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Abstract

One of the most studied and robust effects in the reading literature is that of word frequency.
Semitic words (e.g., in Arabic or Hebrew) contain roots that indicate the core meaning to
which the word belongs. The effects of the frequency of these roots on reading as measured
by eye movements is much less understood. In a series of experiments, we investigated and
replicated traditional word frequency effects in Arabic: Eye movement measures showed the
expected facilitation for high- over low-frequency target words embedded in sentences
(Experiment 1). The same was found in response time and accuracy in a lexical decision task
(Experiment 3a). Using target words that were matched on overall orthographic frequency
and other important variables, but that contained either high- or low-frequency roots, we
found no significant influence of root frequency on eye movement measures during sentence
reading (Experiment 2). Using the same target words in a lexical decision task (Experiment
3b), we replicated the absence of root frequency effects on real Arabic word processing. At
first glance, the results may not appear to be in line with theoretical accounts that postulate
early morphological decomposition and root identification when processing Semitic words.
However, these results are compatible with accounts where morphological decomposition
does occur but is followed by re-combination, and under certain conditions re-combination

costs can eliminate or even reverse root frequency effects.

Key words: Reading Arabic; Eye Movements, frequency effects; Semitic morphology,; Lexical

decision
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One of the most well documented effects on eye movement control during reading is
that of word frequency. Numerous investigations reported and replicated word frequency
effects whereby words that occur and are encountered more frequently in a language attract
shorter and fewer fixations, and more skipping, compared to words that occur in the language
less frequently (see e.g., Inhoff & Rayner, 1986; Hyoné, 2011; Juhasz & Pollatsek, 2011;
Rayner, 1998; 2009 for reviews). Word frequency effects are typically explained as a
function of repeated encounters with a word affecting the speed with which the
representations of this word are accessed and activated.

The experiments reported here investigate word frequency effects in Arabic. Arabic
is a Semitic language that is read from right to left. In the first experiment the focus was on
the orthographic frequency of the whole word, and how these influence fixation durations
and other measures of eye movement control during sentence reading. In the second
experiment the focus of investigation was whether the frequency of Arabic roots embedded
within words influences eye movements behavior. Previous investigations of the processing
of compound words, as well as prefixed and suffixed words in Finnish and in English
suggested that readers engage in decomposing the morphological units of these words during
word identification and reading, particularly for longer words (for a review, see Juhasz &
Pollatsek, 2011). Furthermore, the frequency of these morphological units influences the
length of fixations the word receives, particularly early fixations (e.g., Hyond, Bertram &
Pollatsek, 2004). Arabic however features Semitic morphology where the main
morphological unit, namely the word root morpheme, is not located as an uninterrupted unit
in the word (e.g., a unit that is flanked by a prefix, suffix, or both in English such as order in
preordered; or as a part of a compound word, known as a lexeme, e.g., the words black or
bird in the compound blackbird). Rather, Arabic morphology is non-concatenated, where

root letters are typically diffuse within the word and can be interrupted by inserting letters
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from the word form morpheme between the root letters (so-called infixes, e.g., < 5Se /mktub/
is written, where the root < /ktb/ is interrupted by the letter s /u/ of the form morpheme /- -
-s-//m__u /, seee.g., Boudelaa & Marslen-Wilson, 2001; 2005; Schulz, 2004). In
Semitic languages such as Arabic and Hebrew, the root morpheme indicates the main
semantic family to which the word belongs (e.g., in the example above, the root S /ktb/
refers to writing-related meanings), whereas the form morpheme provides the detailed
phonological representation, syntactic case, meaning, and gender, number, and tense
inflections that are necessary for complete and accurate word identification (e.g., Boudelaa &
Marslen-Wilson, 2005).

Roots play a very important role at an early stage in Semitic word identification.
Previous investigations in Hebrew single word naming and lexical decision repeatedly
suggested that the lexical organization of Semitic words (words that feature Semitic
morphology to be precise) is root-, and not orthography-based (e.g., Deutsch, Frost & Forster,
1998; Deutsch, Frost, Pollatsek, & Rayner, 2000; Frost, Deutsch, & Forster, 2000; Frost,
Deutsch, Gilboa, Tannenbaum, & Marslen-Wilson, 2000; Frost, Forster, & Deutsch, 1997;
Frost, Kugler, Deutsch, & Forster, 2005; see also Frost, 2009; 2012 for review). The findings
from these investigations repeatedly point to facilitation (typically shortening of response
time) for word identification or lexical decision when root-sharing primes were provided,
compared to when orthographically similar primes were provided. Similarly, Deutsch, Frost,
Peleg, Pollatsek, and Rayner (2003) reported decreases in fixation durations (more
specifically, in the measure of gaze duration which sums the fixation durations of first pass
fixations on a target word) following the presentation of root-sharing previews compared to
orthographically similar previews during sentence reading in Hebrew. Other supporting
evidence was obtained in Arabic where statistically reliable facilitation in lexical decision

was observed from root priming compared to form-related and orthographically-related
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primes (Boudelaa & Marslen-Wilson, 2005). Boudelaa and Marslen-Wilson (2004) found
that benefit from primes that shared root information also occurred for so-called weak roots,
where the 3-letter root comprises a vowel that may change in one of the word derivations,
thus only two consonants are shared between a prime and target (e.g., the root &5 /wfq/ with
the first letter being a vowel s, in the word pair 3 /itifaq/ agreement, and 3% s /wafaqa/
agreed, where only the root consonants /fq/ are shared). This facilitation was also found in
prime-target pairs that shared the same weak root and that were semantically distant (e.g., the
root 4> 5 /wgh/ with the first letter being a vowel s, in the word pair 4>/ s /wajaha/ confronted
and o3 /itijah/ direction or destination, where the meanings of the word pair vaguely share
the idea of what is in front of one’s face). Similarly, other evidence from cross-modal
priming further illustrated that the contribution of root information to word identification is
clearly not reducible to mere number of shared letters, phonology, or even to the semantic
closeness of the prime-target pair, further supporting the idea that Semitic lexicon
organization is root-based (Boudelaa & Marslen-Wilson, 2015, see also Boudelaa, 2014;
Boudelaa, Pulvermiiller, Hauk, Shtyrov, & Marslen-Wilson, 2009; also Prunet, Béland, &
Idrissi, 2000 for supporting evidence from a case study of an aphasic patient; and Gwilliams
& Marantz, 2015 for supporting evidence from auditory processing of spoken Arabic).
Indeed, the root-based organization of lexical entries has influenced print practices for
centuries: Arabic dictionaries are known to order the word entries by roots, rather than by
orthographic representations. For instance, to look up the word < 58 /mktub/ the reader
must find the root < /ktb/ first, and under it all derived forms of the root are listed.

If Arabic words that feature Semitic morphology are indeed lexically organized on the
basis of roots, rather than on the basis of orthography, then, arguably, root frequency may
influence the speed of word identification during reading. Thus, the question motivating

Experiment 2 is whether the frequency of the root in Arabic words influences eye movement
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behavior when the overall word frequency is held constant. To our knowledge, this is the
first direct investigation of this question in Arabic reading. However, for consistency with
findings across other languages, we will first replicate the traditional orthographic frequency
effect in Arabic by comparing eye movement measures on target words that have high
orthographic and root frequencies with target words that have low orthographic and root
frequencies. Note that using the Aralex database (Boudelaa & Marslen-Wilson, 2010), it was
not possible to find enough words that have both high orthographic frequency and low root
frequency, so we were unable to match root frequency between the two orthographic
frequency conditions, and as a result we cannot have a straightforward 2 orthographic

frequency (low — high) x 2 root frequency (low — high) design.

Experiment 1

In the first experiment, we aimed to replicate the classic orthographic frequency effect
on eye movements during reading that is widely reported in reading research (see above) in
Arabic sentences. We expected to replicate this effect whereby Arabic words of high
orthographic frequency will attract shorter fixation durations compared to words that are of
low orthographic frequency. The analyses conducted also included the pre-target region to
investigate possible effects of the target word frequency on fixation durations on the previous

word (so-called parafoveal-on-foveal effects).

Method

Participants
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Forty-two adult native Arabic speakers were paid £15 for participation in the eye
tracking procedure. Only participants who were born in Arabic speaking countries, with
Arabic as their first language, were classed as native readers and were allowed to participate.
All participants were UK residents or visitors. The participants (24 females) had a mean age
of 31 years (SD = 8.9, range = 18 — 54). All participants had normal or corrected to normal
vision, and all reported being able to clearly see the words on the screen during a practice
block. The majority of participants spoke and read English as a second language. All
participants read Arabic text regularly (daily or weekly) and they were naive as to the exact
purpose of the experiments.

For the stimuli norming tasks detailed below, we used Amazon Mechanical Turk
(AMT) participants, who did not take part in the eye tracking procedure. The exact number
of AMT participants participating in each task is detailed below. AMT participants were paid
£10-15, depending on the number of tasks in which they participated. AMT participants’
Arabic reading skills were tested in a number of ‘quality check’ tasks embedded in the
norming procedures (e.g., providing accurate definitions of the target words, and placing the
target words in original, grammatically sound, sentences). Additionally, all tasks were time
capped and so only highly skilled readers of Arabic were able to complete the work in the
time allowed. Data from AMT participants whose work did not pass the quality checks were

not included in the norming, and additional AMT participants were recruited to replace them.

Reading skill screening for participants in the eye tracking procedure.

Two reading tasks were performed by all participants prior to the experiment in order

to screen their proficiency in reading Arabic. Participants performed a word reading aloud

task (82 printed words) followed by a sentence reading aloud task (5 sentences including 42
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words) presented on the computer screen. All participants were highly accurate both in word
and sentence reading (mean percentage of words read accurately = 99.2%, SD = 1, range =

96.3 — 100%).

Stimuli

Thirty sets of two target words (total 60 words) of high and low orthographic
frequency were selected from the Aralex database (Boudelaa & Marslen-Wilson, 2010). The
target words were embedded in frame sentences that were identical in 19 of the stimuli sets
(see Figure 1). For the remaining sets the frame sentences were identical only until the target
word. After the target word, the remaining portion of the sentence differed between the
conditions to suit the different target words. In each set, the target word pairs (high and low
orthographic frequency) contained the same number of letters. Target words were always
embedded near the middle of the sentence. Appendix 1 contains the stimuli sentences and
lists the syntactic cases of all target words used. On average, the target words were 8.6 letters
long (SD = 0.8, range = 8 — 11 letters). High-frequency words had an average orthographic
frequency of 248.3 counts per million in Aralex (SD = 149, range = 100.8 — 680.5 counts per
million). Low-frequency words had average orthographic frequency of 0.9 counts per
million in Aralex (SD = 2.4, range = 0.2 — 9.7 counts per million). The difference in average
log-transformed orthographic frequency was statistically significant #58) =29.8, p <.001.
Additionally, high orthographic frequency words contained roots that had an average of
2950.8 counts per million (SD = 1824.8, range = 996.2 — 6902.5), whereas low orthographic
frequency words contained roots that had an average of 580.6 counts per million (SD =
1074.7, range = 3.12 —3934.1). Thus, high orthographic frequency words featured roots that

were also of a significantly higher frequency than the roots in the low orthographic frequency
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words (difference in log-transformed frequency counts was significant: #(58) = 7.2, p <.001).

<Insert Figure 1 about here>

All sentences were written and displayed on a single line and in natural cursive script.
The text was rendered in Traditional Arabic font, size 18 (in size roughly equivalent to

English text in Times New Roman font size 14).

Stimuli matching and norming.

Arabic is typically printed in proportional fonts with letters naturally varying in size,
thus words that contain the same number of letters may vary in their spatial extent, or the
amount of horizontal space the word occupies (see Hermena, Liversedge, & Drieghe, 2016).
To make sure this property did not result in a confound between the conditions, target words
were matched on spatial extent. This was achieved through extending letter ligatures when
necessary. Extending these ligatures would typically increase letters’ spatial extent
minimally (by a pixel or two) so that both words in a stimulus set would have the exact same
spatial extent of the largest one.

We obtained 10 cloze predictability ratings for the target word in each sentence. In
this procedure, 10 AMT participants were given sentences up to, but not including, the target
word, and were asked to complete the sentence. None of the target words were produced by
the AMT participants indicating that none of these words were predictable (i.e., the target
was produced on zero occasions by the AMT participants).

