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Abstract

What makes some sentences more difficult to process, and why? Memory- and expectation-based theories
both attempt to explain sentence processing difficulties, and decades of sentence processing literature
have found evidence in support of both theories. This dissertation further investigates these theories of
sentence processing by exploring processing of subject- and object-extracted relative clauses (SRCs and
ORCs) in Modern Standard Arabic, and how expectations affect the resulting interpretation of low-
frequency structures. We investigate this question through various experimental paradigms. We first
tested memory- versus expectation-based theories using a self-paced reading task. Results showed longer
reading times for ORCs, supporting expectation-based theories, with difficulty localized at the relative
clause noun phrase. We also found that misinterpretations were more frequent for ORCs, suggesting
possible misreading as SRCs or good-enough and noisy-channel processing. To investigate this
phenomenon, we conducted a recall task where participants re-wrote sentences word-for-word. Errors
showed both ORCs being re-written as SRCs and vice versa, supporting good-enough and noisy-channel
processing theories. We then explicitly tested the possibility of misreading versus good-enough or noisy-
channel processing through eye-tracking. Findings indicated that readers were not misreading ORCs, but
instead accepting noisy SRC interpretations. Finally, we explored the impact of grammatical cues versus
statistical expectations in a second eye-tracking experiment. Results showed that increasing grammatical
cues in favor of a veridical ORC interpretation did not significantly affect noisy interpretations or
processing behaviors, indicating that grammatical cues were insufficient to override statistical

expectations in a good-enough or noisy-channel framework.
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Chapter 1

Introduction and Background

In the cognitive science of language, one main question is how people understand whole sentences. For a
fluent speaker of a language, reading typically feels effortless. But in fact, some sentences are more
difficult to read and understand than others. For example, sentences with more common structures like (a)
"The reporter who attacked the senator admitted the error" are easier to process than those with less
common structures, like (b) "The reporter who the senator attacked admitted the error." People expect to
see (a) since it’s more common, but if they instead see (b), they have a harder time processing it because
it contradicted their expectations. By monitoring people’s eye movements while they read sentences like
(b) versus (a), we see that people spend more time reading and are more likely to re-read sentence (b),

two signs of processing difficulty.

Reading difficult sentences can also lead to misinterpretations. For instance, someone may read
sentence (b) and understand that the reporter attacked the senator, when in reality, the senator attacked the
reporter. We can imagine two possible reasons for this. They may have simply misread it — there’s only a
subtle change in the word order between (a) and (b), but we have to notice it to get the correct
interpretation. On the other hand, there’s evidence that people sometimes initially read a sentence
correctly but then subconsciously change their beliefs about what they read, perhaps because (a)’s

structure is far more common than (b).



My research investigated how people read and understand difficult sentences, using Arabic as a case
study. I measured people’s reading times and monitored reader’s eye movements as they read Arabic
versions of sentences like (a) and (b), and measured the accuracy of their interpretations by having them
answer comprehension questions after each sentence. I also tested whether misinterpretations were due to
misreading a sentence or accepting a “good-enough” interpretation of the sentence. Finally, I investigated
the tradeoff of expectations and input during processing, and how readers make use of expectations in
light of conflicting input. The findings from this research contribute to our understanding of language
processing phenomena by providing further evidence for memory- and expectation-based sentence
processing theories, and elucidating the relationships between the various factors that contribute to good-

enough or noisy-channel processing.

1.1. Memory- and expectation-based theories of sentence processing

What makes some sentences more difficult to read and comprehend than others? Two main types of
theories aim to explain causes of sentence processing difficulty: memory-based theories (Gibson, 1998;
Gibson, 2000; Grodner & Gibson, 2005) and expectation- or constraint-based theories (Hale, 2001;
MacDonald et al., 1994; Levy, 2008b). Memory-based theories claim that processing difficulties arise
while processing structures that require a large amount of our limited cognitive computational resources,
while expectation-based theories claim that processing sentences that do not align with our syntactic or
semantic expectations can incur additional processing costs. These theories are often tested cross-
linguistically using subject- and object-extracted relative clauses (Lau & Tanaka, 2021). In subject-
extracted relative clauses (SRCs), the noun phrase (NP) subject of the matrix clause is also the subject of
the relative clause; in object-extracted relative clauses (ORCs), the NP subject of the matrix clause is the

object of the relative clause (Figure 1.1).



{
(a) [ The reporter [who [ attaclzked the senator ]] admitted the error ].

(b) [ The reporter [ who [ the senator attacked |] admitted the error ].
t J

Figure 1.1: Example (a) SRC and (b) ORC in English. Dependencies between the relative clause verb and matrix
clause subject are shown in blue.

Memory-based theories predict more processing difficulty when reading structures that utilize more
working memory during incremental processing. One example of how this difficulty presents is with
sentences with long distance dependencies between constituents. Humans have limited computational
resources, so readers incur more processing costs the longer they maintain structures with incomplete
dependencies in memory. For example, in English relative clauses, the dependency from the relative
clause verb to the matrix noun is longer for ORCs than for SRCs (Figure 1.1). This results in more
demands on working memory while reading ORCs, and thus more processing difficulty. Further, an
additional cost is paid upon integrating the long dependency with the existing structure of the sentence
(e.g., integrating “the reporter” upon resolving the dependency at “attacked”). This memory-based
processing difficulty is formalized in the Dependency Locality Theory (Gibson, 2000), which states that
the cost of processing and integrating two elements is directly proportional to the length of the

dependency between the elements.

Expectation-based theories posit that items that are less expected or lower frequency in context are
more difficult to process. During incremental processing, all possible syntactic parses are evaluated in
parallel, and potential parses are eliminated as more contextual information becomes available. Potential
parses are preferentially ranked given contextual cues, and processing difficulty arises when a low-ranked
parse is the resulting correct structure; thus, expectation-based processing difficulty arises when the
reader encounters an element that violates their expectations for the upcoming syntactic parse. The reader
then pays a processing cost proportional to the difficulty of updating their expectations. Early iterations of

expectation-based theories, such as constraint-based theories, stated that possible syntactic parses were



constrained by the interaction of contextual factors such as lexical and syntactic frequency, thematic roles,
and argument structures (MacDonald et al., 1994; Spivey-Knowlton & Tanenhaus, 1998). Frequency-
based tuning models make a similar claim, stating that language processing is highly dependent on input
frequency across a variety of linguistic factors (i.e., phonological frequency, lexical frequency, etc.) (e.g.,
Ellis, 2002). Building upon these constraints, more recent expectation-based theories have modeled these
contextual expectations using surprisal theory (i.e., negative log-probability of a word given previous

context) (Hale, 2001; Levy, 2008b).

In English, SRCs are more common and thus more expected than ORCs (Roland et al., 2007). When
reading an ORC, readers will incur processing difficulty after reading the relative pronoun “who”, where
the reader expects to encounter a verb (e.g., “attacked”), signaling an SRC, but instead encounters an NP
(e.g., “the senator”), signaling an ORC (Figure 1.1). Many expectation-based theories operationalize this
cost using surprisal theory, calculated as the negative log-probability of a word given previous context
(Hale, 2001; Levy, 2008b). Words with a larger surprisal value are more surprising in context and are

therefore predicted to be read more slowly than words with smaller surprisal values.

Some studies testing these two classes of theories have found evidence directly in support of and in
contradiction to one theory. For example, Konieczny & Ddoring (2003) tested memory- and expectation-
based theories of sentence processing in German verb-final clauses. The authors compared processing
times for verb-final clauses with one manipulation: in one sentence, the second clausal noun functioned as
the indirect object of the clause (dative case), and in the other sentence, it functioned as a descriptor for
the main clause noun (genitive case). As each clause was head-final, all processing costs from integrating
the syntactic parse and resolving incomplete dependencies were paid upon encountering the clause-final
verb. The authors predicted that clauses that introduced a higher number of dependents for the verb before
encountering the clause-final verb would have faster processing times. In accordance with expectation-
based theories, they argued that each additional dependent to the verb helped to narrow the number of

possible syntactic parses being processed in parallel, and this would result in faster processing times at the



final point of integration. The findings showed that the dative construction resulted in faster processing
times at the clause-final verb, and thus provided support for expectation-based theories and contradicted

predictions from memory-based theories in German language processing.

On the other hand, other research has found that both memory- and expectation-based constraints can
contribute to processing difficulties. For example, in English, memory- and expectation-based theories
both predict increased processing difficulties in ORCs: memory-based theories predict faster processing
with SRCs due to the shorter dependency between the relative clause verb and its dependent, the relative
pronoun, and expectation-based theories predict faster processing with SRCs as it is the higher frequency
structure. Crucially, these two theories predict different loci of processing difficulty. Expectation-based
theories predict processing difficulty upon encountering the relative clause noun (e.g., “the senator), as
encountering a noun in the relative clause prior to the verb violates expectations for the structural parse.
Meanwhile, memory-based theories predict processing difficulty upon encountering the clausal verb (e.g.,
“attacked”), as this is where the long-distance dependency between the relative pronoun and the clausal
verb is resolved and the integration cost is paid. Staub (2010) conducted an eye tracking study with
English relative clauses and found that both memory-based constraints and expectations contributed to
processing difficulties. Notably, these difficulties manifested in distinct behaviors: difficulty due to
memory constraints presented as longer go-past reading times while difficulty due to violated
expectations presented as an increased number of regressive saccades. Staub thus argued that both

theories explain observed processing difficulty, and each may be tied to a specific processing behavior.

Given these findings, recent work has aimed to develop computational models that represent the joint
contributions of memory- and expectation-based costs to language processing. One example of this is the
Psycholinguistically Motivated Tree-Adjoining Grammar (PLTAG; Demberg & Keller, 2008, 2009;
Demberg, Keller, & Koller, 2013). PLTAG is a computational parsing model built upon previous versions
of tree-adjoining grammar that incorporates the structural connectedness and probabilistic prediction

components of incremental human processing. The model represents processing costs as predicted by



memory- and expectation-based theories through the use of a probabilistic parser and a prediction and
verification mechanism that accounts for memory decay at the point of integration. The authors compared
the probabilistic outcomes from the parser to previous findings in processing literature and found that the
model generated predictions that accurately modeled patterns of processing difficulty from previous

studies.

While this model accurately represented the independent contributions of each processing difficulty,
other models have attempted to represent both the independent and interactive contributions of these
effects. One such example of this type of model is the Noisy-Context Surprisal model (Futrell et al., 2020;
Futrell & Levy, 2017; Hahn et al., 2022). This model measures the processing cost of a word as a function
of its surprisal given a noisy representation of the previous context. The surprisal of a word in context
directly represents predictions from expectation-based processing theories (low surprisal = high
frequency), and the noisy representation models the degradation of human memory during incremental
sentence processing. This model additionally introduces the information locality theory, a derivation of
DLT, as an explanation for costs incurred from memory-based constraints. While DLT states that
constituents with shorter dependencies are easier to process, information locality theory asserts that
collocated words with higher levels of mutual information are easier to process. This use of information
locality theory updates predictions from memory- and DLT-based constraints theories to include
probabilistic expectations. A more recent version of this model, the Lossy-Context Surprisal model
(Futrell et al., 2020), replaces the original noisy-context parameter with a lossy-memory representation of
context, which more accurately represents the degradation of memory and its effect on incremental

processing.

Overall, researchers now largely agree that both memory constraints and expectations contribute to
processing difficulty and are not inherently contradictory theories; rather, each constraint can contribute
distinct processing difficulty while reading, and in some cases, dictate that these difficulties will be

encountered at different parts of the sentence. What remains to be answered in this space is exactly how



these two constraints interact: whether one is stronger than the other, whether they show up as distinctive
reading behaviors (e.g., Staub, 2010), and how language-specific differences affect when and how these

difficulties present.

1.2. Misinterpretations while reading

Violated expectations during reading can both cause increased processing difficulty and result in the
misinterpretation of a sentence. This is the case in models of good-enough (Ferreira et al., 2002; Ferreira
& Lowder, 2016; Ferreira & Patson, 2007; Huang & Ferreira, 2021) and noisy-channel processing
(Gibson et al., 2013; Keshev & Meltzer-Asscher, 2021; Levy, 2008a; Levy, 2011; Levy et al., 2009, but

cf. Cutter et al., 2022; Poppels & Levy, 2016).

Models of good-enough processing state that readers often construct superficial representations of
input during processing that may nonetheless be “good enough” to support communication goals. Errors
in language comprehension can then occur when readers fail to appropriately access lexical or
grammatical constructions. Readers may reanalyze the input when their initial representation is incorrect,
but the lingering incorrect interpretation can interfere with arriving at the correct meaning of a sentence.
In the case of syntactic processing, encountering a structure that is unexpected in context may cause a

reader to reanalyze, yet still accept the interfering “good-enough” interpretation of the input.

One example of this is evident in the interpretation of garden path sentences (e.g., “While Bill hunted
the deer ran into the woods,” where readers are likely to initially incorrectly assign the thematic role of
direct object to “the deer” — “Bill hunted the deer” — until they encounter the second verb “ran,” which
violates this initial syntactic parse). For example, Christianson et al. (2001) presented participants with
garden path sentences of varying lengths and asked participants comprehension questions related to the
initial parse (e.g., “Did Bill hunt the deer?””). They found that participants were significantly likely to
incorrectly respond “Yes, Bill hunted the deer” after reading a garden path sentence, suggesting that the

initial incorrect interpretation lingered and interfered with the correct interpretation.



Noisy-channel processing makes a similar claim, operationalized through statistical reasoning.
Language input takes place in noisy circumstances — such as human error and competing environmental
conditions — and this noise affects language processing strategies. Noisy-channel processing theories thus
suggest that language users weigh the probability of a given sentence structure against the probability of
noisy input during sentence processing. In cases where different syntactic structures are possible but one
is higher probability than the other, a reader may assume noise in the input and make a number of “edits”
to a sentence to arrive at the higher-probability interpretation (e.g., Keshev & Meltzer-Asscher, 2021;

Levy, 2011; Poppels & Levy, 2016).

For example, Levy et al. (2009) conducted an eye tracking experiment to investigate whether readers
maintain word-level uncertainty during syntactic processing. They used sentences with near-lexical
neighbor words, where the reader could make a simple “edit” and interpret the sentence to have a
different syntactic structure (e.g., “The coach smiled at the player tossed the frisbee” where “at” could be
confused with “as” or “and” and result in a different thematic role for “the player”, versus “The coach
smiled toward the player tossed the frisbee,” where “toward” does not have any such near neighbors).
Their results showed that readers were significantly more likely to incorrectly interpret the sentences with
near neighbor words than those without. Further, they found that readers were more likely to make a
regressive saccade from the critical verb (“tossed”’) and were more likely to regress back to the
preposition upon fixating the verb in the near-neighbor condition. They take these results to be evidence
that (a) readers maintain some level of word-level uncertainty during processing, and (b) readers engage
in rational probabilistic inference during processing, which in turn affects reading strategies. Gibson et al.
(2013) further tested this paradigm by focusing on expectations based on semantic cues. They generated
pairs of sentences that were grammatically correct but semantically implausible and required various
numbers and types of edits to arrive at the correct interpretation. For example, “the girl kicked the ball” is
semantically plausible while “the girl was kicked by the ball” is grammatical but semantically

implausible, and would require two edits — specifically, two deletions (“was” and “by”) — to become



plausible. The authors found that the probability of an implausible sentence being noisily interpreted as a
plausible one was dependent on the number and type of edits it would take to arrive at the plausible
interpretation: sentences that required fewer edits to arrive at the plausible interpretation had higher rates
of noisy interpretations than those that required more edits, and sentences that required deletions had

higher rates of noisy interpretations than sentences that required insertions.

In summary, both theories predict that readers experience increased processing difficulty when
encountering violated expectations, and may accept the wrong, but more probable, interpretation of the
sentence. Since both good-enough and noisy-channel processing theories make similar predictions, we do

not attempt to differentiate between them here and consider them jointly.

1.3. Case study: subject- and object-extracted relative clauses

Subject- and object-extracted relative clauses have long been a popular case study for investigating
theories of sentence processing as nearly all the world’s languages include this type of structure (Lau &
Tanaka, 2021). Early studies that investigated processing differences in SRCs and ORCs cross-
linguistically suggested a “universal” subject advantage while processing relative clauses. This effect was
based on evidence from primarily Indo-European languages, such as English (Gordon et al., 2001; King
& Just, 1991; Traxler et al., 2002; Traxler et al., 2005), German (Friederici et al., 1998; Schriefers et al.,
1995), and Dutch (Mak et al., 2002), as well as some other non-Indo-European languages, such as
Japanese (Ueno & Garnsey, 2008) and Korean (Kwon et al., 2013; Kwon et al., 2010). Subsequent
studies, however, found that this SR advantage was not universal; for example, in Chinese (Chen et al.,
2008; Hsiao & Gibson, 2003) and Basque (Carreiras et al., 2010), SRCs were harder to process than

ORCs.

The variance among these cross-linguistic findings can often be attributed to differences in
typological factors such as word order (e.g., SVO vs. SOV), clause-headedness (head-initial vs. head-

final), relative clause positioning in a sentence (pre-nominal vs. post-nominal), and the use of resumptive



pronouns (RPs) (Lau & Tanaka, 2021). While processing patterns in relative clauses are largely language-
and feature-specific, languages with different typological features are not evenly represented in previous
research. For example, more research has been done on Indo-European languages than languages in other
language families, and has studied SVO and SOV word-order languages more than VSO word-order
languages. Our research takes steps toward diversifying this body of research by investigating Modern
Standard Arabic, a morphosyntactically-complex language that uses both VSO and SVO word orders and

is generally under-represented in psycholinguistic literature.

