033-295X.111.3.662 PMID: 15250780

Boudelaa S., & Marslen-Wilson W. D. (2010). Aralex: A lexical database for Modern Standard Arabic.
Behavior Research Methods, 42, 481—-487. https://doi.org/10.3758/BRM.42.2.481 PMID: 20479179

Fitzsimmons G., & Drieghe D. (2011). The influence of number of syllables on word skipping during
reading. Psychonomic Bulleting and Review, 18, 736—741. https://doi.org/10.3758/s13423-011-0105-x
PMID: 21557026

Bates D., Machler M., Bolker B., & Walker S. (2015). Fitting Linear Mixed-Effects Models Using Ime4.
Journal of Statistical Software, 67, 1-48. https://doi.org/10.18637/jss.v067.i01

R Development Core Team. (2016). R: a language and environment for statistical computing. Vienna:
R foundation for statistical computing. Available at http://www.Rproject.org.

Lo S., & Andrews S. (2015). To transform or not to transform: using generalized linear mixed models to
analyse reaction time data. Frontiers in Psychology, 6, 1171. https://doi.org/10.3389/fpsyg.2015.01171
PMID: 26300841

BarrD. J., Levy R., Scheepers C., & Tily H. J. (2013). Random effects structure for confirmatory hypoth-
esis testing: Keep it maximal. Journal of Memory and Language, 68, 255-278. https://doi.org/10.1016/
j.jml.2012.11.001 PMID: 24403724

Venables W. N., & Ripley B. D. (2002). Modern applied statistics with S ( 4th ed.). New York, NY:
Springer. http://dx.doi.org/10.1007/978-0387-21706-2

von der Malsburg T., & Angele B. (2017). False Positives and Other Statistical Errors in Standard Analy-
ses of Eye Movements in Reading. Journal of Memory and Language, 94, 119—133. https://doi.org/10.
1016/j.jml.2016.10.003 PMID: 28603341

Morey R. D., & Rouder J. N. (2013). Bayesfactor: Computation of Bayes factors for common designs (R
Package Version 0.9.12—4.2) [Computer software]. Retrieved from https://cran.r-project.org/web/
packages/BayesFactor/index.html

Jeffreys H. (1961). Theory of Probability. Oxford, UK: Oxford University Press.

Lee M. D., & Wagenmakers E.-J. (2013). Bayesian cognitive modeling: A practical course. Cambridge
University Press. https://doi.org/10.1017/CB0O9781139087759

Duffy S. A., Kambe G., & Rayner K. (2001). The effect of prior disambiguating context on the compre-
hension of ambiguous words: Evidence from eye movements. In Gorfein D. S. (Ed.), On the conse-
quences of meaning selection: Perspectives on resolving lexical ambiguity (pp. 27-43). Washington,
DC: American Psychological Association.

Norris D. (2006). The Bayesian reader: Explaining word recognition as an optimal Bayesian decision
process. Psychological Review, 113, 327-357. https://doi.org/10.1037/0033-295X.113.2.327 PMID:
16637764

Norris D., & Kinoshita S. (2008). Perception as evidence accumulation and Bayesian inference: Insights
from masked priming. Journal of Experimental Psychology: General, 137, 434—455. https://doi.org/10.
1037/a0012799 PMID: 18729709

Norris D., & Kinoshita S. (2012). Reading through a noisy channel: why there’s nothing special about
the perception of orthography. Psychological Review, 119, 517-545. hitps://doi.org/10.1037/a0028450
PMID: 22663560

PLOS ONE | https://doi.org/10.1371/journal.pone.0259987 November 15, 2021 27/27


https://doi.org/10.3758/bf03194931
https://doi.org/10.3758/bf03194931
http://www.ncbi.nlm.nih.gov/pubmed/11352220
https://doi.org/10.1037/0096-1523.32.2.335
http://www.ncbi.nlm.nih.gov/pubmed/16634674
https://doi.org/10.3758/s13421-012-0216-2
http://www.ncbi.nlm.nih.gov/pubmed/22576974
https://doi.org/10.1037/0033-295x.96.4.523
http://www.ncbi.nlm.nih.gov/pubmed/2798649
https://doi.org/10.1037/0033-295X.111.3.662
http://www.ncbi.nlm.nih.gov/pubmed/15250780
https://doi.org/10.3758/BRM.42.2.481
http://www.ncbi.nlm.nih.gov/pubmed/20479179
https://doi.org/10.3758/s13423-011-0105-x
http://www.ncbi.nlm.nih.gov/pubmed/21557026
https://doi.org/10.18637/jss.v067.i01
http://www.Rproject.org
https://doi.org/10.3389/fpsyg.2015.01171
http://www.ncbi.nlm.nih.gov/pubmed/26300841
https://doi.org/10.1016/j.jml.2012.11.001
https://doi.org/10.1016/j.jml.2012.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24403724
http://dx.doi.org/10.1007/978-0387-21706-2
https://doi.org/10.1016/j.jml.2016.10.003
https://doi.org/10.1016/j.jml.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/28603341
https://cran.r-project.org/web/packages/BayesFactor/index.html
https://cran.r-project.org/web/packages/BayesFactor/index.html
https://doi.org/10.1017/CBO9781139087759
https://doi.org/10.1037/0033-295X.113.2.327
http://www.ncbi.nlm.nih.gov/pubmed/16637764
https://doi.org/10.1037/a0012799
https://doi.org/10.1037/a0012799
http://www.ncbi.nlm.nih.gov/pubmed/18729709
https://doi.org/10.1037/a0028450
http://www.ncbi.nlm.nih.gov/pubmed/22663560
https://doi.org/10.1371/journal.pone.0259987