Finally, we obtained ratings of sentence structure naturalness for all target sentences

on a 7-point scale (1 = structure is highly unusual, 7 = structure is highly natural). 10 ratings
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per sentence were obtained from 10 AMT raters, and these indicated that sentence structure
for all stimuli in all conditions was highly natural: Sentences containing high and low-
frequency target words had average ratings of 5.98 (SD = 0.81, range = 5.3 — 6.5), and 5.59
(SD = 0.80, range = 5.4 — 6.4), respectively. There was no significant difference between the

naturalness ratings of the two conditions (¢ < 1).

Apparatus

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 CRT monitor. Monitor resolution was set at 1024 x 768 pixels. The
participants leaned on a headrest to reduce head movements. The words were in black on a
light grey background. The display was 73 cm from the participants, and at this distance, on
average, 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 trials after reading the sentences.

Design

The orthographic frequency of the target words was the within-participants
independent variable. Sentences containing these targets were counterbalanced, and
presented in random order. Thus, participants saw only one sentence out of each set, and an

equal number of target stimuli from both frequency conditions.
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Procedure

This experiment was approved by the University of Southampton Ethics Committee.
At the beginning of the testing session, participants were given instructions for the
experiment. Consenting participants subsequently read aloud the words and the sentences for
the reading skill screening task. This was followed by the 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°, otherwise calibration and validation were repeated. Prior to the onset of the target
sentence, a circular fixation target (diameter = 1°) appeared on the screen in the location of
the first character of the sentence. When the tracker registered a stable fixation on the circle,
the sentence was presented.

The participants were told to read silently, and that they would periodically be
required to use the button box to provide a yes/no answer to the questions that followed
around one-third of the sentences. Participants were allowed to take breaks, following which
the tracker was re-calibrated. The testing session, including the reading skill screening tasks,
the eye tracking procedure, and breaks lasted around 60 minutes, depending on how many
breaks a participant took.

Eye tracking data for Experiments 1 and 2 were collected in one testing session, along
with the stimuli from another, unrelated experiment. Thus, the sentences from the different
experiments acted as filler items for each other. In total, participants read 96 sentences (30
from Experiment 1 + 30 from Experiment 2 + 26 from the unrelated Experiment 3 + 10

practice sentences).
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Results

For all reported analyses, fixations with durations shorter than 80 ms, or longer than
800 ms were removed. However, fixations shorter than 80 ms that were located within 10
pixels or less from another longer fixation, were merged with the longer fixation. Along with
removing trials in which blinks occurred, this resulted in removing approximately 0.6% of all
data points. Furthermore, for each of the fixation duration measures, we removed data points
+2.5 standard deviations away from the mean fixation duration per participant within the
specific condition as outliers.

Three participants were excluded from the analyses given that their sentence
comprehension scores fell below 80%. Thus, the reported results are based on data collected
from 39 participants. These 39 participants had an average sentence comprehension score of
94% (SD =4, range = 80 — 100%). There were no differences between the accuracy scores
across the conditions (z < 1).

We report a number of eye movement measures for the target word region. The first
measure is word skipping probability (the probability that the target word was not fixated
during first pass reading). We also report 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); 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); gaze duration (the sum of fixation durations the target word received during first
pass reading and before exiting the target word to go forward or backwards in the text); and
go past time (the sum of all fixation durations made from entering the region of interest until
exiting this region forward). Finally, we also report first pass fixation count (the total number

of fixations the word received during first pass reading).
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In addition, we also report the duration of the last fixation of first pass reading and
gaze duration on the pre-target word to learn whether there were any so-called parafoveal-on-
foveal effects associated with the orthographic frequency of the target words (for a review
see Drieghe, 2011).

We used the /me4 package (version 1.1-16, Bates, Maechler, & Bolker, 2015) within
the R environment for statistical computing (R-Core Development Team, 2016) to run linear
mixed models (LMMs). Target word frequency (two levels: high vs. low) was the fixed
factor for each model. Subjects and items were treated as random variables. Unless
indicated below, all models used for fixation duration and fixation count measures contained
the full random structure (e.g., Barr, Levy, Scheepers, & Tily, 2013) that included random
slopes for the main effects and their interactions. For the measure of word skipping we used
logistic generalized linear mixed models (GLMMs). If a model containing the full random
structure failed to converge, it was systematically trimmed until it converged, first by
removing correlations between random effects, and if necessary also by removing their
interactions. All findings reported here are thus from successfully converging models. We
performed log transformation of the fixation durations to reduce distribution skewing
(Baayen, Davidson, & Bates, 2008). For each eye movement measure we report beta values
(b), standard error (SE), ¢ statistic for fixation durations and count measures, and z statistic
for skipping probability. As a ¢ distribution with a high degree of freedom approaches the z
distribution, absolute ¢ values higher than 1.96 can be considered significant at p <.05. Table
1 contains the descriptive statistics for all reported measures. All descriptive statistics
(means and standard deviations) reported in this experiment, and the rest of the experiments

in the current paper, were calculated across participants.

<Insert Table 1 about here>
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Pre-Target Word Analysis

At the pre-target region, removing outliers from the last fixation duration of first pass
reading resulted in removing 1.2% of data points, and 1.4% from gaze duration. There were
no significant differences between the two conditions in the last fixation duration of first pass

reading (b = 0.029, SE =0.023, ¢ = 1.26), or in gaze duration (¢ < 1).

Target Word Analysis

Removing fixation duration outliers resulted in removing 1.5% data points from first
fixation duration, 0.4% from single fixation duration, 1.8% from gaze duration, and 3.3%
from go past time.

As can be seen in Table 1, low-frequency words were slightly more likely to be
skipped compared to high-frequency words, however the difference was not significant (b =
0.443, SE =0.367,z=1.21, p >.20)!. Tt is notable that, overall, target word skipping was
quite rare. Furthermore, and as expected, compared to low-frequency targets, high-frequency
targets received a significantly shorter first fixation duration (b = 0.104, SE =0.024, ¢ =
4.38), single fixation duration (b= 0.121, SE = 0.033, t = 3.07), gaze duration (b = 0.259, SE
=0.034, t=7.70), and go past time (b =0.312, SE =0.039, t = 7.91). High-frequency words
also attracted significantly fewer first pass fixations compared to low-frequency words (b =

0.272, SE = 0.065, t = 4.21).

' The model with full random structure failed to converge and was thus trimmed. The converging
version of the model was: glmer (dependent variable ~ frequency condition + (1 | participant) + (1 |

stimulus_item), data = data_file, family = binomial).
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Discussion

The results obtained replicate previous findings for word frequency effects in other
languages. Arabic words of high orthographic frequency attracted shorter fixation durations
in eye movement measures that are associated with early (first and single fixation durations,
and gaze durations) as well as late (go past) processing. The results also indicated that the
orthographic frequency of the target words did not influence processing time on pre-target
interest areas. In other words, fixation duration measures suggest that there were no
parafoveal-on-foveal effects for word frequency. There were no significant effects of word
frequency of target word skipping.

As discussed above, word frequency effects in reading (and in other single word
identification tasks) are robust findings that are widely reported and replicated. Word
frequency effects are used as a benchmark for modelling of eye movement behavior in
reading. As such, both families of eye movement control models, serial and parallel,
successfully accommodate word frequency influences on eye movement control during
reading. For instance, in E-Z Reader which postulates sequential attention allocation to
words during reading, suggests that word frequency determines the average time needed to
complete the familiarity check (L1, in combination with word predictability from previous
context, see Reichle, 2011). On the other hand, in SWIFT, a parallel processing model which
proposes gradient attention allocation during reading, word frequency effects are also present
but not only for the currently fixated word as the model additionally accommodates successor
effects (i.e., that fixation duration is modulated by the properties of the upcoming word,
including its frequency) and lag effects (i.e., that word recognition continues to influence

subsequent fixation durations after gaze position has shifted forward to the upcoming word,
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see e.g., Engbert & Kliegl, 2011).

As this is the first report of word frequency effects on fixation durations during
reading in Arabic, it would be interesting to consider this effect in some detail. While the eye
movement control models discussed above successfully simulate or predict word frequency
effects, they do not provide any explanation of why word frequency effects are obtained in
the first place. This is a fundamental issue. According to Norris (2006), a number of
cognitive modelling exercises in the word recognition literature do not answer this question
either. In the explanations offered by some models such as the Logogen Model (Morton,
1969), or the search models family (e.g., Forster, 1976) the word frequency effect is treated
as “an undesirable side effect of a suboptimal [word identification] mechanism” (Norris,
2006, p. 329). The essence of such explanations is that in that “suboptimal mechanism” a
portion of words in the language, namely, those that occur less frequently, are disadvantaged
even though they were encountered and learnt previously. By contrast, Norris (2006) offers a
different account, in the Bayesian Reader model, that assumes that the word identification
system actually functions optimally. In this model, word frequency effects occur because a
word identification system that is optimally adapted to the linguistic environment in which it
operates would by default identify more frequent words faster than less frequent ones (see
also Norris & Kinoshita, 2008). As such, the Bayesian Reader model (Norris, 2006) assumes
that when performing word identification, an ideal observer cannot simply match perceptual
input (print) to all stored lexical entries (words), with each entry requiring the same amount
of processing to be retrieved. Indeed, had this been the case, no word frequency effects are to
be expected. Rather, the ideal observer takes into account the prior probabilities of the word
occurrence, thus, inevitably, that observer would be influenced by how frequent the word
appears in the particular language. Note that taking into account words’ frequency of

occurrence in a language is suggested to be a result of system optimization, and not because
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the system sub-optimally functions when attempting to match perceptual input to a subset of
the previously learnt and stored entries (namely, the subset of entries that are encountered
less frequently in the language). This subtle point is perhaps the main difference between
this account, and the accounts proposed by the models mentioned above. So, combining
perceptual information with prior probability allows the observer to perform word
identification, whether in reading or other tasks such as lexical decision in a way that
maximizes performance speed and accuracy, and minimizes misidentification that could lead
to erroneous response (e.g., in lexical decision), or to building inaccurate representations of
the text during reading. Specifically, the probability of observing the perceptual input /,
given that the word 77 has been presented is captured by term P(I|W). Each time a word is
encountered, the recognizer is able to learn and update that probability. Finally, in dealing
with any new perceptual input, the system ‘looks up’ this probability P(I| W) in order to
generate the desired response. Thus, optimal word identification system functioning

produces, and replicates, word frequency effects.

Experiment 2

As explained above, a great deal of evidence emerging from studies of Hebrew and
Arabic word processing suggests that the root morphemes in these words play a key role, not
only in word identification, but also in lexical organization. In this experiment, we
investigate whether high root frequency results in processing facilitation during sentence
reading. Specifically, would words that contain a high-frequency root attract shorter fixation
durations compared to words that contain low-frequency roots? The two sets of words are
matched on length (number of letters), spatial extent, predictability from previous context,

and notably on whole word orthographic frequency. If the words containing high-frequency
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roots attract shorter fixation durations compared to words with low-frequency roots, this
would be a very interesting finding that further illustrates the important role of root
morphemes in word processing. Such results would further support the idea that the
organization of lexical representation in Arabic is root-based, and as such: (a) More
frequently encountered roots are faster to activate and easier to process compared to less
frequently encountered roots; and importantly, (b) root frequency influences the processing
time (fixation durations) required for the identification of the words containing these roots,
similar to the way that orthographic frequency influences processing time in other languages
where lexical organization is orthography-based (see Frost, 2012). Such findings would also
complement previous findings from single word tasks in Arabic and Hebrew (e.g., primed
lexical decision, see discussion above) where primes that activate root representations shared
with targets result in facilitation (faster responses) to these targets.

Additionally, we suggest that obtaining an effect of root frequency on target word
identification during reading would be predicted from the dual route model for processing
Semitic words that was put forward by Frost et al. (1997). In this model, an obligatory
morphological decomposition and root identification route was suggested to influence letter
string processing at early stages, in combination with a whole-word processing route. Such a
model could account for the robust findings that clearly suggest that Semitic language readers
are sensitive to root information presented as primes (see also Bentin & Frost, 1995). It
follows that if Arabic readers similarly decompose Arabic words into morphological units,
high frequency roots would have a processing advantage compared to roots of lower
frequency.

Similar to Experiment 1, eye movement measures on pre-target words were also
analyzed to establish whether processing Arabic words with high or low root frequencies

results in any parafoveal-on-foveal effects.
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Method

The participants, apparatus, and procedure of this experiment are identical to
Experiment 1. As explained above, collecting data for both experiments took place in the
same session with the stimuli of both experiments, as well as a third unrelated experiment,

acting as filler items for each other.