1.4. Modern Standard Arabic

Modern Standard Arabic (MSA) is a Semitic language that is written right-to-left using a continuous
cursive script. All letters in the Arabic alphabet are consonants — except three that can additionally be
used as long vowels — and short vowels are indicated using diacritic marks above or below a consonant
(Holes, 2004). In the absence of short vowels, many Arabic words are ambiguous and must be
disambiguated by context (Abu—Rabia, 2001). For example, the consonants /ktb/ (<) can mean “he
wrote” /kataba/ (<5) or “books” /kutubun/ (<X) depending on the short vowels used. However, diacritics
are typically only included in religious texts and rarely used in everyday written Arabic, except to

occasionally disambiguate words (Hermena et al., 2015).

Arabic demonstrates substantial morphosyntactic complexity. Words are derived using non-
concatenative morphology with a trilateral root system (Abu—Rabia, 2002; Boudelaa & Marslen-Wilson,
2001), where inflectional morphemes are inserted between the three root consonants, as well as at the
beginning and end of a word. For example, the consonant root /ktb/ (<) is the base for words such as
“he writes” /jaktubu/ (<), “writing” /kita:ba/ (421S), and “writer” /ka:tib/ (<S). Arabic also makes
extensive use of bound pro- and enclitics, which include conjunctions (e.g., “and” /wa=/ () — ““a book and
a pen” /kita:b wa=qalam/ (a5 X)), prepositions (e.g., “with” /bi=/ (<) — “he wrote with the pen” /kutab
bi=algalam/ (sl X)), definite markers (e.g., “the” /al=/ (J)) — “the book” /al=kita:b/ (<)), and

possessive pronouns (e.g., “her” /=ha/ (&) — “her daughter” /ibnatu=ha/ (\&')). Because of this extensive
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morphology, Arabic words are more information dense than words in Latinate languages of comparable

length (Boudelaa & Marslen-Wilson, 2010; Brysbaert, 2019; Roman & Pavard, 1987).

Arabic is a flexible word order language and uses alternating SVO and VSO word order (Parkinson,
1981; Ryding, 2005). Basic word order in MSA tends to be VSO, while SVO is often used in a stylistic
manner or to emphasize or topicalize the subject. On the other hand, many dialects of Arabic have basic

SVO word order (Parkinson, 1981).

MSA is mainly used in official governmental or media domains, and native Arabic speakers typically
learn MSA alongside their regional dialect used for everyday communication. While MSA usage is
largely domain-specific, MSA is not considered to be a “second language” for native speakers of Arabic.
Previous research has found that native Arabic speakers have comparable proficiencies in MSA and their
colloquial dialect; however, notably, proficiency in MSA was strongest in reading and writing compared
to speaking, as native Arabic speakers typically read and write in MSA but speak in their colloquial

dialect (Albirini, 2019).

1.4.1. Language processing in MSA

While MSA and its regional dialects are the fifth most spoken first language in the world (Central
Intelligence Agency, 2018), psycholinguistic research in Arabic is sparse (Hermena, 2016). Much of the
previous work in Arabic language processing has focused on word-level processing phenomena related to
Arabic’s written script, diacritic markings, and morphology in order to identify differences in processing
patterns found in other Indo-European languages. One key finding from these studies was how native
Arabic speakers fixate words while reading. Farid & Grainger (1996) compared initial fixation positions
in Arabic and French found that asymmetrical initial word fixation in Arabic was modulated by
prefixation and suffixation in the stimuli. Specifically, fixation patterns revealed a stem bias in which
prefixed words tended to have left initial fixation bias, and suffixed words tended to have right initial

fixation bias (NB: Arabic is read right to left). The same effects were not found for French: French
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exhibited a left initial fixation bias regardless of the affixation of the stimulus. The authors speculated that
this pattern of initial fixation was due to the locality of Arabic’s information density as a trilateral root
language. Speakers of many Indo-European languages benefit from word-initial fixation as it provides
information to predict the upcoming word; on the other hand, the majority of word meaning lies at the
root in Arabic, and thus this word-initial fixation is not as beneficial for prediction purposes. Later
research also identified a distinct perceptual span asymmetry in Arabic reading. Jordan et al. (2014)
investigated reading behaviors in native Arabic speakers with strong proficiency in English and found
that, while perceptual spans extend asymmetrically to the right in English (Pollatsek et al., 1981),
perceptual spans extend asymmetrically to the left in Arabic. These studies provided further evidence that

fixation patterns and perceptual span asymmetries are largely a function of reading direction.

Other studies have investigated how word length and frequency affect processing behaviors in
Arabic. Paterson et al. (2015) investigated the effects of word length on eye movement patterns by using
sentences with target words that were either 3, 5, or 7 characters in length and matched in contextual and
lexical frequency. Their results showed that reading times were much longer in Arabic than words of a
similar length in Latinate languages like English (Rayner, 2009). The authors theorized that this may be
due to the increased information density in Arabic words (Brysbaert, 2019). Another study by Hermena
and colleagues tested how frequency affected reading patterns in Arabic (Hermena et al., 2019). They
used target words that were either high or low frequency, but matched for both character length and
spatial length. They again found that overall reading times were much longer and overall word-skipping
rates were low (less than 4%) in Arabic compared to languages like English and German, supporting
findings from Paterson et al. (2015). For high-frequency words specifically, they found that readers made
fewer fixations and had shorter reading times, which aligns with frequency effects observed in other
Latinate languages (e.g., Inhoff & Rayner, 1986; Rayner, 1998, 2009). However, they also observed that
skipping rates did not differ across low and high-frequency words, suggesting that Arabic readers are less

likely to use information about lexical frequency to skip words.
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Sentence-level processing studies have focused on how diacritization and word ordering affect
processing difficulty in Arabic. In one experiment, Hermena et al. (2015) explored the effects of
diacritization by presenting readers with sentences with no diacritization, sentences that were fully
vowelized, and sentences where diacritics were used only to disambiguate specific words. They found
that the diacritization of ambiguous words was helpful for processing, but full sentence diacritization
slowed overall reading times. The authors attributed this effect to the fact that full vowelization with
diacritics increased visual crowding in the text, thus causing longer reading times. These findings also
confirm what is expected given Arabic readers’ experience with diacritized text: typically, Arabic text is
not diacritized in everyday writing. Other research has investigated how readers process the two primary
word orders for Arabic — VSO and SVO — and whether one word order is processed faster than another.
One study investigated sentence processing in Saudi Arabian speakers, which has SVO basic word order
(Thompson & Werfelli, 2012). They found that, despite the fact that their dialect had primarily SVO word
order, Saudi Arabian speakers had faster reading times in sentences with VSO word order than sentences
in SVO word order. Another study conducted a similar experiment with Saudi Arabian native and
heritage speakers and again found a general processing preference for VSO word order (AlQahtani &
Sabourin, 2015). However, this effect was slightly modulated by speaker type: native speakers read VSO
word order sentences faster across the board, while heritage speakers processed VSO fastest when reading

an indefinite subject, but SVO fastest when reading a definite subject.

What remains to be explored in this literature is general patterns of sentence processing that relate
back to cross-linguistic theories of sentence processing. Thus, our research aims to both diversify existing
language processing literature and augment existing research in Arabic psycholinguistics by taking

advantage of the unique features of MSA to distinguish among competing psycholinguistic theories.

1.4.2. Relative clauses in MSA

Restrictive relative clauses in MSA can take a number of forms due to its flexible word order and varying

options for marking an object within a relative clause. A sample SRC and ORC is shown in Figure 1.2.
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Arabic uses both SVO and VSO; however, VSO is seen as the default word order for MSA and has also
been found to be processed faster than SVO (AlQahtani & Sabourin, 2015; Thompson & Werfelli, 2012).
This flexible word order means that sentences with embedded relative clauses could appear with four
different ordering combinations: the matrix clause in VSO or SVO, and the relative clause in VSO or
SVO. We discussed these possible combinations with a handful of native speakers who stated that, while

all combinations were grammatical, a SVO matrix clause with a VSO relative clause was the most

preferred.
spillover 1  matrix verb RC NP RCverb RC pronoun matrix NP
Uaalls e 5 siliud) P il (a)
b=il=xad*¢-1i <?>(<ta>rafa a:=si:na:tur h<a:>zam a:la-0i a:=s‘ahafi-u
to=DET=error-ACC  admit<3SG.M.PST> DET=senator  attack<3SG.M.PST> who-3SG.M  DET=reporter-NOM

«—

SRC: “The reporter who attacked the senator admitted the error.”

Uaally o i) 5 i) PR siaaall (b)

b=il=xad%¢-1 <?>{<ta>rafa a=simatur  h<a>zam=ahu a:la-0i a:=sfahafi-u

to=DET=error-ACC  admit<3SG.M.PST> DET=senator attack<3SG.M.PST>= who-3SGM  DET=reporter-NOM
3SG.M.ACC

T——

ORC: “The reporter who the senator attacked admitted the error.”

Figure 1.2: Sample (a) SRC and (b) ORC stimuli using VSO relative clause word order and the resumption strategy.
Arabic sentences and English glosses are read right to left. The red circles indicate the disambiguating region: the
relative clause verb. The only difference between an SRC and ORC in these forms is the presence of a resumptive

object pronoun clitic on the relative clause verb in the ORC condition.

MSA also allows both the gap strategy and the resumption strategy when marking direct objects in
ORG s, but restricts the use of gapping in certain cases (Aoun et al., 2010). For example, sentences with
indefinite relativized noun phrases must use resumption and include a grammaticalized resumptive object
pronoun clitic within the relative clause. On the other hand, sentences with definite relativized noun

phrases can either mark the object position with a gap or a resumptive object pronoun clitic. Among these
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two strategies, resumption is seen as the default strategy in MSA and is required in many dialects of

Arabic®? (Alresaini, 2012, 2016; Aoun et al., 2010; Leung et al., 2020).

Previous research in sentence processing has spent little time investigating languages that use VSO
word order and languages that use grammaticalized resumptive pronoun clitics. Our research thus focuses
on relative clauses that incorporate these two components to better understand processing behaviors with
these linguistic features. With this structure, the reader will read the relative clause verb first for both
SRCs and ORCs, and an ORC interpretation will be indicated with a resumptive object pronoun clitic on
the relative clause verb (Figure 1.2). The majority of the experiments reported here use stimuli where the
matrix clause noun phrase and the relative clause noun phrase match in grammatical number and gender.
Crucially, the only difference between an SRC and ORC in this format is the presence of the object
resumptive pronoun clitic. However, the final experiment reported here uses stimuli where the matrix and
relative clause noun phrases do not match grammatically; in these cases, both the inflection of the relative

clause verb and the presence of a resumptive pronoun clitic differ between the two RC types.

It is important to note that these various strategies for relativization in MSA introduce a measure of
ambiguity into the interpretation of relative clauses. When reading an SRC in MSA, a reader will read the
relative clause verb followed by a noun phrase that is highly likely to be interpreted as the object of the
SRC (Figure 1.2a). However, it is also plausible that the reader could interpret the relative clause noun
phrase as the subject of a relative clause with VSO word order and assume a gapping strategy to mark the
object rather than a resumption strategy (Figure 1.3). This means that, in sentences where the matrix and

relative clause noun phrases are matched in grammatical number and gender and both grammatically

! Previous literature on RP processing in languages other than MSA has shown inconclusive evidence as to whether
RPs help or hinder processing and comprehension (Meltzer-Asscher, 2021); however, RPs in MSA are
grammaticalized and provide syntactic information (e.g., number and gender marking) that can aid in processing.

2 While resumption is not required in every dialect of Arabic, previous research on the processing of resumptive
pronouns in MSA has shown that a speaker’s colloquial dialect has no significant effect on their ability to process
resumption in MSA (Alresaini, 2016).
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agree with the relative clause verb, SRCs are technically globally ambiguous with ORCs with VSO word

order that utilize the gapping strategy.

| '

hallk il Ol @ aala ) asall SRC
to the error admitted  the senator gap  attacked who The reporter
(OBJ) (SUBJ) —
hallk il @ BYCEM aala Al asall ORC with
to the error  admitted gap  thesenator attacked ~ who The reporter £aPPINg
(OBJ) (SUBJ) —

Figure 1.3: Sample SRC and ORC using the gapping strategy. Dependencies from the matrix clause subject to its
gapped position in the relative clause are marked in blue.

There is also temporary ambiguity in ORCs that utilize the resumption strategy. MSA allows null
object constructions in which a resumptive object pronoun clitic is used in lieu of an object noun phrase
(e.g., “The reporter who attacked him...” where the null object for “him” must be resolved by context; see
Figure 1.4) (Al-Sharafi & Gubaily, 2023). In this case, readers could read a relative clause verb with a
resumptive object pronoun clitic and temporarily assume an SRC interpretation with a null object. This
again is only a possible interpretation in sentences where the matrix and relative clause noun phrases
match grammatically, and crucially, this interpretation becomes void upon reading the relative clause
noun phrase after the relative clause verb. These ambiguities are considerations we take into account in
our interpretation of findings for the first three experiments, and our final experiment contains a majority
of stimuli that do not have sentences with grammatically matching matrix and relative clause noun
phrases to help control for these ambiguities. We also explore the relative frequency of these types of

structures in our corpus analysis in Section 2.1.1.
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Ll el o) 4 als A Lasall SRCwith
to the error admitted gap him  attacked who The reporter null object NP
(OBJ) (OBJ) '

“The reporter who attacked him admitted the error.”

sl i @ 4 sl @l sl ORCwith
to the error admitted  the senator him  attacked who The reporter T esumption strategy
(SUBJ) (OBJ)

“The reporter who the senator attacked admitted the error.”

Figure 1.4: Sample SRC with an object pronoun and null object NP construction versus an ORC using the
resumption strategy. Dependencies from the object pronoun clitic to its referent in each structure are marked in blue.
An ORC using resumption is locally ambiguous with an SRC with a null object NP until encountering the relative
clause NP, circled in red. At this point, the SRC interpretation is voided.

1.5. Dissertation studies

We first tested whether memory- or expectation-based theories best explained patterns of processing
difficulty while reading relative clauses in Arabic (Chapter 2). We asked native Arabic speakers to read a
series of SRCs and ORCs using a self-paced reading paradigm, and had them answer comprehension
questions about what they read after reading each sentence. Our results showed that ORCs had longer
overall reading times compared to SRCs, supporting predictions from expectation-based theories;
however, the locus of processing difficulty was at the relative clause noun phrase, not the relative clause
verb. Further, we analyzed the answers to the comprehension questions and found that participants were
significantly more likely to incorrectly interpret an ORC than an SRC. We hypothesized that participants
may be misreading ORCs as SRCs by skipping the resumptive pronoun clitic on the relative clause verb,
or engaging in good-enough or noisy-channel processing by accepting a higher-frequency, and thus

preferred, SRC interpretation.

As a first step toward exploring this question, we conducted a recall task using the same stimuli from

the self-paced reading experiment (Chapter 3). We asked native Arabic speakers to read these sentences
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and re-write each sentence word-for-word on a different page. If readers were misreading, we expected to
see unidirectional errors of ORCs being mistakenly re-written as SRCs. However, if readers were instead
engaging in good-enough or noisy-channel processing, we expected to see bidirectional errors of ORCs
being mistakenly re-written as SRCs (due to SRCs being the more frequent structure), and SRCs being
mistakenly re-written as ORCs (perhaps due to individual variance in semantic plausibility, or that SRCs
are technically ambiguous with ORCs). We found that ORCs were misremembered as SRCs and SRCs
were misremembered as ORCs, lending tentative support to theories of good-enough and noisy-channel

processing.

We then conducted our first eye tracking experiment, which provides much more granular data
behind processing behaviors than self-paced reading, to answer our two outstanding questions (Chapter
4). First, we wanted to further explore the locus of processing difficulty in Arabic relative clauses and
determine whether Arabic readers paid the cost for updating their expectations at the relative clause verb
or at the relative clause noun phrase. Second, we wanted to explicitly test whether readers were
misreading ORCs, or simply accepting a preferred SRC interpretation. We again had participants read
various SRCs and ORCs in Arabic and answer comprehension questions after each sentence, and used a
combination of eye movement behaviors and answers to comprehension questions to diagnose misreading
versus noisy-channel processing. Our findings showed that readers were indeed registering the resumptive
object pronoun clitic at the relative clause verb, and thus were not misreading ORCs. Further, processing
behaviors for trials in which ORCs were misinterpreted showed that readers did not pay the processing
cost of updating their expectations as they did in trials where ORCs were accurately interpreted, providing
further support for good-enough and noisy-channel processing. Finally, we found that this additional
processing cost for ORCs is indeed paid at the relative clause noun phrase, and not at the relative clause
verb, suggesting that Arabic readers are not engaging in the most incremental, probabilistic processing

possible.
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Finally, we investigated the relationship between statistical expectations (i.e., of a certain clause type)
and grammatical cues (i.e., number and gender marking) to identify whether increasing the number of
cues in favor of a veridical interpretation could overcome the statistical expectations for a higher-
frequency structure (Chapter 5). We conducted a second eye-tracking experiment and created new
versions of our stimuli where the matrix and relative clause noun phrases either matched grammatically,
were mismatched on number, or were mismatched on both number and gender, and analyzed whether
sentences with grammatically matched noun phrases had more noisy interpretations than sentences with
two grammatical mismatches, and thus more cues in favor of a veridical ORC interpretation. We found
that the number of grammatical cues in favor of a veridical ORC interpretation did not have a significant
effect on the number of noisy interpretations of ORCs, nor on the processing behaviors while reading
these sentences. Thus, grammatical cues were not strong enough to overcome statistical expectations in a

good-enough or noisy-channel processing framework.
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Chapter 2

Experiment 1: Self-paced reading

2.1. Introduction

We first tested whether memory- or expectation-based theories of sentence processing best explained
reading patterns in Arabic SRCs and ORCs through a self-paced reading task. Memory- and expectation-
based theories make different predictions about which structure should be harder to read in Arabic, so we
compared average reading times for each structure to determine which was harder to process and how this
aligned with predictions from each theory. Native Arabic speakers were presented with various SRCs and
ORC:s using a self-paced word-by-word reading paradigm. Reading or reaction times (RTs) were

collected for each word and used as an indication of processing difficulty.