Stimuli

Thirty sets of two target words (total 60 words) of high and low word root frequency
were selected from the Aralex database (Boudelaa & Marslen-Wilson, 2010). The target
words were embedded in frame sentences that were identical in 18 of the stimuli sets (see
Figure 2). For the remaining sets the frame sentences were identical only until the target
word. In each set, the target word pairs (high and low root frequency) contained the same
number of letters. Half the sets contained 6-letter target word pairs, and the other half 7-letter
word pairs. The majority of target word sets contained 3-letter roots with only 2 sets
containing 4-letter roots (both were in the group of the 6-letter words). This selection is
representative of Arabic words where the majority of roots are 3-letters long (Haywood &
Nahmad, 1965; Schulz, 2004; see also Buckwalter & Parkinson, 2011). In each set, the target
word pair contained the same number of root letters. Target words were always embedded
near the middle of the sentence. Appendix 2 contains the stimuli sentences and lists the
syntactic cases of all target words used in each sentence. High-frequency roots had an
average of 4959.8 counts per million in Aralex (SD = 6286.7, range = 273.8 —31507.5 counts

per million). By contrast, low-frequency roots had an average of 20.6 counts per million (SD
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=19.9, range = 0.2 — 65.0 counts per million). The difference in log-transformed root

frequency counts between the two groups was statistically significant #58) = 15.95, p <.001.

<Insert Figure 2 about here>

Both root frequency groups were matched on overall word orthographic frequency:
High root frequency words had an average orthographic frequency of 1.45 counts per million
in Aralex (SD = 2.14, range = 0.18 — 8.19 counts per million); low root frequency words had
average orthographic frequency of 1.23 counts per million in Aralex (SD = 1.53, range = 0.18
—7.10 counts per million)?. The difference between the log-transformed orthographic
frequencies of these two groups was not statistically significant (¢ < 1). As mentioned above,
it was not possible to find enough words with high orthographic frequency and low root
frequency to construct a fully crossed design.

As with Experiment 1, all sentences were written and displayed on a single line and in

natural cursive script. The text was rendered in Traditional Arabic font, size 18.

? In all reported experiments, root token frequencies, not type frequencies were the basis on which
stimuli selection was performed. Root type frequency is an interesting variable given its potential
influence on readers’ performance (see e.g., Boudelaa & Marslen-Wilson, 2011). We did not include
root type frequency in our manipulations or discussion as it falls outside the remit of our a priori
research questions. Rather, our stimuli selection preserved the relationship between root type and
token frequencies as present in the Aralex database (Boudelaa & Marslen-Wilson, 2010).

Specifically, based on all 142,162 accessible root entries in Aralex, root type and token frequencies
are strongly and positively correlated (log transformed type and token frequencies have a correlation
coefficient of » = 0.72, p < .001). In our selected stimuli for all reported experiments, this relationship
between root type and token frequencies was preserved (» = 0.81, p <.001 for all stimuli; » = 0.60, p <
.001 for Exp. 1; »=0.82, p <.001 for Exp. 2; real roots in Exp. 3a have the same properties as Exp. 1;
r=0.84, p <.001 for Exp. 3b; all frequency counts log transformed). We wish to thank an

anonymous reviewer for alerting us to the relevance of including this information.
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Stimuli matching and norming.

Target words were matched on spatial extent in a manner identical to Experiment 1.
Similarly, none of the target words were predictable from the pre-target context based on 10
cloze predictability ratings obtained for each sentence stem provided by AMT participants.

Finally, we obtained ratings of sentence structure naturalness for all target sentences
on a 7-point scale (1 = structure is highly unusual, 7 = structure is highly natural). 10 ratings
per sentence were obtained from 10 AMT raters, and these indicated that sentence structure
for all stimuli in all conditions was highly natural: Sentences containing high and low root
frequency target words had average ratings of 5.80 (SD =0.71, range = 5.4 — 6.6), and 5.88
(SD =0.72, range = 5.3 — 6.6), respectively. There was no significant difference between the

naturalness ratings between the two conditions (z < 1).

Results

Data cleaning criteria and procedure were identical to what is described in
Experiment 1, and resulted in removing approximately 1.1% of all data points. No
participants were excluded on the basis of sentence reading comprehension given that all
scores were above 80% in this experiment (sentence comprehension scores were analyzed
separately for Experiments 1 and 2). Thus, the analyses reported are based on the data from
all 42 participants. On average participants had a comprehension score of 94% (SD = 5.1,
range = 81 — 100%). There were no differences between the accuracy scores across the root
frequency conditions (# < 1).

We report the same eye movement measures reported in Experiment 1 for the target



Orthographic and Root Frequency Effects in Reading Arabic 22

and pre-target regions. The linear mixed models used to analyze the data were specified in a
manner similar to what is described in Experiment 1, with the exception that target word root
frequency (two levels: high vs. low) was the fixed variable for each model. Unless indicated,
all LMM and GLMM models used contained full random structures and successfully
converged. Table 2 contains the descriptive statistics for all reported measures for

Experiment 2.

<Insert Table 2 about here>

Pre-Target Word Analysis

At the pre-target region, removing outliers from last fixation duration of first pass
reading resulted in removing 0.9% of data points, and 1.9% for gaze duration. See Table 2
for descriptive statistics for eye movement measures at the pre-target region. For the last
fixation duration of first pass reading, the difference between the two conditions was small
and not statistically significant (¢ < 1). Similarly, the difference between the two conditions

was not significant for the gaze duration measure (¢ < 1),

Target Word Analysis

Removing fixation duration outliers resulted in removing 1% data points from first

fixation duration, 0.4% data points from single fixation duration, 0.9% from gaze duration,

3 For both these measures, the models with full random structure resulted in random effects
correlations of 1 or -1 indicating over-parameterization. The random structures of these models were
thus trimmed. The models used were: Imer (dependent_variable ~ frequency condition + (1 |

participant) + (1 | stimulus_item), data = data_file).
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and 2.9% of go past time.

As can be seen in Table 2, the difference between target word root frequency
conditions in the measure of word skipping was negligible and not statistically significant (z
< 1)*. Similarly, the differences between the two root frequency conditions were not
statistically significant for first fixation or single fixation durations, gaze duration®, go past
time, or first pass fixation count® (all 7s < 1).

An additional Bayesian Factor (BF) analysis was performed using the BayesFactor
package (version 0.9.12-2, Morey & Rouder, 2015) for R (R-Core Development Team, 2016)
and used the default scale value (0.5) for the Cauchy priors on effect size and 100,000 Monte
Carlo iterations. Contrary to traditional null-hypothesis testing Bayesian statistics allow us to
quantify the amount of evidence the data provide for either the null hypothesis or the
alternative hypothesis. Applied to our current experiment it allows us to compare the amount
of evidence for a model that did, or did not, include root frequency as a predictor. A low BF
(<1) would indicate evidence for the simpler model, a high BF (>1) evidence for a model that
does include root frequency. The BF was calculated for all reported dependent variables. For

the pre-target word region, the BF analyses indicated what can be classed as strong evidence

* The model with full random structure failed to converge and was thus trimmed. The converging
version of the model was: glmer (dependent variable ~ frequency condition + (1 | participant) + (1 +
frequency_condition | stimulus_item), data = data_file, family = binomial).

> For first and single fixation durations, and gaze duration, the models with full random structure
resulted in random effects correlations of 1 or -1 indicating over-parameterization. The random
structures of these models were thus trimmed. The models used were: Imer (dependent_variable ~
frequency_condition + (1 | participant) + (1 | stimulus_item), data = data_file).

® For first pass fixation count the model with full random structure resulted in random effects
correlations of 1 indicating over-parameterization. The random structures of this models were thus
trimmed. The model used was: Imer (dependent_variable ~ frequency_condition + (1 | participant) +

(1 + frequency_condition | stimulus_item), data = data_file).
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for the absence of root frequency effects in the measure of last fixation duration in first pass
reading (BF = 0.08; a BF smaller than 0.33 is usually considered to constitute substantial
evidence for the null effect, and a BF smaller than 0.1 strong evidence), and substantial
evidence for this null result in the measure of gaze duration (BF = 0.12). Similarly, BF
analyses showed evidence for the absence of root frequency effects in all reported measures
at the target word region (skipping: BF = 0.22, substantial; first pass fixation count, BF =
0.12, substantial; first fixation duration: BF = 0.08, strong; single fixation duration: BF =
0.10, substantial; gaze duration: BF = 0.07, substantial; and go past: BF = 0.13, substantial).
BF values indicating substantial or stronger support for null or alternative hypotheses are
considered sufficient indicators that the data set does not lack sensitivity, or power, and that
the null hypothesis (in the current results) is well-supported (see e.g., Dienes, 2014; Wetzels,

Matzke, Lee, Rouder, Iverson, & Wagenmakers, 2011)’.

Discussion

The results showed no difference in any of the eye movement measures as a function
of root frequency. As discussed above, if readers utilize an obligatory morphological
decomposition and root identification route, then we would have expected to obtain robust
root frequency effects. However, we will argue that the current null results cannot be used as
conclusive evidence against compulsory morphological decomposition and root identification

(e.g., Frost et al., 1997). An alternative interpretation using the theoretical framework put

" To further examine whether these results can be attributable to lack of statistical power, we used the
power analyses described by Westfall, Kenny, and Judd (2014). The analyses revealed that the
number of stimuli items per cell in the current design (30), and current number of participants (42)
would be sufficient to detect a moderate effect size d = 0.5 with power = 0.89. In other words, it is

not at all likely that these null effects arose due to a lack of statistical power.
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forward by Taft (2004) allows us to evaluate the viability of an obligatory morphological
decomposition route in the light of the current results. To avoid repetition, however, we will
detail this account in the General Discussion.

In order for this discussion to be comprehensive, we must consider findings in
European languages where the frequency of morphological constituents (e.g., lexemes in
compound words, like color in colorscale, a single word in Finnish, see Hyoni & Pollatsek,
1998) was found to influence fixation durations during silent reading, independently from
overall word orthographic frequency. A possibility that warrants future investigation is that
Arabic roots did not yield a frequency effect similar to lexemes in European languages
because of a very important difference between the two types of word sub-components:
Lexemes in European compounds represent an uninterrupted, isolable, portion of the word
whereas the non-concatenated nature of Semitic morphology mean that roots in Arabic words
are spread within the word, and are separated by letters from the word form morpheme. As a
result, it is possible that processing Arabic roots and European lexemes may differ
fundamentally in the way each influences eye movement control during silent reading, such
that lexeme frequency effects on eye movement measures are more robust than those of
Arabic roots frequencies. At this stage we can only offer speculations as to the exact
mechanism by which the dispersal of root letters in Arabic words may eliminate the root
frequency effects (unlike the documented frequency effects of isolable and unified lexemes in
European words). One possibility is that the dispersal of root letters may result in slowing
down root identification (compared to if the roots were present as unseparated letters). In
turn, this slowing down of root identification may result from increased lateral inhibition (i.e.,
visual crowding, see Bouma, 1970, 1973; Drieghe, Brysbaert, & Desmet, 2005) that may
slow down the identification of root letters, and is caused by the non-root letters that interrupt

root unity. Further direct investigation of this issue may be necessary.
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Another difference between words in Arabic and in European languages is that of
word length (the number of letters a word contains). Findings from European languages
(e.g., Finnish and English) show that for longer words (> 12 letters) lexeme frequency
influences measures such as gaze duration, whereas shorter words (< 8 letters) show only
effects of whole-word frequency (e.g., Bertram & Hyoné, 2003; Niswander-Klement &
Pollatsek, 2006; see also Kuperman, Bertram, & Baayen, 2010 for comparable results in
Dutch, but cf. Juhasz, 2008). Most Arabic words with Semitic roots (i.e., words that are not
Arabized from other languages such as 4l 2 sa or democracy, 10-letters in Arabic) are
shorter than 10-letters long. This is the case even for words that include gender, number, and
tense inflictions added to the root (e.g., (JLslxiis or both [females] will cooperate, total of 9
letters, root letters underlined, see Haywood & Nahmad, 1965; Schulz, 2004). Bertram and
Hyoné (2003) reported that most words that were about 8-letters long attracted one fixation,
whereas with longer Finnish compounds, more than one fixation was necessary. This meant
that individual lexemes in longer words were most likely processed in different fixations, and
the fixation durations on these lexemes reflected the frequency with which these lexemes
occur in Finnish. In Arabic, by contrast, and given the relative shortness of Arabic words (in
terms of number of letters; almost 40% of the words listed in Aralex are composed of <5
letters), and also the fact that root and form morpheme letters are dispersed, it is likely that
the durations of each fixation made on these words reflects a mixture of processing both root
and non-root letters. This may mean that fixation duration measures of Arabic word
processing may not readily show a significant Semitic root frequency effect, despite the
importance of these roots for lexical organization.

Given the results obtained for the root frequency manipulation, we decided to expand
the investigation of word and root frequency effects (particularly the latter) in a less natural

reading task. Recall that the findings relating to the central role of roots in word
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identification in Semitic languages were mainly obtained from isolated word recognition
tasks (e.g., lexical decision). In addition to replicating the reported effect of word frequency
in Experiment 1, we aimed to further investigate the relationship between a root and the
letter-string in which it is embedded in a way that would further explain why only word, but

not root, frequency effects were obtained.

Experiments 3a and 3b

These two experiments further investigated word orthographic frequency effects
(Experiment 3a) and root frequency effects (Experiment 3b) on lexical decision performance.
In both experiments, we re-used the target words from Experiments 1 and 2 as the word
items. This allowed for investigation of whether, using the same stimuli, the orthographic
frequency effects obtained in the eye tracking experiment (Experiment 1), generalized to
lexical decision performance.

For Experiment 3a, we expected that word frequency would influence lexical decision
performance such that response times would be reduced for high- relative to low-frequency
words. We also expected a similar effect in response accuracy.

Importantly, for Experiment 3b, using the same stimuli we used in silent reading
(Experiment 2) in lexical decision allowed us to investigate whether the pattern of results
reported above extends to lexical decision. The results reported above reflected effects of
word orthographic frequency, while suggesting that the frequency of the roots these target
words encompass does not significantly influence eye movement measures of reading. In a
lexical decision task, using pseudo words that contain real roots, of either high or low
frequency, allows us to investigate root frequency influence on letter string identification

when these letter strings represent real lexical entries compared to when these strings are
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novel. We can thus disentangle and quantify word orthographic and root frequency effects
on letter string identification. This motivated the method we describe below for creating the
pseudo words used in the lexical decision task. It also motivated including target letter string
lexicality (real word vs. pseudo word) as a fixed variable in our statistical analyses, in
addition to the variable of root frequency). The findings from this experiment would also be
informative in evaluating the viability of a compulsory morphological decomposition and

root identification route (e.g., Frost et al., 1997), and its influence on lexical decision.

Method

Participants

Forty-five adult native Arabic speakers were paid £15 for participation in these two
experiments (as well as other, unrelated Arabic sentence reading experiments that were run
simultaneously). None of the participants in these experiments took part in Experiments 1 or
2. The criteria for selecting native Arabic readers was operationalized as described in
Experiment 1. The participants (22 females) had a mean age of 31 years (SD = 6.7, range =
19 — 50). All participants had normal or corrected vision, and all reported being able to

clearly see the words on the screen during a practice block.

Reading skill screening for participants.

In order to screen the proficiency of reading in Arabic, three reading tasks were
completed by all participants. Prior to the experiment participants performed a text reading
aloud task (82 printed words) followed by a sentence reading aloud task (5 sentences

including 42 words) presented on the computer screen. All participants were proficient with
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100% accuracy. Subsequent to the eye tracking procedure, a standard digital voice recorder
was used to record participants’ voices when reading aloud a list of single words (36 words
carrying Arabic diacritical marks which add vowels sounds to the letters). All 44 participants
were highly accurate in word reading (mean percentage of words read accurately = 96.7%,

SD = 4.0, range = 82% — 100%).

Stimuli

For Experiment 3a, we used the 30 sets of word pairs used in Experiment 1 as target
words of high and low orthographic frequency. In addition, we created a set of 60 pseudo
words. These pseudo words were paired with each of the high and low-frequency words such
that the pseudo words contained the same number of letters, and the same number and pattern
of morphemes as the real words. The pseudo words were built from pronounceable Arabic
letter combinations. The roots contained in these pseudo words were composed of nonsense
letter strings that did not correspond to any root entries in any of the major nine Arabic
language dictionaries®. Thus, we ascertained that none of the pseudo words contained any
real Arabic roots of either contemporary or archaic use.

For Experiment 3b, we used the 30 sets of word pairs used in Experiment 2 as target

words of high and low root frequency (both matched on low orthographic frequency, see

¥ These are:
(sl 2 g ol amnal) e laall it QAN ) cagmal) (o salil cAalll 8 laal) alll Ganlie cjall ol
. B palaall A jall Aall) aaea
We used the electronic searchable versions of these dictionaries available at http://www.maajim.com

and http://www.baheth.info.
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details above). In addition, we created another 30 sets of pronounceable pseudo word pairs,
half contained high-frequency real Arabic roots (average root count per million in Aralex =
4438.8, SD = 1593.5, range = 333.8 — 8294.2), and the other half low-frequency real Arabic
roots (average root count per million = 0.7, SD = 0.2, range = 0.1 — 0.9). The difference
between root frequency (log-transformed) in both pseudo word conditions was statistically
significant (#(58) = 62.7, p <.001). The pseudo words in both these conditions were thus
paired with the real words in both the high and low root frequency conditions such that each
pseudo word matched the real word on number of letters and number and pattern of
morphemes. This way we were able to orthogonally manipulate target lexicality (word or
pseudo word) and root frequency (high or low). Appendix 3 contains all the target words and
pseudo words used.

For both Experiments 3a and 3b, all words and pseudo words were displayed at the

center of a computer screen in natural cursive script in Traditional Arabic font, size 18.

Apparatus

In both experiments, the lexical decision task was prepared using Experiment Builder
(SR Research Ltd., Kanata, Ontario, Canada). The target letters strings were displayed at the
center of a 20 inch ViewSonic Professional Series P227f CRT monitor and were viewed
binocularly. Monitor resolution was set at 1024 x 768 pixels running at 120 Hz vertical
refresh rate. A Dell Precision 390 computer handled the experimental display. The
participants leaned on a headrest while viewing the targets. The targets were in black on a
light grey background. The display was 73 cm from the participants.

The participants used a Dell SK-8511 computer keyboard to enter their responses to

the lexical decision task (word: right ctrl / pseudo word: left ctrl).
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Design

In Experiment 3a, the orthographic frequency of the target words, and lexicality of the
letter strings were the within-participant independent variables. The stimuli were
counterbalanced using a Latin square, and presented in random order. Thus, participants saw
each target only once, and an equal number of high and low-frequency words, and an equal
number of words and pseudo words in the testing session.

In Experiment 3b, 2 target lexicality (word, pseudo word) x 2 root frequency (low,
high) were the within-participant independent variables. The stimuli were counterbalanced
using a Latin square, and presented in random order. Thus, participants saw each target only
once, and an equal number of words and pseudo words, and of high and low root frequency
targets in the testing session.

In both experiments, button press (lexical decision) reaction time and accuracy were

the dependent variables.

Procedure

Both experiments were approved by the University of Southampton Ethics
Committee. At the beginning of the testing session, participants were given instructions for
the experiments. Consenting participants subsequently read aloud the reading skill screening
text before and after the lexical decision procedure, concluding the session with single word
reading task.

The targets from both Experiments 3a and 3b were interleaved and presented at the

same testing session. Each participant thus saw a grand total of 130 letter strings for lexical
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decision: 60 targets from each experiment, plus 10 practice items. The procedure for
presenting the target strings on the screen resembled the procedure for lexical decision used
by Luke and Christianson (2011). Each trial began with a fixation circle at the center of the
monitor, the exact location where the target string appeared. The fixation circle occupied the
center of the screen for 300 ms. The circle was then replaced by the new target letter string.
The target letter strings were displayed for a maximum of 3000 ms. Once the participant has
responded by a button press, an 11-character mask #####H###### (equal in width to the
widest target word) was displayed in the same location as the target, and remained for 200
ms, followed by a blank screen that was then displayed for 300 ms. The participants were
then presented with the screen containing the fixation circle for the next trial.

The testing session, including participating in the other, unrelated sentence reading

experiments and the reading skill screening tasks, lasted around 60 minutes.

Results

For both Experiments 3a and 3b, trials where reaction times shorter than 250 ms and
longer than 1500 ms were removed (see e.g., Perea, Abu Mallouh, & Carreiras, 2010).
Additionally, reaction time was analyzed only for trials where the participants’ responses
were accurate.

We used the /me4 package (version 1.1-16, Bates et al., 2015) within the R
environment for statistical computing (R-Core Development Team, 2016) to run linear mixed
models (LMMs). For Experiment 3a, target condition (words with high orthographic
frequency, words with low orthographic frequency, and pseudo words) was the within-
participant fixed variable for each model. We pre-specified the words with high-frequency

condition as the baseline to which we contrasted the other two conditions. Subsequently we
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contrasted the baseline with low orthographic frequency and with the pseudo word
conditions.

For Experiment 3b, the data were analyzed using Linear Mixed-effects Models
(LMM) using the same Ime4 package in R. Contrasts were specified as -.5/.5 and were used
for the effects of target lexicality (word, pseudo word) and root frequency (low, high), such
that the intercept corresponds to the grand mean and the fixed effects correspond to the main
effect of the fixed factors.

Response time analyses for both experiments yielded very similar results when raw
response times and log-transformed response times were analyzed. We thus report raw
response time analyses for both experiments to preserve transparency. Furthermore, in the
statistical models of both experiments subjects and items were treated as random variables.
For the measure of button press accuracy, we used logistic generalized linear mixed models
(GLMMs). All LMM and GLMM models contained full random structures that were
trimmed (where indicated) following the procedure outlined above if failure to converge
occurred. For both the reaction time and accuracy measures we report beta values (b),
standard error (SE), ¢ statistic for reaction time, and z statistic for accuracy. Tables 3 and 4

contain the descriptive statistics for Experiments 3a and 3b, respectively.

<Insert Tables 3 & 4 about here>

Experiment 3a. Removing trials with reaction times shorter than 250 ms and longer
than 1500 ms resulted in removing around 15% of data points. Additionally, for reaction
time analyses, 6% of data points were removed because of inaccurate responses.

Participants were significantly more accurate in performing lexical decision on high-

frequency words compared to low-frequency words (b =3.31, SE =0.41, z = 8.04), and
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compared to pseudo words (b =2.94, SE =0.41,z=7.10)°. An additional contrast showed
that participants were less accurate responding to low-frequency words compared to pseudo
words (b = 0.418, SE = 0.154. z =2.7). Similarly, participants responded significantly faster
to high-frequency words compared to low-frequency words (b =195.38, SE = 18.34, t =
10.65), and compared to pseudo words (b =273.25, SE =21.90, t = 12.48) !°. Participants
were also faster responding to low-frequency words compared to pseudo words (b = 133.74,
SE =20.67, t = 6.47).

Experiment 3b. Removing trials with reaction times shorter than 250 ms and longer
than 1500 ms resulted in removing around 16% of data points. Additionally, for reaction
time analyses, 10% of data points were removed because of inaccurate responses.

A significant effect for target lexicality on response accuracy was obtained (b = 0.51,
SE =0.11, z = 4.60). There was no main effect of root frequency on accuracy (z < 1)!!.
There was a significant interaction between target lexicality and root frequency (b =1.12, SE
=0.22,z=5.10, see Figure 3). For real words, response accuracy was significantly higher
for high-frequency roots compared to low-frequency roots (z = 3.69), whereas the opposite
pattern was obtained for pseudo words: Accuracy scores were significantly higher for low-
compared to high-frequency roots (z = 3.45). Subsequent simple effects tests also revealed

that for high-frequency roots, response accuracy was significantly lower for pseudo words

? The model with full random structure failed to converge and was thus trimmed. The converging
version of the model was: glmer (dependent variable ~ condition + (1 | participant) + (1 |
stimulus_item), data = data_file, family = binomial).

' The model with full random variables failed to converge. The converging version was:
Imer(dependent_variable ~ condition + (1 + condition | participant) + (0 + condition | stimulus_item),
data = data_file)

" The model with full random structure failed to converge and was thus trimmed. The converging
version of the model was: glmer(dependent variable ~ item_lexicality * Root Frequency + (1|pp) +

(1]stim), data = data_file, family = "binomial")
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compared to real words (z = 6.64), whereas for low-frequency roots, there was no difference

between pseudo words and real words (z < 1).