Ll G et ﬁL‘wA\‘ sl g;;._axl\ ()

Uaally G il )s\_g_us\éss\ ‘_.,ATJ\ (b)

Figure 2.1: Arabic matrix clause subject dependency in the (a) SRC and (b) ORC condition.
The probabilistic disambiguating region, the relative clause verb, is circled in red. The red vertical line on the ORC
verb delineates the resumptive pronoun clitic from the relative clause verb.
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2.1.1. Corpus analyses

Prior to beginning our experiments, we conducted a number of corpus analyses to explore the frequency
of the various forms of relative clauses that occur in Arabic. We used the Penn Arabic Treebank Part 3 v
3.2 corpus (Maamouri et al., 2010) for all our analyses. The corpus was created using newswire data from
the Lebanese news agency An Nahar and contains over 402K tokens that are annotated for POS and

syntactic treebanking.

We first investigated whether SRCs or ORCs were more common in MSA in order to determine what
expectation-based theories would predict would be the easier structure to process. We used two search
parameters. We first searched for relative clauses, labeled with the SBAR tag, with an explicit “who”
relative pronoun (! plus all other gender and number declensions), labeled with the WHNP and
REL _PRON tag. Each WHNP tag contained a numeral trace that matched the NP to which it belonged
(e.g., WHNP-2 would trace back to NP-2). We also used a second, broader search parameter that included
relative clauses that used either an explicit “who” relative pronoun (SBAR plus WHNP REL PRON), no
relative pronoun (SBAR plus WHNP -NONE-), or the more general “that” (L) relative pronoun (SBAR-
NOM plus WHNP). We identified 2,928 relative clauses using our first search parameter, of which 71%
were SRCs. When using our broader second search parameter, we identified 7,268 relative clauses, of

which 79% were SRCs. We thus concluded that SRCs are much more common than ORCs in MSA.

We then investigated whether relative clause word order was more likely to be VSO or SVO to
inform the design of our materials. While both word orders are grammatical within a relative clause, our
native speaker consultants stated that they highly preferred the VSO word order. (NB: relative clause
word order in SRCs would appear to be the same on the surface for both VSO and SVO word order, but
this difference would become apparent in ORCs). To do this, we searched all the relative clauses
identified in the previous analysis to see how often the subject (NP-SUBJ) occurred before the verb (VP)
within the relative clause. Our results showed that 98% of relative clauses were verb-initial, confirming

our native speakers’ intuitions about VSO word order.
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Finally, we wanted to investigate the frequency of relative clauses in MSA that are temporarily
ambiguous at the relative clause verb. Section 1.4.2 discussed how encountering a relative clause verb
with a resumptive object pronoun clitic may signal an ORC, but it could also signal an SRC with a null
object construction (when the matrix and relative clause nouns are grammatically matched). We thus
wanted to determine how often this null object construction appeared among the SRCs in our dataset.
Following our initial corpus analysis, we first used a search parameter to identify relative clauses with an
explicit “who” pronoun, then a second parameter to broadly include relative clauses that used either an
explicit “who” relative pronoun, no relative pronoun, or the more general “that” relative pronoun. We
then searched within our identified SRCs to see if any of them included a direct object pronoun clitic
(IVSUFF_DO) that was labeled as the object within the clause (NP-OBJ). We manually reviewed the
results of this search to see if any of the identified clauses had this resumptive object pronoun clitic along
with a trace parameter for a null object (NP-# (-NONE- *T*) where # represents the numeric trace to a
NP that does not match the subject NP trace). We found one example of this type of structure within our
first search parameter (out of 2,073 total SRCs), and three more examples within our broader, second
search parameter (out of 5,725 total SRCs). While we do find evidence of this construction occurring in

MSA, it appears to be much less frequent than the standard SRC construction with an explicit object NP.

Based on the data from this corpus, reading a relative clause verb without a resumptive pronoun
should strongly suggest an SRC interpretation while reading a relative clause verb with a resumptive
pronoun should strongly suggest an ORC interpretation; however, there is a possibility that readers will
entertain other possible, but less probable based on the data, interpretations. We consider the relative
clause verb region to be the probabilistic, but not deterministic, disambiguating region in our theoretical

predictions based on these findings.

2.1.2. Theoretical predictions
Memory-based theories grounded in the DLT predict comparable processing times for SRCs and ORCs in

Arabic. This is due to the inclusion of the resumptive object pronoun clitic on the relative clause verb, the
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probabilistic disambiguating region, in the ORC condition: because the resumptive pronoun is cliticized
to the relative clause verb, the dependency between the disambiguating region and the matrix clause
subject have the same total length in both clause conditions (Figure 2.1). The locus of processing
difficulty —i.e., where the reader pays the integration cost — should thus probabilistically be at the relative

clause verb.

On the other hand, expectation-based theories predict faster processing times in SRCs as it is the
more frequent structure in MSA, as we confirmed through our corpus analysis. The locus of processing
difficulty —i.e., where the reader pays the cost of updating their expectations for an ORC interpretation —
should also probabilistically be at the relative clause verb, as the presence of a resumptive pronoun clitic

should strongly suggest an ORC interpretation.

2.2. Methods

2.2.1. Participants

Forty-eight native Arabic speakers proficient in MSA (20 women, 26 men, 2 not reported; mean age: 27;
SD = 7.25) were recruited from Prolific®. Participants were paid $4.50 for their participation. Prior to
beginning the experiment, participants completed a questionnaire which included an obligatory question
about their native language and optional questions about their demographic backgrounds (see Appendix A
for the full list of questions). Participants were considered native Arabic speakers if they selected either
MSA or another dialect of Arabic as their native language. Two participants were excluded for not
matching this criterion. Of the remaining participants, the participant pool represented a diverse sample of
Arabic dialects: 14 different dialects were reported across the 44 participants who completed the
voluntary portion of the questionnaire. We also established an a priori criterion to exclude any participant

who scored lower than 75% accuracy on sentence comprehension and filler comprehension questions

3 https://www.prolific.com/
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(i.e., not questions that targeted relative clause comprehension), which resulted in the exclusion of one

participant.

2.2.2. Materials

The stimuli were designed to investigate processing behaviors in VSO word order and with
grammaticalized resumptive pronouns, and utilized the flexible word order in Arabic to minimize
variation between SRCs and ORCs. For each sentence, the matrix clause was SVO and the relative clause
was VSO. This word order was selected with the help of native speaker input and confirmed through a
corpus analysis. Given these word orders, readers first read the matrix clause subject, followed by the
relative pronoun, and then the relative clause verb in both conditions. The key difference between the
SRC and the ORC condition was the presence of the resumptive object pronoun in the ORC condition as

a bound clitic on the relative clause verb (Figure 2.1).

Stimuli were adapted and translated from previous studies on relative clause processing (Gordon et
al., 2001; Staub, 2010; Traxler et al., 2002). Arabic nouns, verbs, and pronouns are marked for both
number and gender, so matrix and relative clause nouns were matched on number and gender so that the
subject of the relative clause would not be disambiguated by number and gender marking on the relative
clause verb. Nouns were either masculine singular or feminine singular, and gender was balanced across
items. In ORC items, the resumptive object pronoun for masculine singular nouns was one character (+)
while the resumptive object pronoun for feminine singular nouns was two characters (). All nouns were
definite and animate to control for animacy effects (Mak et al., 2002; Traxler et al., 2002; 2005). Finally,
all stimuli were presented in a non-diacritized format, as is standard for written publications in MSA

(Hermena et al., 2015). Individual words were diacritized to avoid ambiguity when necessary.

A norming study was conducted to confirm that the subject and object of each relative clause were
equally plausible in both clause conditions (e.g., “the reporter attacked the senator” is as plausible as “the

senator attacked the reporter”). Native Arabic speakers (N = 76; 33 women, 42 men, 1 not reported; mean
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age: 28; SD = 6.65) were recruited through Prolific and asked to rate the plausibility of 45 sentences on a
Likert scale (1 = highly implausible, 7 = highly plausible). These participants were excluded from
participating in the self-paced reading experiment, and therefore did not overlap with the self-paced
reading experiment participants. Plausibility ratings were collected for both the full stimuli sentences
(e.g., “The reporter who attacked the senator admitted the error”) and the relative clauses as simplified
transitive sentences (e.g., “The reporter attacked the senator”). The study also included an equal number
of filler items, some of which were implausible distractor sentences that functioned as attention checks.
Four stimuli were excluded after a paired t-test revealed substantial discrepancies between plausibility
ratings in the SRC and ORC conditions for those items, and one stimulus was excluded for low overall
ratings. These exclusions resulted in 40 total stimuli. The mean plausibility rating for full stimuli
sentences for the remaining items was 6.11 (SD = 0.49) for SRCs and 6.00 (SD = 0.57) for ORCs, and the
mean plausibility rating for the simplified transitive sentences was 6.18 (SD = 0.46) for SRCs and 6.08

(SD = 0.49) for ORCs.

In addition to the 40 target sentences, 80 unrelated filler sentences were included. Comprehension
questions appeared after all 40 experimental sentences and 20 filler sentences (i.e., half of all items). Of
the 40 experimental stimuli comprehension questions, half of the questions targeted comprehension of the
relative clause (e.g., “Did the reporter attack the senator?” (a) “Yes,” (b) “No”), and the other half
targeted comprehension of the sentence overall (e.g., “Did the reporter admit the error?” (a) “Yes,” (b)
“No”). Whether “Yes” or “No” was the correct answer was balanced within question type. In total, each
participant read 120 sentences (40 target sentences (20 for each clause type) + 80 filler sentences) and
answered 60 comprehension questions. Experimental items were counterbalanced in a Latin square

design, and the order of sentences was randomized separately for each participant.

2.2.3. Procedure
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The study was conducted online through Ibex Farm?, a site for hosting psycholinguistic experiments.
Participants were told that they would be reading sentences in Arabic and answering comprehension
questions. All experimental instructions were given in MSA. Prior to the start of the experiment,
participants saw two practice stimuli and answered one practice comprehension question. Each sentence
was presented word-by-word using a subject-paced paradigm in which participants used the spacebar to
advance through the sentence. Each word in the sentence was presented in isolation with no option to
move backward in the sentence. RTs were collected at each key stroke indicating the appearance of the

next word in the sentence. The experiment took about 30 minutes on average.

2.3. Analysis and Results

Prior to our analysis, RTs faster than 100 ms and slower than 2,000 ms were excluded. This resulted in a
total data loss of 4.6%. RTs were then residualized within-subject to control for word length effects
(Ferreira and Clifton, 1986). Outliers outside of 3 standard deviations from the mean were also excluded,
resulting in an additional 2.1% data loss. Each sentence was divided into target regions for our analysis
(Figure 2.2b). These regions included the matrix noun phrase through the matrix verb, plus one to three
spillover regions (one word each) depending on the length of the sentence. The key regions of interest in
our analysis were Region 2 (the relative clause verb, plus the resumptive pronoun clitic in the ORC
condition), Region 3 (the relative clause noun phrase), and Region 4 (the matrix clause verb). Region 2 is
where the reader should be able to probabilistically disambiguate between an SRC and an ORC reading,
and so is the locus of processing predictions from memory- and expectation-based theories. We further

focus on Regions 3 and 4 to capture any potential spillover effects.

Average residualized RTs in each region by clause type are plotted in Figure 2.2a. Raw RTs, trending

in similar directions as the residualized RTs, are additionally given in Appendix C. Negative residual

4 https://adrummond.net/ibexfarm
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RTs indicate shorter processing times given word length, and positive residual RTs indicate longer

processing times given word length.
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Figure 2.2: (a) Average residualized RTs for each region by clause type (after data preprocessing);
(b) Regions of interest with Arabic examples and their English gloss.

To determine whether SRCs or ORCs were more difficult to process, we first summed RTs for each
trial across our region of interest (Regions 2-4) and compared RTs by clause type. We then analyzed RTs
for each individual region by clause type. For each analysis, we first looked at outcomes from all RT data,

and then at outcomes from RT data for items with correct comprehension question answers.

Data were analyzed using the brms package in R (Biirkner, 2017). Linear mixed-effects regression
models were fit for within-subject residualized RTs in Regions 2-4, plus each individual region. The
models included a sum-coded fixed effect for Clause Type (ORC: 1, SRC: -1). We used the maximal
random effects structure by subjects and items as justified by the design (Barr et al., 2013), resulting in
random intercepts for Participant and Item, and random slopes by Clause Type for both Participant and
Item. We consider the model estimates as significant if the credible interval (Crl) does not include 0, or
over 95% of the sampled posterior distribution is over or under 0 in the predicted direction. Model

estimates for main effects are reported in Table 2.1.

27



Table 2.1: Linear mixed-effects model estimates of the dependent variable, Clause Type, on residualized
RTs by region, including SE estimates and Crls. The % > 0 column shows the percent of the sampled
posterior distribution that is over 0; values that are >= 95 for positive estimates or <= 5 for negative
estimates are considered significant. Estimates marked with an asterisk are significant.

All Items Correct Items

Region B SE Crl %>0 B SE Crl % >0
Regions 2-4  21.81* 13.24 [-4.14, 46.98] 95 22.90 14.71 [-6.19, 51.83] 94
Region 1 7.90 7.67 [-7.62,22.82] 86 6.64 8.65 [-10.36, 23.64] 78
Region 2 580 556  [-5.04,16.82] 86 583 6.3 [-6.14, 18.17] 83
Region 3 17.63* 7.15 [3.49, 31.71] 99 23.42*% 8.50 [7.05,40.51] 100
Region 4 -0.07 8.16 [-16.03, 15.93] 49 -4.36 9.47 [-23.4,14.13] 32
Region 5 -4.47 5.76 [-16.00, 7.08] 21 -4.00 6.60 [-16.83, 8.99] 27
Region 6 5.15 5.85 [-6.40, 16.30] 81 10.16 6.82 [-3.34,23.61] 93
Region 7 -3.55 6.23 [-15.78, 8.96] 29 -0.45 7.25 [-14.87, 14.02] 48

Model estimates for the summed Regions 2-4 showed a significant effect by Clause Type on RTs,
such that ORCs were read significantly longer than SRCs on average in this region. This effect was
significant across all items, but was just nearly significant for only correct items (94% of the sampled
posterior distribution greater than 0). The individual region models showed that this effect was also
individually significant in Region 3 (the relative clause noun), and this was consistent across all items and
for only correct items. Notably, there were no significant effects for Clause Type in Region 2 (the relative

clause verb) for all items or only correct items.

2.3.1. Re-investigating the relative clause verb

Despite finding no significant effects for Clause Type at the relative clause verb, we wanted to see
whether readers were paying any sort of additional processing cost for reading the resumptive pronoun
clitic on the relative clause verb in ORCs. Our analyses used residualized reading times which controls
for word length, so it was possible that this extra processing cost was present but proportional to length.
To investigate this possibility, we re-ran our models in Region 2 (the relative clause verb) using the raw

reading times instead of the residualized reading times. Model estimates are reported in Table 2.2.
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Table 2.2: Linear mixed-effects model estimates of the dependent variable, Clause Type, on raw RTs in Region 2,
the relative clause verb, including SE estimates and Crls. Estimates marked with an asterisk are significant.

All Items Correct Items
Region B SE Crl B SE Crl
Region 2 23.83% 6.00 [12.27, 35.64] 24.36* 6.82 [11.20, 38.16]

Model estimates showed significant effects by Clause Type on raw RTs at the relative clause verb,
such that ORCs were read significantly longer than SRCs on average. This effect was significant both for
all items and for only correct items. This suggests that readers do pay an additional processing cost for
reading the relative clause verb in ORCs; however, this additional cost is proportional to reading the extra

character(s) from the resumptive object pronoun clitic.

2.3.2. Participant accuracy on comprehension questions

Our initial review of comprehension question accuracy revealed higher-than-expected error rates. We
observed that participants performed markedly worse on comprehension questions that targeted relative
clause comprehension (i.e., the correct SRC or ORC interpretation; 75.4% correct after 3 questions were
excluded; see below) than on questions that targeted overall sentence comprehension (93.2% correct).
Participants were also much more likely to get the correct interpretation of an SRC (83.3% correct; 349
trials) than an ORC (67.4% correct; 279 trials). It is important to note that because resumptive object
pronouns are not strictly required in these structures, the SRC interpretation is technically ambiguous and
could be read as ORCs; so, while the comprehension question accuracy rates show that people
overwhelmingly interpret them as SRCs, the “incorrect” answers are not technically wrong. However, the
ORC:s are only globally interpretable as ORCs, and yet have even lower comprehension accuracy. To
investigate the discrepancy in comprehension question accuracy for SRCs and ORCs, we analyzed
comprehension question answers by clause type (SRC vs. ORC) and question type (“Yes” correct answer

vs. “No” correct answer).
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Forty comprehension questions were used for the stimuli in the experiment: 20 that targeted relative
clause comprehension and 20 that targeted overall sentence comprehension. For our analysis, we focused
only on questions that targeted relative clause comprehension. Of those 20 questions, 3 questions were
excluded from further analysis: two were excluded due to experimental coding issues and one was

excluded for issues related to poor translation from English, creating an awkward sentence in MSA.

100%
90%
80%
70%
60%
50% W correct
40% m incorrect
30%
20%
10%
0%

ORC-no ORC-yes SRC-no SRC-yes

Figure 2.3: Proportion of correct answers by clause type (SRC or ORC) and correct answer condition (correct
answer is “yes” or “no”).

We first investigated the proportion of correct comprehension question answers by clause type and
correct answer condition (Figure 2.3). Whereas the “no” condition was relatively comparable across
clause type, there appeared to be a substantial discrepancy between clause types for the “yes” condition.
Participants appeared to suffer from a “yes” bias when answering comprehension questions about SRCs —
SRCs with a “yes” comprehension question had significantly fewer incorrect answers — but this difference
was not as marked with ORCs. This would entail that after reading an ORC stimulus (e.g., “The reporter
who the senator attacked admitted the error.”), if prompted with the veridical ORC interpretation by the
comprehension question (e.g., “Did the senator attack the reporter?”), a reader was still fairly likely to

reject the veridical interpretation and answer “no” when the correct answer was “yes.”
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To evaluate the statistical significance of these findings, a logistic mixed-effects regression model
was fit to the data with Correctness as the dependent variable and Clause Type (ORC: 1, SRC: -1) and
Correct Answer (No: 1, Yes: -1) as sum-coded fixed effects, plus their interaction. We also used the

maximal random effects structure by Participant and Item. Model estimates are reported in Table 2.3.

Table 2.3: Logistic mixed-effects model estimates of each dependent variable and interaction on correct
comprehension question answers, including SE estimates and Crls. Estimates marked with an asterisk are

significant.
Main Effects B SE Crl
Clause Type -0.82* 0.19 [-1.26, -0.49]
Correct Answer -0.98%* 0.20 [-1.40, -0.62]
Clause Type * Correct Answer 0.56* 0.19 [0.22, 0.98]

Model estimates showed a significant effect of both Clause Type and Correct Answer on Correctness.
First, comprehension questions for ORC stimuli had significantly more incorrect answers. Additionally,
questions whose correct answer was “no” received significantly more incorrect answers. There was an
additional significant effect for the interaction between Clause Type and Correct Answer, resulting in a

subadditive effect for our predictor variables.

2.4. Discussion

We set out to test predictions from memory- and expectation-based theories of sentence processing in
Modern Standard Arabic, using subject- and object-extracted relative clauses as a test case. We
considered the disambiguating region, and thus the locus of processing difficulty, to be the relative clause
verb, as our corpus results showed that seeing a resumptive object pronoun clitic on the relative clause
verb should strongly suggest an ORC interpretation. Based on this consideration, memory-based theories
predicted comparable processing times due to the use of resumptive object pronoun clitics in Arabic:
given the inclusion of these clitics, the dependency from the matrix clause subject to the relative clause

can be resolved upon reading the relative clause verb, regardless of whether the matrix clause noun is the
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subject or the object of the relative clause. On the other hand, expectation-based theories predict longer

processing times for ORCs as they are less frequent than SRCs in Arabic.

We found that ORCs are read more slowly than SRCs in Arabic. This effect was significant when
averaged across the relative clause verb, noun, and matrix clause verb, and was also individually
significant at the relative clause noun. These results support predictions from expectation-based theories
of sentence processing; however, the locus of processing difficulty was not where it was predicted to be
based on our corpus analyses. The relative clause verb was the first region that allowed the reader to
probabilistically disambiguate between an SRC and an ORC, and thus was where we expected
participants to pay the additional processing cost of updating their expectations when reading an ORC.
Rather, our data showed that this processing cost was paid at the relative clause noun, the region directly
following the verb. One possible explanation for this phenomenon is that our data showed processing
delays that are common in self-paced reading tasks (Just et al., 1982; Frank et al., 2013), where the
reading time difference in a critical region carries over into the following word or region. It is possible,
then, that participants may experience processing difficulty at the relative clause verb, but these reading
time differences instead appeared at the relative clause noun. However, it is also possible that participants
are not probabilistically disambiguating between an SRC and an ORC at the relative clause verb, as
predicted by expectation-based theories that model strict incremental processing. Our subsequent
experiments utilized eye-tracking in place of self-paced reading in order to minimize any possible
spillover effects, and further explore the question of where Arabic readers experience processing

difficulty when reading ORCs.

While our results show strong support for expectation-based processing costs, it is important to note
that these findings do not necessarily preclude the possibility of memory-based processing costs in
language processing in Arabic. Given our stimuli design, memory-based theories predicted comparable
processing costs for both SRCs and ORCs, and so our results do not rule out the possibility of memory

constraints contributing to processing difficulty in structures with different dependency lengths. Future
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research could utilize different syntactic structures with varying dependency lengths to investigate the

possible contributions of memory limitations to language processing in Arabic.

We additionally analyzed our comprehension question data to investigate patterns of language
comprehension in our stimuli. We were particularly interested in whether participants had a harder time
understanding ORCs compared to SRCs. Our study included 20 questions that targeted relative clause
comprehension (i.e., whether “the reporter attacked the senator” or “the senator attacked the reporter”),
and each question had simple “yes” or “no” answer options, in line with what is commonly used in noisy-
channel processing literature (Huang & Staub, 2021). Our analysis showed that ORCs received
significantly more incorrect comprehension question answers than SRCs, and thus were misinterpreted at
substantially higher rates than SRCs. Further, we found that questions whose correct answer was “no”
also received significantly more incorrect answers, suggesting that participants were engaging in a “yes”
bias and were more likely to respond “yes” than “no,” regardless of the correct answer. Finally, we found
an additional subadditive effect for clause type and correct answer condition. While our data showed that
SRCs were especially susceptible to the “yes” bias, it appeared that ORCs were not as sensitive to this
bias: SRCs with “yes” answers had 96% accuracy compared to ORCs with “yes” answers at only 75%
accuracy. We do not have a specific explanation for this subadditive effect, and it is important to note that
the findings are based on a relatively small sample size of only 17 questions. However, taken together, the
data indicate that readers frequently misinterpret these sentences, and the framing of the comprehension
questions appears to bias the results. Future research on noisy-channel processing should consider how
the framing of comprehension questions can bias noisy interpretations, as it appears that the “yes”/’no”
answer paradigm is accepted practice in the literature (e.g., Cutter et al., 2024; Gibson et al., 2013; Ryskin

et al., 2018).

Given these data, we hypothesized that some readers mistakenly interpret ORCs as SRCs while
reading. We considered two possible reasons for this misinterpretation. First, it is possible that the

resumptive object pronoun clitic on the ORC verb is short enough that it is missed during reading. Our
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native speaker consultants all observed that the resumptive pronoun clitic is easy to miss, and missing this
clitic would effectively result in reading an SRC. On the other hand, it is also possible that readers register
and read the resumptive pronoun clitic, but reject an ORC interpretation in favor of a higher-frequency
SRC interpretation. This hypothesis is in line with theories of good-enough and noisy-channel processing
(Ferreira et al., 2002; Levy, 2008a), which state that readers will sometimes accept a more expected or
higher-probability sentence structure over a less expected one. Recent research in Hebrew relative clauses
— a language that is typologically similar to Arabic — demonstrated that readers prefer high-frequency but
grammatically incorrect interpretations of sentences to their grammatical but infrequent counterparts,
suggesting that expectations strongly modulate processing (Keshev & Meltzer-Asscher, 2021). Further,
previous reading studies have found that re-reading does not improve comprehension accuracy
(Christianson et al., 2017); thus, even when given the opportunity to re-read a relative clause verb with a
resumptive pronoun clitic, readers may not update their understanding of the sentence. These findings
lead us to suspect that readers are engaging in good-enough or noisy-channel processing while reading

ORC:s in Arabic.

34



Chapter 3

Experiment 2: Recall task

3.1. Introduction

We took first steps toward investigating whether misinterpretations were due to misreading or good-
enough/noisy-channel processing by conducting a recall task (Bock & Brewer, 1974; Flores D’ Arcais,
1974; James et al., 1973). Using the same stimuli as our self-paced reading task, we asked participants to
read each sentence and then reproduce the sentence word-for-word from memory. If readers are
misreading ORCs due to missing the resumptive pronoun clitic on the relative clause verb, we expect to
see unidirectional errors of ORCs reproduced as SRCs; missing the resumptive pronoun would simply
result in an SRC reading and interpretation. However, if readers are correctly reading ORCs but accepting
noisy SRC interpretations, we expect to see both ORCs misremembered as SRCs and SRCs
misremembered as ORCs; ORCs may be noisily interpreted as SRCs as they are the more frequent
structure, but SRCs may also be noisily interpreted as ORCs if semantic expectations outweigh syntactic
expectations (Gibson et al., 2013). Our sentences were normed so that the SRC and ORC interpretations
of each sentence should generally be equally plausible; however, participants may have idiosyncratic

preferences about the plausibility of a given interpretation.
3.2. Methods
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3.2.1. Participants

Eighty native Arabic speakers proficient in MSA (36 women, 43 men, 1 genderfluid; mean age: 29; SD =
7.32) were recruited from Prolific. Users who participated in the self-paced reading task or the norming
task were not eligible to participate in the recall task. Participants were paid $4 for their participation.
Prior to beginning the experiment, participants completed the same questionnaire as was included in the
self-paced reading task. We established the same a priori criteria to exclude participants based on native

language and comprehension question accuracy, but no participants fit these criteria.

3.2.2. Materials

We used the same stimuli from the self-paced reading task for the recall task. Each participant saw 40
stimuli (20 SRCs + 20 ORCs) and 40 filler items for a total of 80 items. Experimental items were split
into four lists and counterbalanced within and across lists in a Latin square design. Participants were
randomly assigned to one of four lists, and the order of sentences within each list was randomized

separately for each participant.

3.2.3. Procedure

The study was conducted online through Qualtrics. Participants were told that they would be reading
sentences in Arabic and rewriting them from memory. All experimental instructions were given in MSA.
Prior to the start of the experiment, participants completed one practice trial. For each block, one sentence
was presented in its entirety for a maximum of 10 seconds before auto-advancing to the next page. The
auto advance feature was enabled to discourage any screen-shotting or copying of the sentence for the
task. Participants had the option to continue to the next page at any time before the 10 seconds lapsed. On
the next page, the participant was asked to rewrite the sentence word-for-word from memory into a text
box. Participants completed 80 blocks, one for each experimental item. The experiment took 45 minutes

on average.

3.3. Analysis and Results
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Data were manually reviewed and hand coded for correct replications. Replications were coded as being
correct if the correct clause type was reproduced in the form that it was written in the sentence, regardless
of any other errors in the sentence, or incorrect if the incorrect clause type was reproduced. Two stimuli
were excluded due to errors with presentation within the experiment. Any trial in which the participant

did not re-write a complete sentence was also excluded. This resulted in a total data loss of 10%.

Overall, misremembrance of the correct clause type was low (<4% incorrect items). However, within
those items, there was a sizable difference in misremembrance by clause type. 71% of errors (33 trials)
were ORCs being misremembered as SRCs, and the remaining 29% of errors (13 trials) were SRCs being
misremembered as ORCs. Participants did very well on this task, and as such these findings were derived
from a fairly small sample size; however, the data demonstrated that ORCs were much more likely to be
misremembered than SRCs, and clause type errors were made in both directions (i.e., both SRCs and

ORCs were misremembered as opposed to just ORCs).

To evaluate the statistical significance of these findings, a logistic mixed-effects regression model
was fit to the data with Correctness as the dependent variable, and Clause Type (ORC: 1, SRC: -1) and
Verb Length (numeric, centered) as sum-coded fixed effects, plus their interaction. Verb Length was the
length of the verb not including the resumptive pronoun clitic, so this metric was consistent across clause
types. We also used the maximal random effects structure by Participant and Item. Model estimates for

main effects are reported in Table 3.1.

Table 3.1: Logistic mixed-effects model estimates of each dependent variable and interaction on recall task
correctness, including SE estimates and Crls. Estimates marked with an asterisk are significant.

Main Effects B SE Crl

Clause Type -1.70* 0.74 [-3.51,-0.61]
Verb Length -0.44 0.38 [-1.24, 0.26]
Clause Type * Verb Length 0.18 0.37 [-0.54, 0.90]
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Model estimates showed a significant effect for Clause Type on successful recall rates, such that
ORCs were significantly less likely to be remembered correctly than SRCs. Neither Verb Length nor the

interaction between Clause Type and Verb Length were significant.

3.4. Discussion

This recall task took first steps toward investigating the systematic misinterpretation of ORCs that we
observed in our self-paced reading task. We hypothesized that misinterpretations could be due to the
reader misreading the relative clause verb and missing the resumptive object pronoun clitic, which should
probabilistically signal an ORC interpretation, or due to the reader accepting a preferred SRC
interpretation despite registering the resumptive pronoun clitic on the relative clause verb. Our recall task
tested whether only ORCs were misinterpreted as SRCs, suggesting that readers may simply be
misreading ORCs, or whether both clause types were misremembered, suggesting that expectations or

other processing mechanisms may be at play.

The outcomes from our experiment showed that few items were misremembered overall, but when
they were, ORCs were misremembered as SRCs and SRCs were misremembered as ORCs. Further,
ORCs were significantly more likely to be misremembered as SRCs than the other way around. We
interpreted these findings as potential support for good-enough or noisy-channel processing over
misreading. Whereas misreading would result in unidirectional misinterpretations of ORCs as SRCs, both
clause types were misremembered as the other type, suggesting that the misinterpretations of ORCs are

not accidental misreadings.
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Chapter 4

Experiment 3: Eye tracking

4.1. Introduction

Our next study built upon our previous self-paced reading task and recall task by explicitly investigating
what causes ORC misinterpretations. We did this by conducting an eye tracking experiment, which
provides more granular measures of processing behavior than self-paced reading. We made three changes
to our design to better examine these misinterpretations. First, we substantially increased the number of
experimental items that the participants read. Since our primary analyses will focus on the subset of items
that were misinterpreted, we increased the total number of items to also increase the number of
misinterpreted items proportionally. Second, we included a comprehension question after every
experimental item that specifically tested the reader’s interpretation of the relative clause. Our first
experiment used a combination of questions targeting relative clause interpretation and overall sentence
interpretation, and this precluded us from investigating relative clause interpretations for half of our
stimuli. Finally, we changed the response options for the comprehension questions from “Yes” or “No” to
be less biased toward a positive or negative response. The results from our first experiment showed that
the framing of the comprehension questions biased the resulting interpretations, so we controlled for this

bias by using a different question format.
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The goals of this experiment were twofold. We first revisited our initial research question and
assessed whether ORCs were harder to process than SRCs, in line with our previous findings and in
support of expectation-based theories, and whether we observe this difference in processing difficulty at
the relative clause verb or the relative clause NP. We did this by comparing processing behaviors in SRCs
versus ORCs in items with correct comprehension question answers, as items with correct comprehension
questions reflect veridical processing behaviors. We also considered which distinct eye movement

measures reflect processing difficulty due to expectations, following Staub (2010).

We then asked whether readers were initially misreading ORCs as SRCs by missing the resumptive
object pronoun clitic, or correctly reading ORCs yet accepting noisy SRC interpretations (Keshev &
Meltzer-Asscher, 2021). To answer this question, we focused on processing behaviors in ORCs with
incorrect comprehension question answers, and investigated whether these processing behaviors were
more similar to behaviors for correctly interpreted ORC items or correctly interpreted SRC items.
Misreading would suggest that misinterpreted ORCs would be read like correct SRCs, as misreading and
missing the resumptive pronoun would result in reading an SRC (because the resumptive pronoun is the
only difference between the two). On the other hand, good-enough and noisy-channel processing theories
would suggest that misinterpreted ORCs would be read like correct ORCs, but be misinterpreted due to

competing expectations.

Table 4.1: Predicted behavioral outcomes for veridical processing, misreading, and good-enough/noisy-channel

processing.
Theory Comparison Predicted behavior at disambiguating region (RC verb)
Verzdchl Cor ORC vs. Cor SRC  Increased processing difficulty
processing
. . Incor ORC vs. Cor ORC Decreased processing difficulty due to missing RP clitic
Misreading

Incor ORC vs. Cor SRC No significant difference; ORC misread as SRC

Good-enough/ Incor ORC vs. Cor ORC No significant difference; both read without missing RP clitic

noisy-channel Increased processing difficulty; incorrect ORC read similarly
processing Incor ORC vs. Cor SRC to correct ORC
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We conducted three analyses (Table 4.1). First, we compared SRC and ORC trials with correct
comprehension question answers (Cor ORC vs. Cor SRC) to determine differences during veridical
processing. Based on our understanding of the distributional statistics of SRCs and ORCs in Arabic from
our corpus analysis, predictions from the processing theories investigated here all point to the relative
clause verb as the primary region of interest. Memory-based theories predict equal processing difficulty
between SRCs and ORC:s at the relative clause verb: due to the inclusion of the resumptive object
pronoun, the matrix noun can probabilistically be integrated upon seeing the verb regardless of whether it
is the subject or object of the relative clause (Figure 2.1). On the other hand, expectation-based theories
predict increased processing difficulty at the relative clause verb as this is where the clause can be
probabilistically disambiguated between an SRC or ORC (Figure 1.2). If Staub’s (2010) results on
different processing behaviors from memory- versus expectation-based difficulties extend to Arabic, then
we would expect any observed expectation-based processing difficulty to manifest in increased regressive

saccades.

Our next two analyses investigated misreading versus good-enough/noisy-channel processing by
comparing misinterpreted ORC trials to both correct ORC trials (Incor ORC vs. Cor ORC) and correct
SRC trials (Incor ORC vs. Cor SRC). If readers are misreading the ORC verb by missing the resumptive
pronoun, then in those cases the ORC verb would be read as identical to the SRC verb. We would then
see no significant difference between misinterpreted ORCs and correct SRCs at the relative clause verb.
However, we would see a significant difference between misinterpreted and correct ORC items, as only
correct ORC items pay the additional processing cost of reading the resumptive pronoun. On the other
hand, if good-enough or noisy-channel processing is occurring, then misinterpreted ORCs would be read
similarly to correct ORCs at the relative clause verb, with readers paying the cost of reading the
resumptive pronoun for all ORCs. Incorrect ORC interpretations would then arise from later good-enough

or noisy-channel processing. In this case, we would see no significant difference between misinterpreted
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and correct ORC trials at the relative clause verb, but a significant difference between misinterpreted

ORC and correct SRC trials in the same region.