<Insert Figure 3 about here>

For response time, there were significant main effects for both target lexicality (b =
131.54, SE = 22.60, ¢t = 5.82), and root frequency (b = 19.44, SE = 9.45, t = 2.06).
Importantly, these effects were qualified by a significant interaction between the two
variables (b = 76.90, SE = 26.25, t = 2.93, see Figure 4). Subsequent simple effects tests
revealed that there was no significant difference between response times for high- and low-
frequency roots in real word targets (¢ = 1.34), whereas in pseudo words response times to
high-frequency roots were significantly longer than for low-frequency roots (¢ = 3.23). Also,
response times for pseudo words with high- and low-frequency roots were significantly
longer compared to real words with high-frequency roots (z = 6.67) and low-frequency roots
(t=3.48).

Same as with Experiment 2, the Bayesian analysis was performed using the
BayesFactor package (Morey & Rouder, 2015) for R (R-Core Development Team, 2016) to
allow us to determine the extent to which our data can be used to conclude that there is no
effect of root frequency in the experiment. The BF was calculated for response accuracy and
latency, comparing models that included root frequency as a predictor variable to models that
did not (collapsing across the lexicality variable). The BF analyses indicated substantial
evidence for the absence of root frequency effects in both response accuracy (BF = 0.32), and
response time (BF = 0.19). As explained above, BF values indicating substantial or stronger
support for null or alternative hypotheses are considered sufficient indicators that the data set

does not lack sensitivity, or power, and that the null hypothesis (in the current results) is well-
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supported (Dienes, 2014; Wetzels et al., 2011)"2.

<Insert Figure 4 about here>

Discussion

In Experiment 3a, the results showed an orthographic frequency effect on lexical
decision response time and accuracy rate. High-frequency words yielded the shortest
reaction times, and the highest accuracy scores compared to low-frequency and pseudo
words; and low-frequency words were responded to significantly faster compared to pseudo
words. We were thus able to obtain consistent word frequency effects for Arabic words in
eye movement measures during sentence reading, as well as in reaction time and response
accuracy in lexical decision.

In Experiment 3b we obtained a significant effect of root frequency on response time
in lexical decision. This significant effect was however qualified by a significant interaction
with letter string lexicality—a variable that also had a significant main effect on response
time and accuracy. The results show that there were no root frequency effects for real words

on the measure of response time. Rather, only a small (4%) response accuracy advantage

12 Although in Experiment 3b we were able to detect significant effects of root frequency, target string
lexicality, and a significant interaction, we used the power analyses described by Westfall et al.
(2014) once again to further examine whether the absence of root frequency effect on response time
latency for real words (see Table 4) was due to lack of statistical power. Note also that in this respect,
Experiment 3b results replicate the absence of significant root frequency effect on processing time
(fixation durations) in the adequately-powered Experiment 2. The analyses revealed that for
Experiment 3b, the number of stimuli items per cell in the current design (15), and current number of
participants (45), the experiment could detect a moderate-to-high effect size d = 0.57 with adequate

power = 0.8.
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was found for high-frequency roots embedded in real words, relative to real words containing
low-frequency roots. These results can thus be considered a replication of the results
reported in Experiment 2: Root frequency did not have a significant effect on fixation
durations in silent reading, nor lexical decision response latency, as both are measures of
processing time.

By contrast, the analyses of lexical decision performance on pseudo words revealed a
significant effect of root frequency, however not in the typical direction for frequency effects.
The presence of high-frequency roots in pseudo words resulted in a significantly reduced
response accuracy, and significantly increased response time, compared to pseudo words
containing low-frequency roots. In other words, we obtained a reversed root frequency
effect.

These results also allowed us to tease apart the influences of root frequency when
roots are embedded in real words and in novel letter strings. The presence of high-frequency
roots in real words facilitated correct responses to these words (small but significant
facilitation). By contrast, in pseudo words root frequency effects appear to be reversed, as
the presence of high-frequency roots made it harder for participants to correctly reject these
novel strings as non-lexical items thus decreasing response accuracy and increasing accurate
response time. Similarly, response times were generally significantly slower in pseudo words
compared to real words, and this was especially the case for pseudo words that contained
high-frequency roots.

At first glance, these results, particularly the absence of root frequency effects on
lexical decision response time, may be thought of as evidence against a compulsory
morphological decomposition and root identification route when processing Arabic words.
As will be detailed in the General Discussion, this is not the only possible explanation for the

findings, and might be an inaccurate conclusion.
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General Discussion

In the current investigation, Experiment 1 aimed to replicate word frequency effects
on eye movements during Arabic reading. The results obtained clearly indicated that low-
frequency words attracted significantly longer fixation durations than high frequency words.
Furthermore, using the same stimuli from Experiment 1, word frequency effects were
obtained in a lexical decision in Experiment 3a. We explained the observed word frequency
effects in Arabic in the light of the Bayesian Reader model (Norris, 2006). This model
postulates that word frequency effects are obtained given the optimization of functioning of
the word identification system in the linguistic environment in which it operates.

In Experiment 2, the influence of root frequency on eye movement measures was
investigated during sentence reading for the first time in Arabic. Findings from previous
investigations in Arabic and Hebrew, and the dual route model proposed by Frost et al.
(1997) with its morphological decomposition and root identification route operating at the
early stages of word identification led us to expect that root frequency would influence
fixation durations. The results obtained however indicated that words containing high-
frequency roots did not attract significantly shorter fixation durations during reading
compared to targets containing low-frequency roots. An initial interpretation of these results
would be that compulsory morphological decomposition does not happen during reading in
Arabic. However, this pattern of results could also be considered in the light of the findings
and theoretical account reported by Taft (2004). Taft demonstrated that under specific
circumstances where readers are more likely to rely on morphological decomposition during
word processing, elimination or even reversal of the influence of morphological constituents’

frequency can occur. Specifically, when a high-frequency English word base (e.g., seem,
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which is functionally similar to an Arabic root) is embedded in words of overall low
orthographic frequency (e.g., seeming) in order to match the low orthographic frequency of a
word that contains a low frequency stem like mend (e.g., in the word mending), this results in
elimination or even reversal of the advantage of the high frequency base seem relative to
mend. This happens because the base seem is considerably less frequently encountered in the
continuous form —ing, compared to the base mend. Using low frequency words (e.g., mend)
forces readers to rely on morphological decomposition of the word into base and form (see
also Schreuder & Baayen, 1995), and is followed by morphological re-combination in order
to complete the task at hand (e.g., sufficient identification for lexical decision). Re-
combining high frequency bases with forms that are less frequent (e.g., seem + —ing) results
in high processing costs that counteract the benefit of the high frequency of base seem. This
was indeed the pattern of results reported by Taft: No significant facilitation for high
frequency English word bases was found under these conditions. In the current Experiment
2, recall that due to unavoidable linguistic restrictions in Arabic, the selected stimuli featured
high-frequency Arabic roots embedded in very low-frequency words, to match the low-
frequency root (and word) condition. The findings reported in Experiment 2 are, thus, in line
with the results reported by Taft (2004): No significant facilitation for high frequency Arabic
roots was found. Importantly, adopting the account advocated by Taft, the absence of root
frequency effects cannot be used to infer that morphological decomposition and root
identification do not occur during early lexical processing, rather, the opposite is correct. The
findings from Experiment 2 could also suggest that compulsory decomposition is followed by
morphological re-combination, and the costs of re-combination, as observed in Taft’s lexical
decision task, generalize to silent reading.

How does the absence of significant Arabic root frequency effects compare with

findings in European languages where the frequency of word morphological constituents
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(lexemes) was found to influence fixation durations independently from overall compound
word frequency (e.g., Hyond & Pollatsek, 1998; Juhasz, Starr, Inhoff, & Placke, 2003)? It is
likely that methodological differences can account for these different results. Specifically,
when manipulating initial lexeme frequency in Finnish compounds, while attempting to keep
overall word frequency constant, Hyoni and Pollatsek relied on database counts for lexeme
frequency control, but on subjective ratings for overall word frequency matching.
Importantly, participants’ ratings indicated that both high and low frequency lexemes were
embedded in Finnish words that were rated as frequently encountered and common (on a 7-
point scale, 1 = highly uncommon, average ratings were 4.49 and 4.47 for the words
containing high- and low-frequency lexemes respectively). A very similar procedure was
employed in the investigation of lexeme frequency effects in English, with Juhasz et al.
reporting target compound word commonness ratings of > 5.5 on a similar 7-point scale in all
conditions where the target words contained high- or low-frequency lexemes. By contrast,
the words in the current study, arguably, were all of very low orthographic frequency. It is
thus possible that the processing costs at the re-combination stage for the Arabic stimuli may
have been greater for high frequency roots embedded in low frequency Arabic words
compared to the re-combination costs for the high frequency Finnish or English lexemes
embedded in frequently encountered and common words. If so, then this may have resulted
in the elimination of Arabic root frequency effects, while the Finnish and English lexeme
frequency effects were preserved.

The reversed root frequency effect obtained for non-words in Experiment 3b is also in
line with the findings reported by Taft (2004), and lends more support for the morphological
decomposition and re-combination account discussed above. Recall that in this lexical
decision experiment we used the same low-frequency real words containing high- and low-

frequency roots from Experiment 2. We also decided to manipulate the root frequency
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embedded in the pseudo words to allow further investigation of the role of roots in the
processing of the presented letter strings. According to Taft (2004), using non-words that
contain real bases in lexical decision (e.g., the base mirth in mirths, similar to the stimuli used
in Experiment 3b with pseudo Arabic words containing real Arabic roots) should result in the
elimination or even reversal of word base frequency effects. This is because when both real
words and non-words contain real bases, the only way to discriminate between them depends
on completing the morphological re-combination stage, where only real words recombine
successfully with the word pattern. This, arguably, may lead to magnification of processing
effects at the morphological re-combination stage. In line with this, Experiment 3b results
replicated the elimination of Arabic root frequency effects in response latencies for real
words. Furthermore, when pseudo words were processed, re-combination of high-frequency
roots with forms that were, by definition, very unusual combinations for native readers
resulted in greater processing costs. Indeed, these re-combination costs were so great that
response latency and accuracy for the pseudo words containing these high-frequency roots
showed a reversed root frequency effect.

Careful reading of the conclusions being drawn above invites the question: How can
both the (hypothetical) presence, and absence of root frequency effects on processing time be
used to argue for morphological decomposition taking place? Is this a tenable theoretical
stance? As explained above, had Experiments 2 and 3b produced root frequency effects in
the expected direction, an obvious conclusion would have been that such findings are in line
with the operation of a morphological decomposition and root identification route, as
proposed by the Frost et al. (1997)’s dual route model. Yet, the absence of these root
frequency effects is presented here as supporting evidence for the operation of a
morphological decomposition and root identification route. We suggest that this is, indeed, a

tenable theoretical stance. To begin with, morphological decomposition is central to both the
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Frost et al. model and to the account presented by Taft, this is not controversial in itself.
Taft’s account simply spells out what happens following morphological decomposition, and
the consequences to processing of morphological decomposition and re-combination
happening in a specific set of circumstances. These circumstances include those that
occurred during reading of the Arabic stimuli that we selected and used in our experiments (2
and 3b).

One final related theoretical consideration remains to be discussed. On one hand, the
account for processing Semitic words put forward by Frost et al. (1997) postulates a dual
route model of processing. On the other hand, the theoretical account presented by Taft
(2004) states that the obtained results (elimination or reversal of morphological constituent
frequency effects) would be hard to accommodate in dual route accounts of morphological
processing, whereas it naturally follows from obligatory morphological decomposition
accounts. Thus, the question is: Are there any serious contradictions in endorsing Frost et
al.’s dual route model while also claiming to support the account put forward by Taft? The
likely answer is no. To begin with, Taft (p. 754) suggested that the elimination of
morphological constituent frequency effects may also be accommodated by dual route
accounts when pseudo word distractors contain real morphological constituents (e.g., roots or
word bases) in lexical decision. Indeed, Taft concludes that “Perhaps there are differences
between languages regarding the importance of the combination stage, with that stage being
more important for languages that have a more productive morphology.” (p. 762). This
possibly applies in particular to Semitic languages where morphology is highly productive,
and can potentially explain why the absence of root frequency effects was not only observed
in lexical decision, but also in silent reading in Arabic (see also Schreuder & Baayen, 1995).
The present findings do not allow us to speculate beyond this point, and further establishing

the (in)compatibility of these two accounts (dual route vs. compulsory morphological
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decomposition only) requires further comparative investigation of morphological processing
in various morphological systems.

Aside from the morphological re-combination costs, it is not possible to rule out
another explanation for the reversed root frequency effects obtained for pseudo words in
lexical decision. These effects may have been obtained because pseudo words that contained
high frequency roots were more word-like, compared to those containing the low frequency
roots. Being more word-like can account for the difficulty and slowness in rejecting such
novel strings, hence the reversed root frequency effect. Future investigations may be
necessary to adjudicate between the morphological decomposition and re-combination costs,
and the word-likeness accounts.

To summarize, our findings from eye movement measures during sentence reading,
and from lexical decision response time and accuracy replicate in Arabic the widely-reported
word frequency effects in silent reading and in lexical decision. Whereas the simplest
explanation for the lack of root frequency effects we observed might be an absence of such
effect during text reading, according to the account put forward by Taft (2004), the
elimination of root frequency effects is not a sufficient argument against the operation of
compulsory morphological decomposition in reading Arabic words. Rather, the results
obtained are in line with previous findings that reported elimination of morphological
constituent frequency effects under conditions where the processing costs of morphological
re-combination can outweigh the benefits of a root being of high frequency. The reversal of
the root frequency effect in pseudo words in lexical decision highlights the degree to which
the costs of morphological re-combination can influence letter string processing. Our
findings are the first to document word frequency and examine root frequency effects during

Arabic silent sentence reading and lexical decision.



Orthographic and Root Frequency Effects in Reading Arabic 44

References

Andrews, S., Miller, B., & Rayner, K. (2004). Eye movements and morphological
segmentation of compound words: There is a mouse in mousetrap. European Journal of
Cognitive Psychology, 16, 285-311. doi:10.1080/09541440340000123

Baayen, R. H., Davidson, D. J., & Bates, D. M. (2008). Mixed-effects modelling with
crossed random effects for subjects and items. Journal of Memory and Language, 59,
390-412. doi:10.1016/j.jml .2007.12.005

Barr, D. J., Levy, R., Scheepers, C., & Tily, H. J. (2013). Random effects structure for
confirmatory hypothesis testing: Keep it maximal. Journal of Memory and Language,
68, 255-278. doi:10.1016/j.jml .2012.11.001

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting Linear Mixed-Effects
Models using lme4. Journal of Statistical Software, 67, 1-48.
http://dx.doi.org/10.18637/jss.v067.101

Bentin, S., & Frost, R. (1995). Morphological Factors in Visual Word Identification in
Hebrew. In L. B. Feldman (Ed.), Morphological aspects of language processing (pp.
271-292). Hillsdale, NJ: Lawrence Erlbaum Associates, Inc.

Bertram, R. & Hyon4, J. (2003). The length of a complex word modifies the role of
morphological structure: Evidence from eye movements when reading short and long
Finnish compounds. Journal of Memory and Language, 48, 615-634. doi:
10.1016/S0749-596X(02)00539-9

Boudelaa, S. (2014). Is the Arabic mental lexicon morpheme-based or stem-based?
Implications for spoken and written word recognition. In E. Saiegh-Haddad & R. M.
Joshi (Eds.), Handbook of Arabic literacy — insights and perspectives (pp. 31-54). New

York: Springer.



Orthographic and Root Frequency Effects in Reading Arabic 45

Boudelaa, S., & Marslen-Wilson, W. D. (2001). Morphological units in the Arabic mental
lexicon. Cognition, 81, 65-92. doi:10.1016/S0010-0277(01)00119-6

Boudelaa, S., & Marslen-Wilson, W. D. (2004). Allomorphic variation in Arabic:
Implications for lexical processing and representation. Brain and Language, 90, 106-
116. doi:10.1016/S0093-934X(03)00424-3

Boudelaa, S., & Marslen-Wilson, W. D. (2005). Discontinuous morphology in time:
Incremental masked priming in Arabic. Language and Cognitive Processes, 20, 207-
260. doi:10.1080/01690960444000106

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

Boudelaa, S., & Marslen-Wilson, W. D. (2011). Productivity and priming: Morphemic
decomposition in Arabic. Language and Cognitive Processes, 26, 624-652.
doi:10.1080/01690965.2010.521022

Boudelaa, S., & Marslen-Wilson, W. D. (2015). Structure, form, and meaning in the mental
lexicon: evidence from Arabic. Language, Cognition and Neuroscience, 30, 955-992.
doi:10.1080/23273798.2015.1048258

Boudelaa, S., Pulvermiiller, F., Hauk, F., Shtyrov, Y., & Marslen-Wilson, W. D. (2009).
Arabic Morphology in the Neural Language System. Journal of Cognitive
Neuroscience, 22, 998-1010. doi:10.1162/jocn.2009.21273

Bouma, H. (1970). Interaction effects in parafoveal letter recognition. Nature, 226, 177- 178.
doi:10.1038/226177a0

Bouma, H. (1973). Visual interference in the parafoveal recognition of initial and final letters

of words. Vision Research, 13, 767-782. doi:10.1016/0042-6989(73)90041-2



Orthographic and Root Frequency Effects in Reading Arabic 46

Buckwalter, T., & Parkinson, D. (2011). 4 frequency dictionary of Arabic core vocabulary
for learners. Abingdon, UK: Routledge.

Deutsch, A., Frost, R., & Forster, K. I. (1998). Verbs and nouns are organized and accessed
differently in the mental lexicon: Evidence from Hebrew. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 24, 1238-1255. doi:10.1037/0278-
7393.24.5.1238

Deutsch A, Frost, R., Pollatsek A., & Rayner, K. (2000). Early morphological effects in word
recognition in Hebrew: Evidence from parafoveal preview benefit. Language and
Cognitive Processes, 15, 487-506. doi:10.1080/01690960050119670

Deutsch, A., Frost, R., Peleg, S., Pollatsek, A., & Rayner, K. (2003). Early morphological
effects in reading: Evidence from parafoveal preview benefit in Hebrew. Psychonomic
Bulletin & Review, 10, 415-422. doi:10.3758/BF03196500

Dienes, Z. (2014). Using Bayes to get the most out of non-significant results. Frontiers in
Psychology, 5, 781. doi:10.3389/fpsyg.2014.00781

Drieghe, D. (2011). Parafoveal-on-foveal effects on eye movements during reading. In S.
P. Liversedge, I. D. Gilchrist, & S. Everling (Eds.), The Oxford handbook of eye
movements (pp. 839-855). Oxford, England: OUP.

Drieghe, D., Brysbaert, M., & Desmet, T. (2005). Parafoveal-on-foveal effects on eye

movements in text reading: Does an extra space make a difference? Vision Research, 45,
1693-1706. doi:10.1016/j.visres.2005.01.010

Engbert, R., & Kliegl, R. (2011). Parallel graded attention models of reading. In S. P.
Liversedge, I. D. Gilchrist, & S. Everling (Eds.), Oxford handbook on eye movements
(pp. 787-800). Oxford, England: Oxford University Press.

Forster, K. I. (1976). Accessing the mental lexicon. In R. J. Wales & E. C. T. Walker (Eds.),

New approaches to language mechanisms (pp. 257-287). Amsterdam: North-Holland.



Orthographic and Root Frequency Effects in Reading Arabic 47

Frost, R. (2009). Reading in Hebrew vs. reading in English: Is there a qualitative difference?
In K. Pugh & P. McCradle (Eds.), How children learn to read: Current issues and new
directions in the integration of cognition, neurobiology and genetics of reading and
dyslexia research and practice (pp. 235-54). New York: Psychology Press.

Frost, R. (2012). Towards a universal model of reading. Behavioral and Brain Sciences, 35,
263-279. doi:10.1017/S0140525X11001841

Frost, R., Deutsch, A., & Forster, K. I. (2000). Decomposing complex words in a nonlinear
morphology. Journal of Experimental Psychology: Learning, Memory, and Cognition,
26, 751-765. doi:10.1037/0278-7393.26.3.751

Frost, R., Deutsch, A, Gilboa, O., Tannenbaum M., & Marslen-Wilson, W. D. (2000).
Morphological priming: Dissociation of phonological, semantic, and morphological
factors. Memory & Cognition, 28, 1277-1288. do0i:10.3758/BF03211828

Frost, R., Forster, K. L., & Deutsch, A. (1997). What can we learn from the morphology of
Hebrew: A masked priming investigation of morphological representation. Journal of
Experimental Psychology: Learning Memory, and Cognition, 23, 829-856. doi:
10.1037/0278-7393.23.4.829

Frost, R., Kugler, T., Deutsch, A., & Forster, K. I. (2005). Orthographic structure versus
morphological structure: Principles of lexical organization in a given language. Journal
of Experimental Psychology: Learning, Memory, and Cognition, 31, 1293-1326.
doi:10.1037/0278-7393.31.6.1293

Gwilliams, L. & Marantz, A. (2015). Non-linear processing of a linear speech stream: The
influence of morphological structure on the recognition of spoken Arabic words. Brain
& Language, 147, 1-13. doi: 10.1016/j.bandl.2015.04.006

Haywood, J. A., & Nahmad, H. M. (1965). 4 new Arabic grammar of the written language.

Surrey: Lund Humphries.



Orthographic and Root Frequency Effects in Reading Arabic 48

Hermena, E. W., Liversedge, S. P., & Drieghe, D. (2016). The influence of a word’s number
of Letters, spatial 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. doi:10.1037/xIm0000319

Hyoni, J. (2011). Foveal and parafoveal processing during reading. In S. P. Liversedge, I.
D. Gilchrist, & S. Everling (Eds.), The Oxford handbook of eye movements (pp. 819-
838). Oxford, England: OUP.

Hyoni, J., Bertram, R., & Pollatsek, A. (2004). Are long compound words identified serially
via their constituents? Evidence from an eye-movement-contingent display change
study. Memory & Cognition, 32, 523-532. doi:10.3758/BF03195844

Hyoni, J., & Pollatsek, A. (1998). The role of component morphemes on eye fixations when
reading Finnish compound words. Journal of Experimental Psychology: Human
Perception and Performance, 24, 1612-1627. doi:10.1037/0096-1523.24.6.1612

Inhoff, A.W. & Rayner, K. (1986). Parafoveal word processing during eye fixation in
reading: Effects of word frequency. Perception & Psychophysics, 40, 431-439.
doi:10.3758/BF03208203

Juhasz, B. G. (2008). The processing of compound words in English: Effects of word length
on eye movements during reading. Language and Cognitive Processes, 23, 1057-1088.
doi:10.1080/01690960802144434

Juhasz, B. G., Starr, M., Inhoff, A. W., & Placke, L. (2003). The effects of morphology on
the processing of compound words: Evidence from naming, lexical decision and eye
fixations. British Journal of Psychology, 94, 223-244.

doi:10.1348/000712603321661903



Orthographic and Root Frequency Effects in Reading Arabic 49

Juhasz, B. J., & Pollatsek, A. (2011). Lexical influences on eye movements in reading. In S.
P. Liversedge, 1. D. Gilchrist, & S. Everling (Eds.), The Oxford handbook of eye
movements (pp. 873-893). Oxford, England: OUP.

Kuperman, V., Bertram, R., & Baayen, R. H. (2010). Processing trade-offs in the reading of
Dutch derived words. Journal of Memory and Language, 62, 83-97.
doi:10.1016/5.jm1.2009.10.001

Luke, S. G., & Christianson, K. (2011). Stem and whole-word frequency effects in the
processing of inflected verbs in and out of sentence context. Language and Cognitive
Processes, 26, 1173-1192. doi: 10.1080/01690965.2010.510359

Morey, R. D., & Rouder, J. N. (2015). BayesFactor: Computation of Bayes factors for
common designs. R package version 0.9. 12-2.

Morton, J. (1969). The interaction of information in word recognition. Psychological Review,
76, 165-178. doi:10.1037/h0027366

Niswander-Klement, E., & Pollatsek, A. (2006). The effect of root frequency, word
frequency, and length on the processing of prefixed words during reading. Memory and
Cognition, 34, 685-702. doi:10.3758/BF(03193588

Norris, D. (2006). The Bayesian reader: Explaining word recognition as an optimal Bayesian
decision process. Psychological Review,I13, 327-357. doi:10.1037/0033-
295X.113.2.327

Norris, D., & Kinoshita, S. (2008). Perception as evidence accumulation and Bayesian
inference: Insights from masked priming. Journal of Experimental Psychology:
General, 137, 434-455. d0i:10.1037/a0012799

Perea, M., Abu Mallouh, R., & Carreiras, M. (2010). The search for an input-coding scheme:
Transposed-letter priming in Arabic. Psychonomic Bulletin & Review, 17, 375-380.

doi:10.3758/PBR.17.3.375



Orthographic and Root Frequency Effects in Reading Arabic 50

Prunet, J. F., Béland, R., & Idrissi, A. (2000). The mental representation of Semitic words.
Linguistic Inquiry, 31, 609-648. doi:10.1162/002438900554497
R Core Team. (2016). A language and environment for statistical computing. Vienna,

Austria: R Foundation for Statistical Computing. http:// www.R-project.org/

Rayner, K. (1998). Eye movements in reading and information processing: 20 years of
research. Psychological Bulletin, 124, 372-422.