4.2. Methods

4.2.1. Participants

Forty-seven native Arabic speakers proficient in MSA (all women®; mean age: 19; SD = 1.41) were
recruited from the United Arab Emirates University (UAEU). Participants were offered both course credit
and 40 AED (~15 USD) in cash compensation for their participation. Prior to beginning the experiment,
participants completed a detailed language history questionnaire in which they rated their proficiency in
listening, speaking, reading and writing (scale from 1 to 7) in MSA and all their other known languages
(see Appendix D for the full list of questions). These questions were adapted from the Language History
Questionnaire 3.0 (Li et al., 2020), which is used to evaluate language proficiency for speakers of
multiple languages. This questionnaire differed from our previous questionnaires in that participants were
explicitly asked to rate their proficiency in MSA across various spectrums, rather than simply identifying
themselves as a native Arabic speaker. Participants were considered proficient in MSA if they (1) selected
Arabic as their native language, and (2) scored their proficiency in each area for MSA at 4 or higher. One
participant was excluded for selecting English as their native language. Further, we established an a priori
criterion to exclude any participant who scored lower than 75% accuracy on comprehension questions on
filler items, but all participants performed above this criterion. One final participant was excluded due to a

technical error during their experiment.

4.2.2. Materials

We used the 40 original items from our self-paced reading study, then created an additional 45 items

following the same design (see Section 3.2.2). A norming study was conducted on our 45 new items to

5 The UAEU campus is segregated by gender, so we were limited to recruiting and testing only female participants.
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confirm that the subject and object of each relative clause were equally plausible in both clause
conditions. Native Arabic speakers (N = 80; 24 women, 54 men, 2 not reported; mean age: 32; SD =
10.64) were recruited through Prolific and asked to rate the plausibility of each sentence on a Likert scale
(1 = highly implausible, 7 = highly plausible). Plausibility ratings were collected for both the full stimuli
sentences and the relative clauses as simplified transitive sentences. Five stimuli were excluded after a
paired t-test revealed substantial discrepancies between plausibility ratings in the SRC and ORC
conditions for those items. The mean plausibility rating for full stimuli sentences for the remaining items
was 5.77 (SD = 1.63) for SRCs and 5.76 (SD = 1.64) for ORCs, and the mean plausibility rating for the
simplified transitive sentences was 6.38 (SD = 1.27) for SRCs and 6.39 (SD = 1.23) for ORCs. The 40
remaining new stimuli combined with the 40 original items resulted in 80 total stimuli. We also included
80 unrelated filler sentences for a total of 160 sentences. Experimental items were split into four lists and
counterbalanced within and across lists in a Latin square design. Participants were randomly assigned to
one of four lists, and the order of sentences within each list was randomized separately for each

participant.

Comprehension questions targeting comprehension of the relative clause appeared after all stimuli
and general comprehension questions appeared after all filler items. Our previous comprehension
questions had simple “Yes” or “No” options; however, the findings from our comprehension question
analysis suggested that this framing of the comprehension questions may have biased the results. To
mitigate this possible bias, we offered full-sentence options in the same forced-choice structure (e.g.,
“Which of the following happened?” (a) the reporter attacked the senator, (b) the senator attacked the
reporter). We also randomized whether the correct or incorrect answer was presented first and

counterbalanced by item type.

4.2.3. Apparatus and Procedure
The experiment took place at the UAEU in the Department of Cognitive Science’s eye tracking lab using

the Eyelink 1000 Plus eye tracker (SR Research). Right eye gaze movements were recorded via a high-
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speed 35 mm lens on a desktop mount at a sampling rate of 1000 Hz. Participants’ head movements were
stabilized using a head stabilization tower. Sentences were displayed on a high definition (1920 x 1080
pixels) 24” BENQ ZOWIE XL 2430 monitor at 80 cm viewing distance. Text was presented in 20-point

Times New Roman, a proportionally spaced typeface.

Participants were tested individually in a quiet, isolated room. Instructions were given verbally in
English and were presented in both English and SA text on the screen. The language of instruction at
UAEU is English, so a baseline proficiency in English was assumed. The eye tracker was calibrated and
validated using the default 9-point grid calibration. Participants completed two practice trials and were

allowed to ask questions before proceeding with the experiment.

The experiment was divided into eight blocks of 20 items each to allow for breaks throughout the
experiment. Calibration accuracy was assessed before the start of each block and the eye tracker was re-
calibrated as necessary. At the beginning of each trial, a right-aligned asterisk was placed at the onset site
of the first letter of the sentence. Once the participant fixated for at least 800 ms, the sentence appeared
and replaced the asterisk. Participants pressed the spacebar on the keyboard once they were finished
reading the sentence, then used the mouse to click and select the correct comprehension question answer

on the following screen. Completion of the experiment took about 60 minutes for each participant.

4.3. Analysis and Results

Data were cleaned using SR Research’s Data Viewer. Following standard procedures, fixations that were
less than 80 ms and within one character of each other were merged, and remaining fixations less than 80
ms or longer than 1,200 ms were excluded. We also excluded trials where significant track loss occurred

and fixations where a blink occurred on the target word. This resulted in a total data loss of 5.8%.

After cleaning our data and before conducting our analyses, we investigated the comprehension
question accuracy rates for SRCs versus ORCs. We found an overall accuracy rate of 84.4%, with a

93.5% accuracy for SRCs compared to only 75.4% accuracy for ORCs. In terms of number of trials, we
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observed 1,747 correct SRC trials, 1,413 correct ORC trials, and 462 incorrect ORC trials. We also
calculated accuracy by participant and found substantial variance by individual. ORC scores ranged from
10% to 100%; seven participants (out of 47) scored less than 50%, while only two participants scored
100%. Conversely, the lowest score on SRCs was 70%, with the second lowest score being 75%, and ten
participants scored 100%. A distribution of the average scores by participant and clause type are shown in

Figure 4.1.
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Figure 4.1: Box plot of average accuracy by participant for each clause type. The horizontal dashed line represents
the overall mean of 84%.

For our analysis, interest areas were divided into regions as previously illustrated in Figure 2.2. Up to
3 spillover regions (one word each) were analyzed when sentences were long enough. All sentences had
at least one spillover region. For each region, we calculated the following eye tracking metrics using the
Get Reading Measures package from SR Research: first fixation duration (the duration of the first fixation
on a region), first pass duration (the sum of all first pass fixations before leaving a region for the first
time), go-past time (the sum of all first pass fixations on a region, including any time spent reading
previous material, until progressively leaving the region for the first time), fotal fixation duration (the

sum of all fixations on a region), first pass regression (a binary measure indicating whether the reader’s
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first pass through a region ended with a regressive saccade to an earlier part of the sentence), and firs¢

pass skip (a binary measure indicating whether a reader skipped a region on first-pass reading).

To evaluate the statistical significance of our data, linear mixed-effects regression models were fit for
numeric reading measures and logistic mixed-effects regression models were fit for binary measures. We
fit individual models for each eye tracking metric in each interest area for each analysis (Table 4.1). The
models included sum-coded fixed effects for Clause Type (ORC: 1, SRC: -1 for Cor ORC vs. Cor SRC
and Incor ORC vs. Cor SRC models) or Correctness (Correct: 1, Incorrect: -1 for Incor ORC vs. Cor ORC
models), where Correctness was a measure of participant-specific accuracy by trial. We also included
control predictors of Word Length (numeric) and Trial Index (numeric). We used the maximal random
effects structure justified by the design, resulting in random intercepts for Participant and Item, and
random slopes by Clause Type for both Participant and Item. Model estimates for main effects are

reported in Table 4.2.

4.3.1. Correctly interpreted ORCs versus correctly interpreted SRCs

We found no significant effects for Clause Type at the relative clause verb for any fixation metric.
However, we did find significant effects at the relative clause NP for go-past time, total fixation duration,
and first pass regressions. This indicates that ORCs were associated with significantly longer reading
times and higher regression rates. We also found a significant effect for Clause Type for total fixation

duration at the matrix verb and spillover region 1, such that ORCs were read faster in these regions.

4.3.2. Misinterpreted ORCs versus correctly interpreted ORCs
We found no significant effects for Correctness at the relative clause verb for any fixation metric, but
again found significant effects at the relative clause NP for go-past time, total fixation duration, and first

pass regressions. This demonstrates that readers spent more time reading and made more regressions
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Table 4.2: Linear and logistic mixed-effects model estimates of the dependent variable, Clause Type or Correctness, on
all fixation metrics by region, including SE estimates and Crls. The matrix NP region does not have an estimate for
p(regress) as it is the first region in each sentence and a regressive saccade would be impossible. The % > 0 column

shows the percent of the sampled posterior distribution that is over 0; values that are >= 95 for positive estimates or <=5

for negative estimates are considered significant. Estimates that are bolded are significant.

Fixation Cor ORC vs. Cor SRC Incor ORC vs. Cor ORC Incor ORC vs. Cor SRC
Metrics by
Region B SE Crl %>0 B SE Crl %>0 B SE Crl %>0
matrix NP
first fixation 0.90 2.70 [-4.43,6.23] 63 0.81 4.02 [-6.96,8.81] 58 143 423 [-7.06,9.67] 64
first pass 429 578 [-7.08,15.75] 77 -2.68 998 [-22.03,1694] 39 1.77 8.70 [-15.29,18.87] 58
go-past 431 580 [-7.08,15.59] 77 -2.70 994 [-22.23,1692] 39 1.78 8.81 [-15.41,19.05] 58
total duration 26.61 21.69 [-16.23,69.18] 89 -21.34 28.68 [-77.08,35.06] 23 -4.56 21.81 [-46.98,38.51] 42
p(skip) -0.06 0.07 [-0.20, 0.09] 22 0.00 0.10 [-0.20,0.19] 51 -0.08 0.11 [-0.32,0.14] 23
RC pronoun
first fixation -0.27 2.33 [-4.86,4.30] 45  -0.26 4.05 [-8.15,7.59] 48 095 3.56 [-5.99,7.97] 61
first pass 2.37  3.09 [-3.70, 8.50] 78 242 536 [-12.83,8.12] 32 190 436 [-6.64,10.41] 67
go-past 2.52 548 [-8.17,13.21] 68 -10.69 9.67 [-29.52,8.30] 13 -10.12 7.38 [-24.53,4.42] 8
total duration 5.88  14.01 [-21.47,33.65] 67 -4.99 19.18 [-42.40,33.12] 39 3.24 1295 [-22.27,28.72] 59
p(regress) -0.13  0.08 [-0.29,0.03] 6 -0.11  0.14 [-0.40, 0.16] 21 -0.23 0.13 [-0.49,0.01] 3
p(skip) -0.02 0.04 [-0.10,0.07] 36 0.05 0.08 [-0.10,0.20] 74 0.02 0.07 [-0.12,0.15] 60
RC verb
first fixation 3.47  3.35 [-3.20,9.94] 85 233 531 [-8.09,12.81] 67 -1.01 5.57 [-11.76,10.16] 42
first pass 3.56 720 [-10.60,17.69] 69 -7.01 9.73 [-25.85,12.38] 23 -6.73 8.88 [-24.01,11.03] 22
go-past 5.00 1295 [-20.23,30.30] 65 -2.68 16.00 [-34.09,28.51] 43 17.04 20.11 [-21.51,57.79] 80
total duration 33.52 26.40 [-19.24,84.15] 90 -3.21 32.15 [-65.70,61.83] 45 44.06 39.45 [-32.30,122.93] 87
p(regress) 0.02 0.08 [-0.13,0.18] 61 -0.13 0.14 [-0.43,0.13] 18 0.02 0.14 [-0.28,0.28] 59
p(skip) 0.00 0.07 [-0.13,0.13] 51 -0.06 0.11 [-0.29,0.14] 28 0.06 0.10 [-0.15,0.25] 73
RC NP
first fixation 3.54 3.19 [-2.77,9.76] 87 -12.67 5.88 [-24.40,-1.28] 1 -8.12 522 [-18.43,2.10] 6
first pass 444 7.67 [-10.67,19.60] 72 -5.60 12.64 [-31.05,18.92] 33 -5.71 9.78 [-25.00,13.40] 27
go-past 38.66 20.82 [-2.65,79.61] 97 -59.94 26.28 [-110.93,-8.58] 1 -24.33 22.20 [-68.44,19.02] 13
total duration 59.97 17.83 [24.67,94.84] 100 -76.91 25.77 [-127.94,-26.58] 0 -27.90 23.12 [-73.32,17.96] 11
p(regress) 0.11  0.06 [0.00, 0.23] 98 -0.26 0.10 [-0.46,-0.07] 0 -0.13  0.10 [-0.35,0.06] 10
p(skip) 0.01 0.08 [-0.15,0.16] 57 -0.08 0.16 [-0.42,0.21] 31 -0.05 0.17 [-0.41,0.25] 40
matrix verb
first fixation -4.28 2.87 [-9.90, 1.38] 7 429 497 [-5.49,13.95] 81 0.79 4.47 [-8.06,9.42] 57
first pass -548 373 [-12.77,1.87] 7 746  6.63 [-5.50,20.51] 87 -0.77 6.12 [-13.02,11.08] 45
go-past 0.93 13.14 [-24.91,26.81] 52 42.62 40.42 [-33.28,126.10] 86 42.85 47.02 [-49.49,137.91] 82
total duration -15.67 7.51 [-30.45,-0.87] 2 1585 13.86 [-11.16,43.47] 88 -10.96 12.39 [-35.10,13.68] 19
p(regress) -0.05 0.07 [-0.19,0.08] 21 -0.05 0.12 [-0.30,0.18] 33  -0.18 0.13 [-0.46,0.08] 9
p(skip) 0.06 0.05 [-0.03,0.16] 90 -0.11 0.09 [-0.30,0.06] 11 -0.06 0.08 [-0.23,0.09] 21
spillover 1
first fixation -1.57 2.57 [-6.59, 3.49] 27  -190 4.77 [-11.29,7.38] 35 -1.76 4.53 [-10.84,7.16] 35
first pass -4.50 574 [-15.61,6.90] 21 193 9.61 [-16.99,21.19] 58 -0.85 6.65 [-13.75,12.36] 44
go-past 9.05 19.23 [-28.36,46.29] 68 -40.76 34.86 [-109.22,27.44] 12 -20.53 28.06 [-76.38,34.01] 23
total duration -13.60 6.99 [-27.30,0.24] 3 13.22 16.11 [-19.07,44.70] 80 2.86 12.38 [-21.20,27.32] 59
p(regress) -0.03 0.07 [-0.16,0.10] 30 -0.01 0.12 [-0.26,0.23] 50 -0.09 0.12 [-0.33,0.13] 21
p(skip) 0.06 0.05 [-0.03,0.16] 91 -0.08 0.09 [-0.25,0.09] 18 -0.03 0.08 [-0.18,0.12] 36
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spillover 2
first fixation 1.96 2.75 3.50, 7.36] 77
first pass -0.11  3.90 [-7.76,7.59] 49
go-past 23.54 26.27 [-27.76,75.12] 81
total duration 1.92  6.50 [-10.81, 14.73] 61
p(regress) 0.01  0.07 [-0.13,0.14] 54
p(skip) 0.00 0.05 [-0.10,0.10] 53
spillover 3
first fixation -2.45 294 [-8.13,3.45] 20
first pass 1.79 448 [-6.98,10.66] 65
go-past 33.65 43.64 [-52.70,118.51] 78
[-
[-

[_
[_

total duration 4.33 810 [-11.82,20.26] 71
p(regress) 0.04 0.10 [-0.16,0.24] 67
p(skip) 0.06 0.06 [-0.05,0.17] 88

423 510 [-5.80,1430] 80
259 6.68 [-10.33,1587] 65
233 81.09 [-161.44, 156.20] 49
6.12  11.85 [-17.24,29.29] 70
-0.28 0.14 [-0.57,-0.01] 2
-0.08 0.11 [-0.30,0.12] 22

673  5.44 [-4.04,17.46] 89
568 895 [-11.85,23.34] 74
-52.93 70.59 [-191.44, 84.75] 23
725  15.62 [-23.00,38.48] 68
031 0.17 [-0.64,0.01] 3
20.12 0.11 [-0.34,0.10] 15

8.84 4.10 [0.73,16.84]
3.60  6.02 [-8.26,15.37]
23.07 83.45 [-140.78, 186.04]
11.54 1025 [-8.61, 31.68]
-0.21 0.12 [-0.45,0.02]
-0.12 0.10 [-0.31,0.06]

593 474
10.52  7.61

[-3.42, 15.24]
[-4.19, 25.87]
22485 50.69 [-123.56, 75.63]
1447 1137 [-7.68,37.01]
026 0.17 [-0.62,0.07]
20.03 0.11 [-0.24,0.17]

98
72
61
87
4

10

90
92
31
90
6
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away from the relative clause NP when they correctly interpreted ORCs versus when they misinterpreted

them. There was also a significant effect for Correctness for first pass regressions at spillover regions 2

and 3. This effect suggests that participants regress to re-read and confirm their interpretation of the

relative clause when arriving at the correct interpretation of the sentence (Christianson et al., 2017).

While comparing misinterpreted versus correct ORCs, we also wanted to look at fixation metrics on

the resumptive pronoun clitic specifically. The analyses at the relative clause verb included fixations on

the resumptive pronoun, and in general we do not expect the resumptive pronoun to be fixated directly in

every trial. Nonetheless, we aimed to investigate whether fixation metrics on the resumptive pronoun

clitic directly had any effect on the correct comprehension of ORCs. Average fixation metrics by clitic

(masculine singular (M.Sg)— one character or feminine singular (F.Sg) — two characters) and correctness

(incorrect or correct ORC) are reported in Table 4.3. Numerically, both M.Sg and F.Sg clitics were

fixated for less time in incorrect ORCs than in correct ORCs, and clitics were more likely to be fully

skipped for incorrect ORCs than correct ORCs. On the other hand, the probability of a regression was

consistent across clitics and correctness with the exception of F.Sg for incorrect ORCs, which was much

less likely to trigger a regression. A supplementary analysis investigating general fixation patterns on

clitics in the stimuli is included in Appendix E.
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Table 4.3: Average fixation metrics by clitic and correctness. The masculine singular resumptive object pronoun
clitic in Arabic is one character in length while the feminine singular clitic is two characters in length.

Incorrect ORCs Correct ORCs
Fixation Metrics M.Sg (+) F.Sg (%) M.Sg (+) F.Sg (%)
first fixation 53.85 58.89 45.52 64.88
first pass 53.85 63.10 46.20 69.58
go-past 72.92 89.32 62.60 110.28
total duration 142.52 153.70 175.64 234.84
p(regress) 0.27 0.16 0.25 0.26
p(first pass skip) 0.80 0.79 0.83 0.76
p(overall skip) 0.62 0.62 0.55 0.52

To test the statistical significance of these differences, we ran additional regression models in this
region following the same design outlined above. The model estimates for main effects are reported in
Table 4.4. While Correctness did not have a significant effect on any fixation metric in this region, Clitic
Length had a significant effect on first pass skip rates (B =-0.36; SE = 0.13; Crl =[-0.62, -0.09]), such
that two-character clitics (F.Sg) were significantly less likely to be skipped than one-character clitics

(M.Sg).

Table 4.4: Linear and logistic mixed-effects model estimates of the dependent variable, Correctness, on all fixation
metrics in the resumptive pronoun clitic region, including SE estimates and Crls. Estimates marked with an asterisk
are significant.

Incor ORC vs. Cor ORC
Fixation Metrics B SE Crl
RP clitic
first fixation 3.84 4.08 [-4.19, 11.85]
first pass 3.13 4.37 [-5.53, 11.81]
go-past 1.43 7.06 [-12.49, 15.35]
total duration -7.92 10.35 [-28.24, 12.18]
p(regress) -0.36 0.38 [-1.28,0.21]
p(skip) -0.02 0.09 [-0.20, 0.17]

4.3.3. Misinterpreted ORCs versus correctly interpreted SRCs
We found no significant effects for Clause Type at the relative clause verb or the relative clause NP for
any fixation metric. We did, however, find significant effects for Clause Type for first pass regressions at

the relative pronoun, such that readers were less likely to make a first pass regression at the relative
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pronoun for misinterpreted ORCs than for correct SRCs. This finding is surprising because, at this point
in the sentence, the SRC and ORC versions of each stimulus are identical and the reader has not yet
encountered any disambiguating information about the clause type. Notably, this same effect was near but
not quite significant in the model that compared correct ORCs to correct SRCs, and the effect for

Correctness for misinterpreted versus correct ORCs in the same region was also insignificant.

Finally, we found a significant effect for Clause Type in spillover region 2 for first fixation duration
and first pass regressions. Misinterpreted ORCs were read longer on first pass than correct SRCs in this
region, but had fewer first pass regressions. This effect for first pass regressions matches what we found
in this region when comparing misinterpreted and correct ORCs, and further suggests that regressions

may be made to re-read and confirm veridical interpretations.

4.3.4. Re-investigating the relative clause verb (again)

Similar to our self-paced reading experiment, despite finding no significant effects on the relative clause
verb for any of our analyses, we wanted to determine whether readers were actually registering the
resumptive pronoun clitic on the ORC verb and paying any sort of additional processing cost for reading
it. All of our models included Word Length as a control variable, so it was possible that this extra
processing cost was present but proportional to length. To investigate this possibility, we re-ran all our
models in the relative clause verb region but excluded Word Length as a predictor variable. Model

estimates are reported in Table 4.5.

Model estimates showed significant effects by Clause Type at the relative clause verb when
comparing correct ORCs to correct SRCs. Correct ORCs had longer first fixation, first pass, go-past, and
total duration times than correct SRCs. This same pattern held for Correctness for misinterpreted ORCs
compared to correct SRCs: misinterpreted ORCs also had longer first fixation, first pass, go-past and total
duration times than correct SRCs. On the other hand, there was no significant difference in reading times

between misinterpreted and correct ORCs. These data suggest that readers do register the resumptive
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Table 4.5: Linear and logistic mixed-effects model estimates of the dependent variable, Clause Type or
Correctness, without the Word Length control predictor on all fixation metrics in the relative clause verb region,
including SE estimates and Crls. The % > 0 column shows the percent of the sampled posterior distribution that is
over 0; values that are >= 95 for positive estimates or <= 5 for negative estimates are considered significant.
Estimates marked with an asterisk are significant.

Fixation Cor ORC vs. Cor SRC Incor ORC vs. Cor ORC Incor ORC vs. Cor SRC
Metrics B SE Crl %>0p SE Crl %>0 SE Crl %>0
RC verb

first fixation 11.92* 2.95 [6.18,17.66] 100 2.75 532 [-7.67,13.12] 30 9.08* 5.16 [-1.11,19.25] 96
first pass 42.33*% 6.68 [29.03,55.47] 100 -7.50 9.88 [-27.07,11.66] 78 32.86* 8.05 [17.05,48.74] 100
go-past 54.81* 11.49 [32.51,77.76] 100 -2.64 15.87 [-33.37,29.03] 57 57.85* 18.81 [21.67,95.52] 100
total duration 141.15%23.62 [94.92, 187.32] 100 -7.55 32.37 [-70.32,57.77] 60 142.84*35.93 [72.72,214.65] 100
p(regress) 0.04 0.07 [-0.10,0.18] 71 -0.12 0.14 [-0.41,0.13] 82 -0.07 0.14 [-0.36,0.18] 33
p(skip) -0.20* 0.06 [-0.32,-0.09] 0 -0.07 0.11 [-0.30,0.13] 74 -0.13 0.09 [-0.32,0.05] 8

pronoun clitic on the ORC verb and read ORC verbs longer than SRC verbs, regardless of whether they
correctly interpret the ORC. However, this increased reading time at the ORC verb is proportional to its

increased length due to the inclusion of the resumptive pronoun clitic.

4.3.5. Participant accuracy over time

While collecting data for the eye tracking experiment, one author received a few comments from different
participants that they learned that there were certain parts of the sentence that they needed to pay attention
to in order to answer the comprehension questions correctly. These comments led us to question whether
participants were perhaps tailoring their reading and comprehension strategy to the experiment, and
improving comprehension question accuracy over the course of the experiment. We decided to conduct an
exploratory analysis to see if there was a general trend of higher comprehension question accuracy in the
second half of the experiment than in the first, and whether participants used distinct reading strategies in

either half.

The number of correct versus incorrect items by clause type for the first and second halves of the
experiment are reported in Table 4.6. Accuracy rates for SRCs were very similar in the first and second
halves of the experiment; however, there appeared to be a substantial improvement for ORCs in the
second half of the experiment. Average ORC accuracy in the first half was only 68.1% compared to an
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average 82.4% accuracy in the second half. We also considered whether there were substantial differences

by participant in comprehension question accuracy improvement. A plot showing average ORC accuracy

by participant for the first and second halves of the experiment is included in Appendix F.

Table 4.6: Number of correct and incorrect trials, plus their respective percentages, by clause type for the first and
second halves of the experiment.

First Half Second Half
Clause Type Correct Incorrect Correct Incorrect
SRC 884 (93.7%) 59 (6.3%) 863 (93.2%) 63 (6.8%)
ORC 628 (68.1%) 294 (31.9%) 785 (82.4%) 168 (17.6%)

To investigate whether there were significant differences in eye movement behaviors in the first and

second halves, we ran additional regression models for all three of our analyses following the same design

outlined above, but fit separate models for the data collected during the first half of the experiment versus

the second half (e.g., first fixation duration for Cor ORC vs. Cor SRC in the relative clause verb region

had a first-half model and a second-half model). Selected model estimates for the Cor ORC vs. Cor SRC

analysis in the relative clause verb and NP regions are reported in Table 4.7.

Table 4.7: Linear and logistic mixed-effects model estimates for Cor ORC vs. Cor SRC of the dependent variable,
Clause Type, on all fixation metrics in the relative clause verb and NP region for trials in the first versus second half
of the experiment, including SE estimates and Crls. The % > 0 column shows the percent of the sampled posterior
distribution that is over 0; values that are >= 95 for positive estimates or <= 5 for negative estimates are considered

significant. Estimates marked with an asterisk are significant.

Fixation Metrics First Half Second Half

by Region B SE  Crl % >0 SE  Crl % >0

RC verb
first fixation -0.26  4.58  [-9.26, 8.74] 48 9.00% 4.83 [-0.48, 18.46] 97
first pass 428 971 [-14.72,23.55] 67 5.61 953 [-13.12,24.18] 73
go-past -1.03  16.30 [-33.20,30.68] 48 15.69 15.67 [-15.08,46.75] 84
total duration 4091 36.43 [-30.92,112.86] 87 21.39 26.82 [-31.50,73.30] 79
p(regress) 0.00 0.10 [-0.20, 0.20] 48 0.08 0.12 [-0.17,0.32] 73
p(skip) 0.00 0.10 [-0.21,0.19] 51 -0.06  0.09 [-0.24,0.12] 25

RC NP
first fixation 6.21 4.61 [-2.95,15.18] 91 0.96 4.67 [-8.33,10.14] 58
first pass 0.42 823 [-15.57,16.79] 52 6.41 10.62 [-14.62,27.25] 73
go-past 44.89* 23.18 [-0.96, 89.77] 97 31.88 2445 [-15.57,80.38] 90
total duration 61.84* 29.04 [4.90,118.49] 98 42.67* 21.42 [-0.39, 84.93] 97
p(regress) 0.16* 0.07 [0.02, 0.30] 99 0.07  0.08 [-0.10, 0.24] 80
p(skip) -0.06 0.11  [-0.28,0.17] 31 0.07  0.12  [-0.17,0.29] 73
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For the first half of items, model estimates showed significant effects by Clause Type at the relative
clause NP, such that go-past and total duration times were longer for correct ORCs than correct SRCs.
There were no significant differences by Clause Type at the relative clause verb. These estimates all
matched our findings from our main analyses in these regions. On the other hand, for the second half of
items, model estimates showed a significant effect by Clause Type for first fixation duration at the
relative clause verb, such that correct ORCs had longer first fixations than correct SRCs in that region.
There was also a significant effect for Clause Type on total duration at the relative clause NP, similar to

what was seen in the first half.

These findings suggest that participants may have adjusted their reading strategies from the first to the
second half of the experiment. Whereas there was no significant difference in early or late processing
measures at the relative clause verb region in the first half, participants appeared to pay closer to the
relative clause verb upon first fixation in the second half, perhaps to identify the resumptive object
pronoun clitic that was indicative of an ORC interpretation. Participants then paid an integration cost at
the relative clause NP regardless of their reading strategy at the verb. It is important to note that our
experiment did not have any specific manipulation that would encourage readers to change their reading
strategy half-way through the experiment, so these findings are merely exploratory; however, the results

bring up interesting considerations that may be of use for designing future experiments of this type.

4.4. Discussion

This study set out to investigate the cause of misinterpretations while processing Arabic SRCs and ORCs
through an eye tracking study. We first tested whether SRCs or ORCs were harder to process in Arabic in
an effort to corroborate previous findings. To answer this question, we analyzed differences during
veridical processing, between SRC and ORC trials with correct comprehension question answers. Based
on the results of our corpus analysis, both memory- and expectation-based theories predict the relative
clause verb as the locus of distinguishing processing behavior: memory-based theories predict comparable

processing difficulty due to the presence of an object resumptive pronoun clitic, while expectation-based
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theories predict increased processing difficulty for ORCs, the less frequent structure, upon
probabilistically disambiguating the clause at the relative clause verb. We further tested previous findings
from English relative clauses that these processing difficulties manifest in distinct behaviors (Staub,
2010), with longer go-past times indicating difficulty from memory constraints and increased regressive

saccades indicating difficulty from violated expectations.

Our results showed that ORCs were read significantly more slowly than SRCs overall, in line with
our previous findings and in support of expectation-based theories. We specifically found that ORCs had
significantly longer go-past times, total fixation durations, and increased regressive saccades. According
to Staub (2010), this would indicate processing difficulty from both memory limitations and violated
expectations. Our findings contradict these predictions — our stimulus design indicates that there should
only be expectation-based difficulty, but the observed difficulty manifested in behaviors attributed by

Staub to both expectation- and memory-based difficulty.

The results of our corpus analysis indicated that the relative clause verb should be the probabilistic
disambiguating region and the predicted site of processing difficulty. However, our results showed no
significant difference in processing by clause type at the relative clause verb, following the results from
our self-paced reading task. Readers do spend more time reading the relative clause verb for ORCs than
SRCs, but this is proportional to the added length from the resumptive object pronoun clitic. Rather, we
found significant differences in processing at the relative clause NP, also in line with previous findings

from our self-paced reading task.

Taken together, these results suggest that readers pay a processing cost when integrating the relative
clause NP in the globally less-expected ORC structure, even though they had previously received
probabilistic disambiguating information. These results are not predicted by strict, incremental
expectation-based processing theories. Expectation-based theories operationalized through surprisal
predict that there should be more processing difficulty for ORCs, but that this cost would have been paid

at the relative clause verb where the reader can probabilistically disambiguate between an SRC and an
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ORC. Theories that consider effects from both memory constraints and expectations, such as noisy- or
lossy-context surprisal (Futrell et al., 2020; Futrell & Levy, 2017) also do not predict these effects, as
both memory- and expectation-based theories suggest that waiting until the relative clause NP should be

less advantageous and incur more processing difficulty for the comprehender.

One possible explanation for these results lies in the temporary ambiguity of relative clauses in MSA
(see Section 1.4.2). We received a few comments from native and non-native speakers that readers could
initially be interpreting the relative clause verb with the resumptive object pronoun as a SRC with a
resumptive object pronoun and null object noun phrase. In this case, the reader would maintain
uncertainty about the interpretation of the clause until they encountered the relative clause NP, despite
seeing a resumptive pronoun clitic, and then pay the processing cost of updating their expectations in that
region. We derived our predictions from expectation-based theories from our corpus analyses, which
showed that while this structure does occur in SRCs in MSA, it is much less common than both the
standard SRC construction and standard ORC construction. If readers are maintaining an SRC
interpretation upon reading the relative clause verb with a resumptive pronoun, they would be relying on
a global expectation for SRCs over ORCs, despite the fact that more granular expectations should favor
ORCs when the relative clause verb has a resumptive pronoun. We cannot definitively say whether this is
the case or whether readers do probabilistically switch to an ORC interpretation at the relative clause
verb, yet still pay a processing cost at the relative clause NP. But in either case, our findings show that
readers are not doing the most granular, incremental processing possible while reading Arabic relative

clauses.

We also asked whether misinterpretations of ORCs were caused by readers misreading ORCs as
SRCs by missing the resumptive pronoun clitic, or correctly reading ORCs and instead accepting a noisy
but preferred SRC interpretation. To answer this question, we analyzed the differences in processing
behaviors in misinterpreted ORC trials compared to both correct ORC and correct SRC trials. In the case

of misreading, we expected to see no significant difference between incorrect ORCs and correct SRCs at
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the relative clause verb, but a significant difference between incorrect and correct ORCs. This would
indicate that incorrect ORCs were read as SRCs by missing the resumptive pronoun clitic, and distinctly
from incorrect ORCs. In the case of good-enough or noisy-channel processing, we expected to see the
opposite: a significant difference between incorrect ORCs and correct SRCs at the relative clause verb,
and no significant difference between incorrect and correct ORCs. This would indicate that readers
register the resumptive pronoun clitic on the verb for incorrect ORCs, yet later accept a noisy, incorrect

interpretation.

We found no significant differences in reading times or regression rates between misinterpreted and
correctly interpreted ORC trials at the relative clause verb. This suggests that readers were not misreading
the verb when misinterpreting ORCs, as incorrect ORCs behave like correct ORCs. Rather, differences
between incorrect and correct ORCs manifested at the relative clause NP, where correct ORCs had longer
reading times and higher regression rates. Notably, this is the same region where correct ORCs incur the
most processing difficulty relative to correct SRCs. On the other hand, incorrect ORCs and correct SRCs
had no significant differences at the relative clause verb based on cause type; however, incorrect ORCs
were read longer than SRCs proportional to the added length from the resumptive pronoun clitic. Further,
incorrect ORCs and correct SRCs had no significant difference at the relative clause NP. So, incorrect
ORC:s behave similarly to correct ORCs at the relative clause verb, but similarly to correct SRCs at the

relative clause NP.

Overall, our results show that the locus of processing difficulty is at the integration of the relative
clause NP, where readers can definitively know whether they are reading an SRC or an ORC, rather than
at the relative clause verb, where readers can probabilistically disambiguate between the two. Accepting a
noisy SRC interpretation of an ORC skips the integration cost at the relative clause NP, resulting in
comparable processing difficulty between incorrect ORCs and correct SRCs in this region. These results
thus support noisy-channel processing over misreading as an explanation for why some ORCs are

misinterpreted as SRCs.
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Chapter 5

Experiment 4: Eye tracking part 2

5.1. Introduction

Following the findings from Experiment 3, the goal of our final experiment was to test how grammatical
and/or orthographic cues affect a reader’s willingness to accept a good-enough or noisy interpretation in
Arabic ORCs. Namely, we ask the question, does strengthening grammatical cues for a low-frequency
interpretation reduce expectations of a high-frequency interpretation in a good-enough/noisy-channel

processing framework?

Prior existing literature on agreement marking suggests that these grammatical cues are indeed
important, especially in languages with flexible word order: while these markers may be superfluous and
redundant in strict SVO word-order languages, it is beneficial in verb-initial and verb-final languages as a
lack of agreement marking results in delays in argument processing (Hawkins, 2004; Sinnemaki, 2010).
Given that the relative clauses in question here are all verb-initial, agreement marking should facilitate
processing. Further, the resumptive pronoun clitics in Arabic ORCs are grammaticalized, which has been
shown to improve processing times (Meltzer-Asscher, 2021). However, some prior work on agreement
marking and good-enough/noisy-channel processing suggests that these additional cues may not make a

significant impact on a reader’s likelihood of accepting a good-enough or noisy interpretation. For
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example, Frazier (1987) compared preferences for SRCs versus ORCs in Dutch and found that readers
had a lingering bias for SRCs even when grammatical agreement provided evidence in favor of an ORC
interpretation. Thus, readers were willing to accept a grammatical mismatch with a higher-frequency
structure over a grammatical match with a lower-frequency structure. Notably, Dutch has strict SVO word
order, unlike Arabic which has flexible word order. On the other hand, previous research on this topic in
Hebrew found mixed results. Keshev & Meltzer-Asscher (2021) tested whether creating grammatical
mismatches between NPs in SRCs versus ORCs affected the reader’s willingness to accept a noisy
interpretation and tested this effect in two types of ORC structures — one that was rare, and one that was
more common. When comparing a rare ORC structure to a frequent SRC structure, readers ignored
grammatical cues in favor of an ORC interpretation; however, when comparing a more common ORC
structure to a frequent SRC structure, readers were not as willing to ignore these cues, and were less likely
to accept the noisy SRC interpretation. Since Arabic is typologically similar to Hebrew, we wanted to

investigate whether we would find similar results in our study.