Rayner, K. (2009). Eye movements and attention in reading, scene perception, and visual
search. The Quarterly Journal of Experimental Psychology, 62, 1457-1506.
doi:10.1080/17470210902816461

Reichle, E. D. (2011). Serial attention models of reading. In S. P. Liversedge, 1. D. Gilchrist,
& S. Everling (Eds.), Oxford handbook on eye movements (pp. 767-786). Oxford,
England: Oxford University Press.

Schultz, E. (2004). A student grammar of Modern Standard Arabic. Cambridge: CUP.

Schreuder, R., & Baayan, R. H. (1995). Modeling morphological processing. In L. B.
Feldman (Ed.), Morphological aspects of language processing (pp. 131-154). Hillsdale,
NIJ: Lawrence Erlbaum Associates, Inc.

Taft, M. (2004). Morphological decomposition and the reverse base frequency effect.
Quarterly Journal of Experimental Psychology, 574, 745-765.
doi:10.1080/02724980343000477

Westfall, J., Kenny, D. A., & Judd, C. M. (2014). Statistical power and optimal design in
experiments in which samples of participants respond to samples of stimuli. Journal of
Experimental Psychology: General, 143,2020-2045. doi:10.1037/xge0000014

Wetzels, R., Matzke, D., Lee, M. D., Rouder, J. N., Iverson, G. J., & Wagenmakers, E. J.

(2011). Statistical evidence in experimental psychology: An empirical comparison



Orthographic and Root Frequency Effects in Reading Arabic

using 855 ¢ tests. Perspectives on Psychological Science, 6, 291-8.

doi:10.1177/1745691611406923.

51



Orthographic and Root Frequency Effects in Reading Arabic

Table 1

Descriptive Statistics of Eye Movement Measures at Pre-Target and Target Regions

Calculated Across Subjects (Experiment 1)

High Orthographic Low Orthographic
Region Eye Movement Frequency Frequency
Measure Mean (SD) Mean (SD)
Last Fixation
Duration in First Pass 277 (110) 269 (110)
Pre-Target
Gaze Duration (ms) 332 (163) 345 (215)
Skipping 0.02 (0.1) 0.03 (0.2)
First Pass Fixation 1.5 (0.7) 1.8 (1.0)
Count
Target First Fixation (ms) 270 (104) 305 (133)
Single Fixation (ms) 289 (107) 335 (142)
Gaze Duration (ms) 375 (178) 510 (302)
Go Past (ms) 449 (312) 624 (387)
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Table 2
Descriptive Statistics of Eye Movement Measures at Pre-Target and Target Regions

Calculated Across Subjects (Experiment 2)

) Eye Movement High Root Frequency Low Root Frequency

Sentence Region

Measure Mean (SD) Mean (SD)

Last Fixation

o 282 (110) 270 (105)

Duration 1n First Pass
Pre-Target

Gaze Duration (ms) 340 (169) 349 (177)

Skipping 0.10 (0.3) 0.13 (0.3)

First Pass Fixation

1.5 (0.7) 1.5 (0.8)

Count

First Fixation (ms) 300 (130) 303 (123)
Target

Single Fixation (ms) 321 (131) 323 (124)

Gaze Duration (ms) 440 (238) 431 (238)

Go Past (ms) 525 (316) 533 (365)
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Table 3

Descriptive Statistics of Lexical Decision Measures Calculated Across Subjects (Experiment

3a)
Word - High Word - Low
Orthographic Orthographic Pseudo Word
Frequency Frequency
Measure Mean (SD) Mean (SD) Mean (SD)
Accuracy (%) 99.5 (0.1) 90.5 (0.3) 93.1(0.3)
Reaction Time (ms) 700 (183) 870 (248) 929 (269)
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Table 4

Descriptive Statistics of Lexical Decision Measures Calculated Across Subjects (Experiment

3b)

Word - High Word - Low Pseudo Word - Pseudo Word -

High Root Low Root

Root Frequency Root Frequency Frequency Frequency

Measure Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Accuracy (%) 94.4 (0.2) 90.2 (0.3) 85.8 (0.3) 90.6 (0.3)
Reaction Time 829 (233) 849 (233) 973 (250) 909 (264)

(ms)
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Figure 1

Low Orthographic .Zu)‘)U\ sy - “;_; Sjg,:s’:\ o\ffﬂ\ c,\.E.e\j N sz o> - el

Frequency Target

High Orthographic 30,1 sl e e alad) SISl cbly lddd) aajf 3 0 Cipisieall

Frequency Target

Translation: To ease the crisis of food shortage the monopolizing (LF) / international
(HF) companies agreed to give the necessary fertilizers.

Figure 1. Sample stimuli for Experiment 1. The target words are underlined in Arabic, and

italicized in the translation.



Orthographic and Root Frequency Effects in Reading Arabic

Figure 2
Low Root : : , o £ . L
Frequency Target 0095 (o5 & et 3 o)) 52 4 )?&'U JJ‘U"\ Y
High Root . : . = : &
Frequency Target O9F (0 G s ("CJ"J\ s 4 j)g"l‘ JAU—\ u-b,

Translation: The proud ignorant thinks he is the wise (LF) / knowing
(HF) and continues in the blindness of his conceit.

Figure 2. Sample stimuli for Experiment 2. The target words are underlined in Arabic, and

italicized in the translation.



Orthographic and Root Frequency Effects in Arabic

Figure 3

96 A

92 Ao

90 Ao

Accurate Response (%)

86 1

84 o
— High Freq. Root
82 - - Low Freq. Root

80 T )
Word Pseudo-word

Figure 3. Lexical decision accuracy (Experiment 3b). Interaction between target lexicality
and root frequency. The error bars represent the standard error.



Orthographic and Root Frequency Effects in Arabic

Figure 4

1000

950 H~

900 o

850 A

Response Time (ms)

800 H

750 - — High Freq. Root

- - Low Freq. Root

700 T

Word Pseudo-word

Figure 4. Lexical decision reaction time (Experiment 3b). Interaction between target
lexicality and root frequency. The error bars represent the standard error.



Appendix 1

Stimuli for Experiment 1

Word Orthographic Frequency Manipulation

clatiall

Target Word
Sentence Syntactic Frequency
Case / Ttem Identifier

Al e (S5 deal Gldll 228 ¢ 8) 34N Gl oulall Jils (& 4| n. pl. m. LowFreq 01
sl alee (5 S5 deal Glidll o8 G paal) GulSall bl Jils ) 4 [ n. pl. m, HighFreq 01
B Y el Guadll 8 A4Sl Gla (e el il ganad) g 3 A8 5l s | L pl f LowFreq 02
Y L) 8 Gt Al Adlal) Slssgal) 7 G d85 ) Cauay | L pl HighFreq 02
29 30 (Floesl alall & Sl ~ 3] Al cleld )il Jslsa | npl. f LowFreq 03
S dedail) e b lBlal) ~Oa) Ash el Gy il Jsls | . pl. £ HighFreq 03
Aaalall o call sl gl (;"\S\ Z\MJHIAA‘ e Ul Al Caaall Ciliad n.s. f. LowFreq 04
Tl b ) i s ) A6 gaaal) Gl (ol e Cimall cld | s HighFreq 04
el slose Ja gial) ) 3 B gSial) A€ yall § g Jpealdi Juid jall s | adj. s. f) LowFreq 05
el slose o gial) aall 3 &g Saad) 4S5l 32 Jaaldli Jusl pall uias | adj. s f. HighFreq 05
JubY) aandi G ) Addetial) 4da)) Cladiall (59 ) sivee o dda il Cund | adj. s. f. LowFreq 06
Agndlall dgiie dpdal) Lkl claiiall 53 gl o dda il Cumd | adj. s. f. HighFreq 06
oAl 5 a5 Jeall Andlsal cpdlilad) blaa 8 Hlall 306l 3@y | n. pl. m. LowFreq 07
ol 5 il 5 Jeall AsdlSd Jalial) Lalad 8 plaill 303l @y | p. pl. m. HighFreq 07
Aoaall 3l sbuaall alanil g allall & jlaal dpaldSl) Condil) iy gene W8S a5 | adj. s. f LowFreq 08
Aoalall 8l sbuasall alanil g allall & jlaal dpessi ) ol la gene A8 Ciga 5 | adj. s. f HighFreq 08
A0 @l 555 a3 (53 LAY Sl U ) 98l jall  sllaall 335 | ad). 5. m. LowFreq 09
st e s S s s
Aola®Y) J) ) o uarlly 398 giall L) A 8 e Ol g5l 33 | ad. s, LowFreq 10
Aaity) s Lald 555 giall Adilall S Al 5835 e sl gsaall L33 | adj. s. f. HighFreq 10
Asbaiall 50 48 ae da galall Q) #3la) o) il Jga | adj. s. £ LowFreq 11
Asdlaiall 50 48 ae A A Gl #3la) o) il Jda | adj. s. £ HighFreq 11

o phall Chiad Cu b e pee il A gldial) Adalis gl Y glaa (o)) () sadtial) (& ,
LAY adj. s. f. LowFreq 12
ORI S Sy S Rl B 2 e UJM)‘:S; adj. s. f. HighFreq 12
Al Ay & ) calac bl JS dadiial) S il Crand Jagill oyt &5 IS 2y adJ s. f. LowFreq 13
Al A&y 4 ) Glacluall JS danadiall Ul il Crand adill G s 35S aag adj. s. f. HighFreq 13
A DU BaenY) Gy gt Ao B Stiaal) S i)l ) 5 oI3a)) el as (e caddill | adj. s, f) LowFreq 14
A O B2anl) (3 g e Agallad) S 53l il 5 o)28)) A Bas e caidill | adj. s, HighFreq 14
Y Jasll ans 0 AY) Laiall (e aall 5 A gilal) 3lidll 3&Y) <l f ciay | adj. s. LowFreq 15
V) Jasll axy o AV Laall (e aall A g jaal) 3Ll MaY) &l B s | ad. s, f. HighFreq 15
e giladl o sl 5 a peaill A Aapdaal) cUadY) o o Daall (o S 20 wia) | ad. s, f LowFreq 16
335 e Ll @i ) dpeliall Uad¥) Casy o Slasll (e S dac i) adi. s. T HighFreq 16