We tested this question by conducting a similar eye-tracking task as outlined in Experiment 3, while
manipulating the grammatical number and gender of the matrix and relative clause nouns. In Experiment
3, the relative clause verb and resumptive object pronoun agreed grammatically with both the matrix and
relative clause verb, meaning that the resumptive object pronoun clitic provides the unique signal of an
ORC interpretation. By manipulating gender and number to create a mismatch between the matrix and
relative clause nouns, the resumptive pronoun clitic agrees only with the matrix clause subject and the
relative clause verb agrees only with the relative clause noun phrase, creating additional signals for an
ORC interpretation (Keshev & Meltzer-Asscher, 2021). Creating these additional grammatical
manipulations also allowed us to control for the temporary ambiguity of an ORC at the relative clause
verb: when the matrix and relative clause NPs are matched for number and gender, an ORC with an RP

can be temporarily interpreted as an SRC with a RP and null object. When these NPs no longer match in
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number or gender, this ambiguity at the relative clause verb goes away as the verb only agrees

grammatically with the relative clause NP, and not the matrix clause NP.

We revised our stimuli to have three different grammatical conditions: a Match condition, a Single
Mismatch condition, and a Double Mismatch condition (Figure 5.1). The Match condition mirrored the
stimuli from Experiment 3, where the matrix clause NP and relative clause NP matched in both
grammatical number (singular) and gender (masculine or feminine). In the Match condition, the
ambiguity of the clause is maintained until the reader encounters the relative clause NP, as the
conjugation of the relative clause verb agrees with both the matrix and relative clause noun. In the Single
Mismatch condition, we changed the number of the matrix clause NP while the relative clause NP
remained unchanged. For example, if the relative clause NP was masculine singular, the matrix clause NP
was masculine plural. In this case, in the ORC condition, the relative clause verb now only grammatically
agrees with the relative clause NP, and the resumptive pronoun only grammatically agrees with the matrix
clause NP. Finally, in the Double Mismatch condition, we changed both the gender and the number of the
matrix clause NP while the relative clause again remained unchanged. For example, if the relative clause
NP was masculine singular, the matrix clause NP was feminine plural. In this case, the relative clause
verb and resumptive pronoun in the ORC condition would again only agree with their referent NPs, but

the double mismatch provides an additional grammatical cue in favor of a veridical interpretation.

Match: (M.sg) who the kid (M.sg) followed (him.M.sg) Jalal “(@LS;\“

wondered about the location of the hotel. ) élsl\ c_;'}‘ oe Jslud
Single mismatch: (M.pl) who the kid (M.sg) followed ( .M.pl) JALA\;/ ,Eugb.\\
(number) wondered about the location of the hotel. ~-.-,/'5:~~,n CA 9a (e Jeluds
Double mismatch: (F.pl) who the kid (M.sg) followed ( .F.pl) JM\‘/A;EQ)U\
(number + gender) wondered about the location of the hotel. — .'A;E vl Cj)‘ oe Jeluds

Figure 5.1: Sample ORC stimuli with grammatical match conditions and English glosses. The matrix clause subject
and resumptive object pronoun (which agree grammatically) are in yellow, and the relative clause noun and verb
(which agree grammatically) are in blue. The disambiguating region — the relative clause verb — is circled in red.
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For our analyses, we first analyzed the accuracy rates for the comprehension questions across clause
types and grammatical conditions to determine whether increasing the number of grammatical cues in
favor of an ORC interpretation significantly decreased the likelihood of a good-enough or noisy
interpretation. If stronger grammatical cues mediate expectations and the acceptance of noisy
interpretations, the results would show increased performance in comprehension question answers — and
thus, less acceptance of a noisy interpretation — as the mismatch signals get stronger. Specifically, the
highest level of noisy interpretations would be in the match condition, as the relative clause verb agrees
with both the matrix and relative clause noun, and the object pronoun is the only signal of an ORC
interpretation. There would then be less noisy interpretations in the single mismatch condition, where
readers encounter two signals at the relative clause verb that they should be arriving at an ORC
interpretation. Finally, the least amount of accepted noisy interpretations would be in the double
mismatch condition, as this condition provides the highest number of signals of an ORC interpretation.
However, if grammatical cues do not serve as a strong signal against noisy interpretations, the amount of
noisy interpretations would be consistent despite stronger grammatical signals in the single and double

mismatch conditions.

We then analyzed the eye movement data and tested whether we observed any significant interactions
between grammatical conditions and clause type or correctness to see whether the different grammatical
conditions had any effect on processing behaviors in ORCs, or on processing behaviors when arriving at
the correct interpretation of an ORC versus an incorrect interpretation. Our main analyses focused on the
same three comparative analyses from Experiment 3 (Table 4.1). We first investigated processing
difficulty measures during veridical processing in all conditions to determine whether creating mismatch
conditions affected processing difficulty in general. We focused on trials with correct comprehension
question answers for SRCs and ORCs and determined whether a change in grammatical number or a
change in grammatical gender created increased processing difficulty compared to the match condition.

We then compared trials with misinterpreted ORC:s to trials with correct ORCs and correct SRCs to
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diagnose good-enough/noisy-channel processing, and whether these mismatch conditions also changed
participants’ processing behavior. In particular, we were interested in whether there was a direct
behavioral difference in ORCs across different match conditions, and whether increasing the number of

grammatical cues in favor of an ORC interpretation affected the processing behavior at all.

5.2. Methods

5.2.1. Participants

Thirty-one native Arabic speakers proficient in MSA (11 women, 20 men; mean age: 24; SD = 4.75) were
recruited from the University of California, Davis (UCD). Participants were offered $30 in cash
compensation for their participation, and some participants additionally received course credit. Prior to
beginning the experiment, participants completed the same language history questionnaire from the first
eye tracking experiment, in which they rated their proficiency in listening, speaking, reading and writing
(scale from 1 to 7) in MSA and all their other known languages (see Appendix G for the full list of
questions). Participants were considered proficient in MSA if they (1) selected Arabic as their native
language, and (2) scored their proficiency in each area for MSA at 4 or higher. Three participants were
excluded for rating one of their areas of proficiency in MSA lower than 4 (on a scale from 1 to 7, where 1
= low proficiency and 7 = high proficiency). As in our previous experiment, we established an a priori
criterion to exclude any participant who scored lower than 75% accuracy on comprehension questions on

filler items, but all participants performed above this criterion.

Since this participant population was more likely to include heritage speakers, we wanted to
investigate some of the demographic information shared by our participants. Of the 31 participants whose
data we used for our analyses, 29 (93.5%) indicated that they were born outside of the US in an Arabic-
speaking country. 23 (74.2%) indicated that they also grew up in an Arabic-speaking country, while the
remaining 8 indicated that they grew up somewhere within the US. When listing their native language, 26

participants included their specific dialect of Arabic, which represented 10 different dialects: 8 Egyptian,
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5 Saudi, 3 Lebanese, 2 Palestinian, 2 Yemeni, 2 Iraqi, 1 Kuwaiti, 1 Algerian, 1 Syrian, and 1 Jordanian.
The average Arabic proficiency (scale from 1 to 7) was 6.8 for listening, 6.7 for speaking, 6.5 for reading,
and 6.4 for writing. When asked about how frequently they used Arabic (fixed options: Always, Often,

Sometimes, Rarely, Never), 21 answered Always, 8 answered Often, and 2 answered Sometimes.

5.2.2. Materials

We used the same 80 items from our first eye tracking study, then created three different versions of each
item with a different grammatical condition: match, single mismatch (number), and double mismatch
(number and gender) (Figure 5.1). These grammatical manipulations were created for both SRCs and
ORCG s, resulting in six different conditions for each item: SRC match, ORC match, SRC mismatch, ORC

mismatch, SRC double mismatch, and ORC double mismatch.

Our research question is interested in identifying whether specific types of cues, be they grammatical
or orthographic, may have stronger effects in influencing the probability of a noisy interpretation. We are
specifically interested in three types of differences that appear in our stimuli: differences by grammatical
number, differences by grammatical gender, and differences by number of orthographic characters. It is
important to note that our mismatch conditions do not have a one-to-one correspondence of differences by
number, gender, and orthography: for example, there is a difference in grammatical number between the
match condition and both mismatch conditions. Table 5.1 shows sample SRC and ORC stimuli in each
grammatical condition and how the number, gender, and orthographic markings change in each region for
each grammatical condition. When comparing grammatical and orthographic markings in the relative
clause verb and RP clitic regions, there are three main contrasts that stand out. First, the main cue
difference by grammatical number is between the match condition and both mismatch conditions. Second,
the main cue difference by grammatical gender is between the single and double mismatch conditions, not
directly between the match and double mismatch conditions. Finally, the only cue difference by number
of orthographic characters occurs between the match condition and both mismatch conditions for items

where the match condition is grammatically masculine. Crucially, masculine singular clitics are the only
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clitics that are one character in length, while all other clitics are two characters long. We further discuss

these differences and how we address them in our analyses in Section 5.3.3.

Table 5.1: Sample SRC and ORC stimuli in each grammatical condition annotated for their grammatical and
orthographic markings. One example is provided for each grammatical gender in the match (i.e., baseline) condition:
masculine (M) and feminine (F). The gender listed under the “manipulation” column indicates the grammatical
gender of the matrix subject.

RC NP RP clitic RCverb RC pron matrix NP manipulation

the kid (1)} followed who The bus driver SRC-match-M

(M.sg) (M.sg) (M.sg) (M.sg)

the kid him followed who The bus driver ORC-match-M

(M.sg) (M.sg; 1 chr)  (M.sg) (M.sg) (M.sg)

the kid (1)} followed who The bus drivers SRC-mismatch-M
(M.sg) (M.pl) (M.pl) (M.pl)

the kid them followed who The bus drivers ORC-mismatch-M
(M.sg) (M.pl; 2 chr)  (M.sg) (M.pl) (M.pl)

the kid [1) followed who The bus drivers SRC-double-mismatch-F
(M.sg) (£.pD) (£.pD) (F.pD)

the kid them followed who The bus drivers ORC-double-mismatch-F
(M.sg) (F.pl; 2chr) (M.sg) (F.pl) (F.pl)

the mother @ woke who The girl SRC-match-F

(F.sg) (F.sg) (F.sg) (F.sg)

the mother  her woke who The girl ORC-match-F

(F.sg) (F.sg; 2chr)y (F.sg) (F.sg) (F.sg)

the mother @ woke who The girls SRC-mismatch-F

(F'sg) (F'.pD) (F'.pD) (F'.pD)

the mother  them woke who The girls ORC-mismatch-F

(F.s2) (F.pl; 2chr) (F.sg) (F.p) (F.p)

the mother @ woke who The boys SRC-double-mismatch-M
(F'sg) (M.pl) (M.pl) (M.pl)

the mother  them woke who The boys ORC-double-mismatch-M
(F.sg) (M.pl; 2 chr)  (F.sg) (Mpl)  (Mpl)

A norming study was conducted on our items in each condition to check that the changing of the
grammatical number and gender did not affect the plausibility of the sentence. Native Arabic speakers (N
=120; 52 women, 66 men, 2 not reported; mean age: 30; SD = 9.53) were recruited through Prolific and

asked to rate the plausibility of each sentence on a Likert scale (1 = highly implausible, 7 = highly
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plausible). Participants for this norming study did not overlap with any participants from previous
norming studies. Plausibility ratings were collected for both the full stimuli sentences and the relative
clauses as simplified transitive sentences. 17 stimuli were excluded after an ANOVA revealed substantial
discrepancies between plausibility ratings between the six clause type and grammatical conditions for
those items. Two of the items received low ratings due to issues with translation, while the others
appeared to be due to introducing a gender mismatch, which led to substantial plausibility shifts (e.g.,
female plumbers helping a male electrician was viewed as significantly less probable than male plumbers
helping a male electrician). The mean plausibility rating for full stimuli sentences and simplified

transitive sentences for each condition are reported in Table 5.2.

Table 5.2: Mean plausibility ratings and SDs for full stimuli sentences and simplified transitive sentences for each
clause and grammatical match condition.

Full sentences Simplified sentences

Stimuli type M SD M SD
ORCs

match 6.06 1.47 5.94 1.53

single mismatch 6.00 1.50 6.03 1.44

double mismatch 5.99 1.53 5.98 1.48
SRCs

match 5.97 1.58 6.10 1.42

single mismatch 5.98 1.50 6.09 1.37

double mismatch 5.89 1.54 5.95 1.49

Exclusions were made after data collection; participants saw all 80 stimuli plus 80 unrelated filler
items for a total of 160 items. Exclusions from the norming study resulted in 63 total stimuli for our
analyses. Experimental items were split into six lists and counterbalanced within and across lists in a
Latin square design. Participants were randomly assigned to one of six lists, and the order of sentences
within each list was randomized separately for each participant. Comprehension questions targeting
comprehension of the relative clause appeared after all stimuli, following the design of our previous
experiment, and general comprehension questions appeared after all filler items. We randomized whether

the correct or incorrect answer was presented first and counterbalanced by item type.
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5.2.3. Apparatus and Procedure

The experiment took place at UCD in the Department of Linguistics’ eye tracking lab using the Eyelink
1000 Plus eye tracker (SR Research). Right eye gaze movements were recorded via a high-speed 35 mm
lens on a tower mount at a sampling rate of 1000 Hz. Participants’ head movements were stabilized using
a head stabilization tower. Sentences were displayed on a high definition (1920 x 1080 pixels) 24” BENQ
ZOWIE XL 2430 monitor at 80 cm viewing distance. Text was presented in 20-point Times New Roman,

a proportionally spaced typeface.

Participants were tested individually in an isolated, sound-proof room. Instructions were given
verbally in English and were presented in both English and MSA text on the screen. The eye tracker was
calibrated and validated using the horizontal 3-point calibration. Participants completed two practice trials

and were allowed to ask questions before proceeding with the experiment.

The experiment was divided into eight blocks of 20 items each to allow for breaks throughout the
experiment. Calibration accuracy was assessed before the start of each block and the eye tracker was re-
calibrated as necessary. At the beginning of each trial, a right-aligned asterisk was placed at the onset site
of the first letter of the sentence. Once the participant fixated for at least 800 ms, the sentence appeared
and replaced the asterisk. Participants pressed the spacebar on the keyboard once they were finished
reading the sentence, then used the mouse to click and select the correct comprehension question answer

on the following screen. Completion of the experiment took about 60 minutes for each participant.

5.3. Analysis and Results
Data were cleaned using SR Research’s Data Viewer. Following standard procedures, fixations that were

less than 80 ms and within one character of each other were merged, and remaining fixations less than 80
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ms or longer than 1,200 ms were excluded. We also excluded trials where significant track loss occurred

and fixations where a blink occurred on the target word. This resulted in a total data loss of 20.6%°.

Interest areas were divided into the same regions as in Experiment 3. For each region, we calculated
the same eye tracking metrics using the Get Reading Measures package from SR Research: first fixation
duration, first pass duration, go-past time, total fixation duration, first pass regression, and first pass
skip. In terms of number of trials, we observed 888 correct SRC trials, 717 correct ORC trials, and 233
misinterpreted ORC trials. Notably, the number of trials for these analyses are lower than those from

Experiment 3, so we keep this in mind in the interpretation of our results.

5.3.1. Comprehension question analysis

Our first research question was whether additional grammatical cues in favor of an ORC interpretation
and against a noisy SRC interpretation had a significant effect on the number of misinterpreted ORCs.
Specifically, we were interested in exploring whether trials in the match condition had significantly more

incorrect interpretations of ORCs compared to trials in the single or double mismatch condition.

We first calculated some summary statistics about accuracy rates and found an overall accuracy rate
of 84.7%, with a 93.7% accuracy for SRCs compared to only 75.5% accuracy for ORCs. These accuracy
rates aligned very closely with the accuracy rates in Experiment 3. We also calculated accuracy by
participant and once again found substantial variance by individual. ORC scores ranged from 18% to
97%; six participants (out of 31) scored less than 50%, while no participant scored 100%. Conversely, the
lowest score on SRCs was 67%, with the second lowest score being 79%, and eight participants scored

100%. A distribution of the average scores by participant and clause type are shown in Figure 5.2.

6 This data loss percentage is substantially higher than in our previous experiments, where data loss due to data
cleaning was 5-6%. We attribute this higher data loss to be due to a larger number of logistical issues (e.g., eye
tracker calibration errors, participant distractibility, etc.) than in previous experiments.
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Figure 5.2: Box plot of average accuracy by participant for each clause type. The horizontal dashed line represents
the overall mean of 85%.

We then calculated accuracy rates by grammatical condition within each clause type. Mean accuracy
rates by condition and clause type showed that SRCs had consistent accuracy rates across conditions, but

ORC:s differed across conditions (Table 5.3).

Table 5.3: Trial accuracy rates and SDs by clause type and grammatical match condition.