Gaall 5 Ja¥) e 4 sar gplanal) paen st )l Aidbas a4l A 4| nopl. m. LowFreq 17
el daY) o Gue ) e ()l 4idls aadidila A 4| n.pl. m. HighFreq 17
A8y C\;_u Ledlaal cazly 28 Q@JM‘ Ol Al jolas G pa n. pl f LowFreq_lg
Zlab Ledlal caly 8 clislaal) o 4008 jlias S a | pl. £, HighFreq 18
3 2a]) Leilatia ¢ da jUal) < 3 gadial) ~las day 4S AN U )1 a8 jail)
401aad) Lgtlatie g Al &l § gedall Lo 2ey 4,000 ALy )l )8 )ﬂ)ﬂ&i‘:j n. pl. £ LowFreq 19
ealall alall Lgiadl ) 3Kl e g pdial) s 2y S il #L ) )8 il mas | L pl £, HighFreq 19
I <l Yl AL A el il yuall 43 .
gl sl SR domy Ll 4 — &Mwyemm adj. s. f. LowFreq 20
(REAY sasaall AAra il i) yuall A& i i
gl sl RN dosy el Bl S — &Mmyemm adj. s. f. HighFreq 20
5 uall dihaie 8 A )ay) 5 jleally lind AY) Capall S | adj. s, f LowFreq 21
Ao iS5 a8 dpadhadd) 5 jlenlly ik V) Cipall S | adj. s. f. HighFreq 21
A, g VA SNLSEN Cagiil ) | aa gl [EENE
Ay s e LY IS J emny VLS gl 3] pand) 40 5f (e 2 J;f ; n.plf | LowFreq 22
A, g VA ilia glilall chgiil ) | aa gl [ ‘y\'\ i
A e kY JS J seans Gl glial) gl Y penll 4a sl e 2l Jﬁ; n. pl. f. HighFreq 22
ALY 6l AU G BB s 8 gpriatiaal) (IS Bl Y] Flaa 3| nL pl. m. LowFreq 23
LAY il AL o BB Al 8 il gal) OIS salal) (pifY) plua n. pl. f. HighFreq 23
Agala) daanll slise 8 dvantiall dadaall olal baens 3, ClS | adj. s, . LowFreq 24
Agalal) daanll slie 8 4y glhaal) dalaall il 3apan 3 ) CilS | adj. s, f HighFreq 24
i iy 5l Aa ST 5 L yaal il el dasSall caile
o ety il S il D) Lo aal Al lagind] e 205 ay | npLt LowFreq 25
i oy 5l Aa ST 459 W jaal i) Cila glaal) dasSal) caile
pax Lgtidoa g g (Ao ) daa Jlad) a5 W paal (Al Glaglaal) e 4 Sal ol npLE HighFreq 25
oo A A aleal) L S5 ) 3L Al (o salll o Ol OS sliiud | adj. s. LowFreq 26
oo Al A aleall W S 3l Al iy ) (a geaill (e OO JS i) | adj. s, f HighFreq 26
Aslid) 55 ) sagall el (piidal) mes e () plam Ll cumd | p.pl m. LowFreq 27
Al 58 68 1 Cpragiall Gl gpenal) pian Ao ) plaa dda il cuzad | p. pl. m. HighFreq 27
3 Aaddl) (8 40050 ) Al W) Aaled) Sl vl 3 | adj. £ A, | LowFreq 28
oY) Aisd) (b Adacdil) G V) dalond) 5l gpel) Gio | adj. f.nA. | HighFreq 28
i sl Liniiag 5 )l 53 gall 650y S g gdlidad) il of sl ) 0 [ adj. m. nA. | LowFreq 29
i o) Uaiiag 45 5l 32 sal) o0 ) OIS (Aud) oY) i) o)) il sVl e | adj. m. nA. | HighFreq 29
(ISl 5 bl e ) slan Y (ol Bgi oY) bl jSi) ol oS (il mas | . m. DA LowFreq 30
(JSLiall 5 ladlitl) e ) slany Y (al B gapall uland) Sa ) oS (il a5 | nLm. nA. HighFreq 30

Note. Target word pairs are in boldface. n. = noun; adj. = adjective; f. = feminine; m. =
masculine, s. = singular; pl. = plural; nA. = Arabized word of non-Arabic origin.




Appendix 2

Stimuli for Experiment 2

Word Orthographic Frequency Manipulation

Target Root
Sentence Syntactic Frequency
Case / Item Identifier
(S ol b pa g aldadl g il i pall Ja ol i e S| nL s m LowFreq 01
Sy ol el ey i) g kil (el Ja ) i e S| s m. HighFreq 01
o) Jlad 5 aal) Ay Asdlal Aol alil) QW8 (Y Flua 8 | n. pl. m. LowFreq 02
)l s ) Al 8Ll Jpard) Jalill QB (piY) Flaa 2| nLs.m HighFreq 02
258 oae (A ety ()Y e 4 LSl dalall ol | adj. s m. LowFreq_03
205 oae A yaimg alal) a4l Siall Jala) Gl | adj. s, m. HighFreq 03
Ol 3k & gharal) las gl e (e paldily il il s | adj. s, f) LowFreq 04
Apndaall #3l 5 Ll =Dy B paliad) las 5l e (g0 il Gl ll Cld | adj. s, HighFreq_04
Alpadld g dixnl s L8 gie Gadall o jedae OIS S paall Caay | adj. s m. LowFreq 05
Adpadd g dianb ae U gie g 9Bl o jehae S (aS paall a5 | adj.s.m. | HighFreq 05
Y sale e ) sl 8 asidll Gl jhal e | nis.m LowFreq 06
Y gale a e AY) G B JsAE Glilall Jhal e | nos.m HighFreq 06
JSLad) Ja ) 5o Wl ple Ll aand of caS daill Cias | n. pl. m. LowFreq 07
JSLaal da () (535 o pl gl g o) S Al Cias |, pl. m, HighFreq 07
D s any el 8 Ualdly iS5 elall Jay S 1 palSl Sy m | v pr.s.m. | LowFreq 08
I Ol sd amy Bl A iy 4S5 elall Jay S )yl Gy | v, pros.m. | HighFreq 08
O (gabe any e Cpalaall (amy ey oSladdl el 4| vopros.m. | LowFreq 09
Jaaxi 0 8 (galia Gans (plaga Caelaall am adl 4 oSlall cleld 8 | v, pr.s.m. | HighFreq 09
Agsadll ae) @l agdi e alaall saclud 8 gl Ml (S0l | adj. s. m. LowFreq 10
Al G AS L) dpeal agdi o alaall saelud qugladia 3alill (K6l | adj. s.m. | HighFreq 10
il 3as se e 58 hana Lol G )l Clls) Alaall Cias | adj. s, f LowFreq 11




sl e dandia e s Aoy Lol Gl clila] ddlsall cias | adj. s, HighFreq 11

glas¥ Lagd ) (ga5 B Lae Addalaa Ll aY) & § and) Cias | adj. s. . LowFreq_12

gl ¥ diagh ) (a5 38 Lae i gall o B jhasana Lol (aY) il B (mall Caas | adj. s, HighFreq 12
2 Lde) B (e Y agSll Jala dal by e e SN Q3| ad. s, f. LowFreq 13

A Lgie) B8 S Y CagS Jala Lal AliS Hgay oo il i | adj. s, f HighFreq 13

el LY e aaal) A 8 Apgay (3ilis (3 g JS3y iU gl | adj. s, f LowFreq 14

o) SlaBY) e daal) 4S8 ApadlS (3ilis (3 pde JSG0 il J5)55 | adj. s, f. HighFreq 14
LAY 38 sl e il A 5 Ay e b i el &V | adj. s . LowFreq 15

LAY 38 el e i) dal 5 4y el Glied w8 o) AT | adj. s, f HighFreq 15

sl Jee s laildia glaiall e il sall (o pail | adj. s m. LowFreq 16

oA J g 5 bdlatia plaay) e cab gall o pail) | adj. s. m. HighFreq 16

el o)) jie AU e se (318 e Al 3l el 48 08 ) agdiay Al g | adj. s, T LowFreq 17

laudl () jie AU g ga (3158 Ao B 3l el 48 8 ) agdiay Al g | ad]. s. T HighFreq 17

Ll dualadll glhaagy saghal) Hlhall 48 )l ~L N | adj. s. m. LowFreq 18

UL Jualadl glharg G yiBal) Hlhall g 48,0 ~L N | adj. s. m. HighFreq 18

pelie Gl 45Y addaal) da ) e pad) A | adj. s m. LowFreq 19

pelie (ud 45Y plarall da ) e (and) A | adj. s m. HighFreq 19

A g0 il g matl] Cppaliae (il e e 4S80 Sas | adj. pl. m. | LowFreq 20

AT e il 5 il (palatia (s o0 e AS Al Ga | adj. pl. m. | HighFreq 20

) s 5 AASE Gl gl s e dallad) @S Coae | ad. s, LowFreq 21

Ll s g ASE Gl gl jaa o Balal) Al o | ad. s. f HighFreq 21

B Y Sl 5 ) 55 2 BaalAd) il Slall i pi ) Sl AEY) Jlee 3 | adj. s, f LowFreq 22
BN OISl 558 s 3 gall AN i ped 3 S ASY) Jee 3 | adj. s, f HighFreq 22
ApaaVl dle 3 LS 5 dygad 5 Ll 3 5 60 malipll (38U | adl. s, . LowFreq 23

Jude (HEN S 5 dpaiae Ll g 500 s ) (386 | ad. s, HighFreq 23

sl ) e Ciagin) Ay ;a3 A e Ll A Al jaleall Ciias | adj. s. LowFreq_24
e sill ) e Cdagiin) danSad 4l jea Ll A Alli juleall Céiay | adj. s f. HighFreq 24




281381 ()93 5 agh 53 Clla Lparins OIS, Y slea4als | ad). s, £ LowFreq 25
el e Y agiSay al 3 Agiua g S QY Blesanls | adj. s, f HighFreq 25
i S S dmy ol g 3hall e Aga gl 5 ke Ja )l i de gl Balall x| adj. s, f) LowFreq 26
Al g o s sball e Agatis jlai da il adde gyl sl 2y | adj. s, f HighFreq 26
ke s dacadie S Lo jie 5 A8l Aadaill Aulyn Wige da N S | adj. s, f LowFreq 27
N (s e i g daaill ¢l jliaal) d dgasad) ddastl Al o Wige Ja )l oS , ,
i . Ll adj. s. f. HighFreq 27
sasaal g Ao g gthaall o 5 il Y Adggddd) cilislial) o Apadll 8 3iad) Jd ,
- i adj. s. f. LowFreq 28
Aozl s Al g sthaall o)) 5 2 Y A Al LBl o) dpadl) 8 Gl J8 | adj. s, f HighFreq 28
J s il e sana (yn Apdia ) e juall Jyualiy diias oy Ul Ciladia 4s LowFrea 29
i s adj. s. f. owFreq
Osoalin )
Ml J) ey il Gile o A8l el | ety Ailiaa A Ul Clas
ol J1 ke s i) Gl sema (g Apdald) o) juall Jualdiy diliee & ) .t—’;z adj. s. HighFreq 29
I 2
pary cuad U Lae daasall 4y 31 ddhaiall b (ide jda 3 sial) PN
T 2 "’ i o O e 2l o el € : ...,.‘;; n. du. m. LowFreq 30
pary cuad U Lae daaaall 4y i) dhaiall 4 Gedliad 5 gial) |l 8 ]
T 2 "’ i ¢ 2 sl phs o C: ...,.‘;;\ n. du. m. HighFreq 30

Note. Target word pairs are in boldface. n. = noun; adj. = adjective; f. = feminine; m. =
masculine, s. = singular; du. = dual; pl. = plural; v. = verb; pr. = present tense.




Appendix 3

Stimuli for Experiments 3a and 3b

Experiment 3a

Low-Frequency

High-Frequency

Pseudo words Word Pseudo words Word Item #
S5l RN Ol Ol 1
KPR b gl il all il gall 2
L LR Cle Slad) CHEal 3
PN A sulal it sl ie sendl 4
33 Saall 33 4Siall P 4y Sl 5

sacial) Liaial) AL el JaiaYl 6
Cmalld) Cpalld) feiasdl) il 7
Al 4l sl Al 8
il (ki) =) ) il 9
Laa sidl 333 4idll Agaalall adalal 10
1 saial is paial apall Al 11
& ld) RN Zaldl Aanld) 12
A Lol LS el NP 3
B ylisal) B Siaal) a9 Hlladl Lallall 14
i gall 4] gidal) PER FA| 43 g yzall 15
adladll Aamidaall Aclall cluall 16
sl ST | CpadSU) Cyme U 17
Cilia gaudall PR Gldalall Glialaall 18
GHEPYEON| G gadall il gl Gile g pdall 19
dnadial 4 sl Sy RV 20
i e ) FPSINT Ly FISIRY] 21




ClEay)

Gl gl

Cilia gléall

22

Cpadal gall

il sal)

23

)

24

Q‘ &..'- .-S‘

L ggaaall

Gl slaall

25

sy

.-

26

Ol s el

27

4y

Al

28

Alaad

Y

(sl )

29

Blse sV

(el sSad)

bl A sl

30




Experiment 3b

Low-Frequency Pseudo words High-Frequency

Root Root Ttem #

Pseudo words

< gall alaall Jlaal) oY) 1

Cie ) PP aand) Jeenl

Cradiall S CralaeS JR]

B W

32 gl 2 shadl i) 5_yalial

i iy Gaidl R il

Evew: & A s

Giladall gle caliay ol g2l

O OO | | WD,

haliiia e gl Crasdia < glada 10

5 a2 5 iz Cane daa e 11

R Ry o FES 3

Sy T By i 14

48 Ha 4 pie gy 44l 15

Cuay all i) Cia gzal) 5_ylall 17

a5l egidl AT oyl 18

oLl adtiadll ) cUaadll 19

Ofial e BTENLEY & elliia Oalaiia 20

5_ylall adlall Lowid) Bagiall 21

Crealudl s2aal) 1 el L3 22




a8

25

-

26

40040

27

44l

28

OsSA

29

30
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