Match Single mismatch  Double mismatch
Stimuli type M SD M SD M SD
ORCs 75.5% 0.43 79.1% 0.41 71.9% 0.45
SRCs 93.1% 0.25 94.2% 0.23 94.3% 0.23

To test the statistical significance of these differences, we fit a logistic mixed-effects regression
model to the data with Correctness as the dependent variable and Clause Type (ORC: 1, SRC: -1) and
Grammatical Condition (Match: 1, 0; Single Mismatch: -1, -1; Double Mismatch: 0, 1) as sum-coded
fixed effects, plus their interaction. We also used the maximal random effects structure by Participant and

Item. Model estimates for main effects and interactions are reported in Table 5.4.
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Table 5.4: Logistic mixed-effects model estimates of each dependent variable and interaction on correct
comprehension question answers, including SE estimates and Crls. Estimates marked with an asterisk are

significant.
Main Effects B SE Crl
Clause Type 1.04* 0.17 [0.71, 1.38]
Grammatical Condition (Match) -0.19 0.16 [-0.51, 0.13]
Grammatical Condition (Double Mismatch) -0.07 0.18 [-0.41, 0.29]
Clause Type * Grammatical Condition (Match) -0.12 0.16 [-0.43, 0.20]
Clause Type * Grammatical Condition (Double Mismatch) 0.16 0.16 [-0.15, 0.48]

Model estimates showed a significant effect of Clause Type on correctness, such that ORCs were
more likely to receive incorrect answers than SRCs. Yet, there were no significant effects for
Grammatical Condition on correctness, nor any significant interactions between Clause Type and
Grammatical Condition. These results demonstrate that clause type did have a significant effect on
whether a participant arrived at the correct interpretation of the sentence, which aligns with our findings
from Experiment 3. However, the number of cues provided in favor of a particular interpretation — as
represented by the different grammatical conditions — did not significantly affect the likelihood of a
correct interpretation. Despite receiving additional grammatical cues in favor of an ORC interpretation
and against an SRC interpretation, readers still consistently accepted good-enough or noisy SRC

interpretations of ORCs.

5.3.2. Investigating significant interactions

Our second research question asked whether providing additional grammatical cues in favor of an ORC
interpretation and against a noisy SRC interpretation affected participants’ reading behaviors, particularly
when reading ORCs. Consequently, one of the main effects of interest in our analyses was whether we
observed significant interactions between clause type (SRC or ORC) or correctness (whether an ORC was
correctly interpreted) and grammatical condition. To investigate this possibility, we conducted an

omnibus test (Doornik & Hansen, 2008).
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In addition to investigating these interactions, we also tested whether including another control
predictor was a helpful addition to our models. One potential confound that arose as we were preparing
our analyses was whether our single and double mismatch conditions could be conflated with differences
in gender. The original items used in Experiment 3 were balanced for grammatical gender; however, the
numerous exclusions from the norming study in Experiment 4 resulted in an imbalance of grammatical
gender across stimuli. Of the 63 total items, 36 items had grammatically masculine matrix subjects in the
match and single mismatch condition, while only 27 had grammatically feminine matrix subjects. These
numbers then swapped for the double mismatch condition, as this condition created a mismatch in both
number and gender: 36 items in the double mismatch condition had grammatically feminine matrix
subjects and 27 had grammatically masculine matrix subjects. We thus decided to also include

grammatical gender as a fixed effect as part of our omnibus analysis.

5.3.2.1. Effect of item type with all correct trials

We first focused on whether there were significant interactions between clause type and grammatical
condition within all of our items with correct comprehension questions (i.e., Cor ORCs vs. Cor SRCs).
We focused only on our primary regions of interest — the relative clause verb and relative clause NP — and
on our primary fixation measures of interest — first pass times, go-past times, total fixation durations, and
first pass regressions. We started by fitting models that included sum-coded fixed effects for Clause Type
(ORC: 1, SRC: -1), Grammatical Condition (Match: 1, 0; Single Mismatch: -1, -1; Double Mismatch: 0,
1), and Matrix Subject Gender (F: 1, M: -1), plus all possible two-way interactions’. We also included
control predictors of Word Length (numeric) and Trial Index (numeric) and used the maximal random

effect structure by Participant and Item.

Model estimates revealed significant effects for all three main effects, and some significant

interactions between Grammatical Condition and Matrix Subject Gender. However, there were no

7We also considered a three-way interaction with matrix subject gender, plus all other possible two-way
interactions, but no models that included interactions with matrix subject gender survived WAIC comparison.
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significant interactions between Clause Type and Grammatical Condition, or Clause Type and Matrix
Subject Gender. This finding was surprising, as we expected that changing the grammatical condition of
an item would have a stronger effect on ORCs than SRCs due to the relative clause verb and resumptive
object pronoun mismatch. However, this result was consistent with the findings from our comprehension
question analysis, which revealed that grammatical condition had no significant effect on the accuracy of
a trial. Since interactions between Clause Type and Grammatical Condition and Clause Type and Matrix

Subject Gender were not significant, we removed these from our model considerations.

To further investigate the significant interaction between Grammatical Condition and Matrix Subject
Gender, we fit two new sets of models: one that included Clause Type, Grammatical Condition, Matrix
Subject Gender, and a two-way interaction between Grammatical Condition and Matrix Subject Gender,
and one that included all these main effects with no interactions. We then conducted a WAIC analysis to
determine which model architecture best fit our data (Watanabe, 2010). WAIC estimates are reported in
Table 5.5. The WAIC analysis showed that both sets of models did equally well for some measures, but
the purely additive model outperformed the model with the two-way interaction in the remaining
measures. Since we find no strong evidence of a significant interaction effect with Matrix Subject Gender,

and because it is not a primary variable of interest, we settled on the purely additive model.

Table 5.5: WAIC analysis estimates for Cor ORC vs. Cor SRC models. The interaction models included a two-way
interaction between Grammatical Condition and Matrix Subject Gender, and the additive models did not include any
interactions. An elpd_diff score of 0 indicates the better fitting model for the data. Scores that are significantly
different are marked with an asterisk.

Fixation Metrics Interaction model  Additive model

by Region elpd_diff SE elpd_diff SE
RC verb
first pass -1.29 6.03 0.00 0.00
go-past 0.00 0.00 -0.59 6.00
total duration -0.55 4.90 0.00 0.00
p(regress) -4.33 2.23 0.00* 0.00
RC NP
first pass -2.40 6.02 0.00 0.00
go-past 0.00 0.00 -5.19 9.17
total duration -3.06 2.27 0.00* 0.00
p(regress) -3.24 2.92 0.00* 0.00

70



As a final check of a possible trend of an interaction between clause type and grammatical condition,
we plotted average reading times by clause type and condition to see if we observed any numerical
differences in reading times across conditions. Average first pass, go-past and total fixation duration times
in the relative clause verb are plotted in Figure 5.3, and the same metrics in the relative clause NP region
are plotted in Figure 5.4. Is important to note that average total fixation duration times include by

definition first pass and go-past times, and go-past times include first pass times.
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Figure 5.3: Average first pass, go-past and total fixation duration times in the relative clause verb region for all
correct trials, by Clause Type and Grammatical Condition.

At the relative clause verb region, SRC trials showed a slight increase in reading times across
grammatical conditions, with items in the match condition being read faster than items in the mismatch
conditions, and items in the single mismatch condition being read slightly faster than items in the double
mismatch condition. ORC trials appeared to show a similar trend for first pass and go-past reading times

but had the longest average total fixation durations for the single mismatch condition. Notably, first pass
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and go-past reading times are indicative of earlier processing mechanisms, while total fixation duration is

indicative of later processing mechanisms.
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Figure 5.4: Average first pass, go-past and total fixation duration times in the relative clause NP region for all
correct trials, by Clause Type and Grammatical Condition

At the relative clause NP, SRC trials showed no real discernible pattern in differences between
grammatical conditions. On the other hand, ORC trials had longer average first pass and go-past times for
the single mismatch condition compared to the match and double mismatch conditions. Total fixation
duration times in this region were longer for the match and single mismatch conditions, but shorter for the

double mismatch conditions.

We had predicted that reading times would be the fastest in the match condition and would be the
slowest in the double mismatch condition, entailing that adding additional cues in favor of an ORC
interpretation would increase processing cost and slow down reading times proportional to the number of
cues added. However, these data suggest that the biggest slowdown happens due to a change in

grammatical number, from singular in the match condition to plural in the single mismatch condition, and
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that adding the additional cue of gender has the reverse effect. This perhaps suggests that grammatical
number is a more important cue than grammatical gender when identifying grammatical roles of
arguments within a sentence. However, since these analyses are based on a small number of trials, more

data must be collected in order to provide more conclusive evidence for this speculation.

5.3.2.2. Effect of correctness with all ORC trials

We then wanted to investigate any possible interactions of Grammatical Condition with Correctness, as
this variable was distinct from clause type and our previous analysis did not consider effects within
incorrect trials. To do this, we focused on all ORC trials and compared correctly interpreted trials to
misinterpreted trials (i.e., Incor ORCs vs. Cor ORCs). We again focused only on our regions and fixation
measures of interest. The first set of models included sum-coded fixed effects for Correctness (Correct: -
1, Incorrect: 1), Grammatical Condition (Match: 1, 0; Single Mismatch: -1, -1; Double Mismatch: 0, 1),
and Matrix Subject Gender (F: 1, M: -1), plus a two-way interaction between Correctness and
Grammatical Condition. We did not consider any further interactions with Matrix Subject Gender as the
previous analysis showed that these interactions were not significant, and the analyses considering
misinterpreted ORC trials have a smaller number of trials than the vertical processing analysis, making it
even less likely that we would be able to reliably detect interaction effects. These models also included
control predictors of Word Length (numeric) and Trial Index (numeric) and used the maximal random
effect structure by Participant and Item. The second set of models included all of the same fixed and
random effects but did not include the two-way interaction between Correctness and Grammatical

Condition.

Following the first omnibus analysis, we conducted a WAIC analysis to determine which model
architecture best fit our data. WAIC estimates are reported in Table 5.6. Similar to the first analysis, the
WAIC analysis showed that both sets of models did equally well for some measures, but the purely
additive model again outperformed the model with the two-way interaction in the remaining measures.

Thus, even when considering processing differences between correctly interpreted and misinterpreted
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ORCs, grammatical condition does not significantly affect the reading behavior associated with a correct

interpretation versus an incorrect interpretation.

Table 5.6: WAIC analysis estimates for Incor ORC vs. Cor ORC models. The interaction models included a two-
way interaction between Correctness and Grammatical Condition, and the additive models did not include any
interactions. An elpd_diff score of 0 indicates the better fitting model for the data. Scores that are significantly

different are marked with an asterisk.

Fixation Metrics Interaction model  Additive model

by Region elpd_diff SE elpd_diff SE
RC verb
first pass 0.00 0.00 -19.02 20.25
go-past -0.27 7.93 0.00 0.00
total duration -7.06 1.61 0.00* 0.00
p(regress) -6.75 2.11 0.00* 0.00
RC NP
first pass -3.04 4.24 0.00 0.00
go-past -3.32 2.71 0.00* 0.00
total duration -4.75 2.65 0.00* 0.00
p(regress) -3.36 3.00 0.00* 0.00

5.3.2.3.  Effect of item type on misinterpreted ORC trials versus correct SRC trials

Finally, we wanted to test whether we saw any significant interactions specifically when comparing
misinterpreted ORC trials to correct SRC trials (i.e., Incor ORCs vs. Cor SRCs). We fit the same types of
models as for the Incor ORCs vs. Cor ORCs omnibus analysis, but with Clause Type (ORC: 1, SRC: -1)
instead of Correctness. WAIC estimates comparing the two types of models are reported in Table 5.7. The
estimates showed that in two instances, the interaction model was the best fit, and in two other instances,

the additive model was the best fit.

To explore these few significant interactions, we again plotted average reading times by Clause Type
and Grammatical Condition to see if we observed any numerical differences in reading times across
conditions. We focused on the two fixation metrics for which the interaction model was a better fit: first

pass and go-past times in the relative clause verb region. These averages are plotted in Figure 5.5.
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Table 5.7: WAIC analysis estimates for Incor ORC vs. Cor SRC models. The interaction models included a two-way
interaction between Item Type and Grammatical Condition, and the additive models did not include any interactions.
An elpd_diff score of 0 indicates the better fitting model for the data. Scores that are significantly different are
marked with an asterisk.

Fixation Metrics Interaction model Additive model

by Region elpd_diff SE elpd_diff SE
RC verb
first pass 0.00* 0.00 -33.86 23.39
go-past 0.00* 0.00 -34.21 21.68
total duration 0.00 0.00 -0.63 4.69
p(regress) -4.03 3.00 0.00* 0.00
RC NP
first pass -2.00 6.11 0.00 0.00
go-past -2.07 3.83 0.00 0.00
total duration -3.52 2.94 0.00* 0.00
p(regress) -2.30 3.30 0.00 0.00

Reading time averages for correct SRC trials are the same as shown in Figure 5.3 in Section
835.3.3.1, and showed a slight increase in reading times across grammatical conditions. Reading time
averages for misinterpreted ORC trials showed a more pronounced difference between grammatical
conditions, with the longest reading times in the Single Mismatch condition compared to the Match or
Double Mismatch conditions. These averages do not align with the averages for correctly interpreted
ORCs (Figure 5.3 in Section 5.3.3.1), which showed longer fixation times for the Double Mismatch
condition for these two metrics at the relative clause verb. However, this pattern does match the pattern
for these metrics at the relative clause NP (Figure 5.4 in Section 5.3.2.1): the Single Mismatch condition
had the longest first pass and go-past times for ORCs in that region. Despite these numeric differences,
we still find no significant interactions between Correctness and Grammatical Condition when comparing
misinterpreted ORCs and correct ORCs, and the number of trials for misinterpreted ORCs (233 trials)
compared to correct SRCs (888 trials) was more imbalanced in this analysis. Since the additive model
was the best fit for the two previous comparisons, we continue to use a purely additive model in our

future analyses for this comparison as well.
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Figure 5.5: Average first pass and go-past times in the relative clause verb region for misinterpreted ORCs and
correct SRCs, by clause type and grammatical condition.

Taken together, these three analyses demonstrate that our data across the board are best modeled
without considering any interactions between main effects. Thus, our data appear to indicate that
grammatical condition does not have a significant effect on ORCs compared to SRCs, nor does it have a
significant effect on the likelihood of a good-enough or noisy interpretation. These findings are tentative
and will require more data to be conclusive: since we had far fewer trials for Experiment 4 than
Experiment 3, and further investigated six different conditions compared to just two, it is possible that we
do not have the statistical power necessary to detect these significant interaction terms. We hope to collect

more data in the future to further investigate this possibility.

5.3.3. Main analyses

Finally, we revisited our main analyses as conducted in Experiment 3 (Table 4.1). Since our omnibus
analyses ruled out any significant interactions between grammatical condition and our other primary
variables of interest, these analyses focused on testing the main effects of item type and grammatical
condition on reading behaviors. Specifically, we aimed to compare reading behaviors from this

experiment to those in Experiment 3, and test whether we again see support for good-enough or noisy-
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channel processing over misreading. We also considered whether grammatical condition had any

significant main effects on reading behaviors.

As with previous analyses, we fit linear mixed-effects regression models for numeric reading
measures and logistic mixed-effects regression models for binary measures, and fit individual models for

each eye tracking metric in each interest area for each analysis.

In terms of coding our main effects, we took a different approach from our typical sum coding in
order to provide more interpretable regression results. We were interested in investigating two different
effects: first, whether there was a significant difference between the match condition and either mismatch
condition; and second, whether there was a significant difference between the two mismatch conditions.
Coding for these differences, rather than simply the differences between the various grammatical
conditions, allows us to isolate significant differences by grammatical number and gender cues (see
Section 5.2.2). To estimate these two effects, we included treatment-coded fixed effects for Clause Type
(ORC: 1, SRC: 0 for Cor ORC vs. Cor SRC and Incor ORC vs. Cor SRC models) or Correctness
(Correct: 0, Incorrect: 1 for Incor ORC vs. Cor ORC models), Matrix Subject Gender (M: 0, F: 1), and a
custom treatment coding for Grammatical Condition (Match: 0, 0; Single Mismatch: 1, -0.5; Double
Mismatch: 1, 0.5). This custom treatment coding resulted in one estimate for the difference between the
match condition and either mismatch condition, and a second estimate for the difference between the two
mismatch conditions above and beyond the overall difference between the match and mismatch
conditions. Identical to our previous analyses, we also included control predictors of Word Length
(numeric) and Trial Index (numeric) and used the maximal random effect structure by Participant and
Item. Model estimates for main effects in the regions of interest — the relative clause verb and NP — are

reported in Table 5.8 and Table 5.9, and model estimates for all other regions are reported in Appendix H.
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Table 5.8: Linear and logistic mixed-effects model estimates of the dependent variables on all fixation metrics in the
relative clause verb and NP regions for the Cor ORC vs. Cor SRC analysis, including SE estimates and Crls. The %
> 0 column shows the percent of the sampled posterior distribution that is over or under 0; values that are >= 95 for
positive estimates or <= 5 for negative estimates are considered significant. Estimates that are bolded are significant.

Cor ORC vs. Cor SRC

RC verb RC NP
Fixation Metrics B SE Crl % >0 B SE Crl % >0
first fixation
ORC 7.38 11.21 [-14.85,29.20] 75 -993 1277 [-34.57,1599] 21

Mismatch vs. Match  5.63 9.77 [-13.47,24.79] 72 -10.93 8.84 [-28.35,6.37] 11
Double vs. Single 1526 12.66 [-9.49,40.54] 89 -11.49 11.04 [-33.05,10.31] 15

Feminine 10.53 1030 [-9.92,30.83] 85 2.34 12.20 [-21.64,26.68] 57
first pass
ORC 102.59 35.77 [33.75,173.82] 100 -17.04 26.85 [-70.65,34.54] 27

Mismatch vs. Match  26.28  26.36 [-24.90, 79.21] 84 -57.56 4389 [-146.33,27.31] 9
Double vs. Single 59.34 27.44 [5.27,113.50] 98 12.53 40.53 [-65.75,93.70] 62

Feminine 7426 29.53 [15.82,131.87] 99  -32.88 3029 [-92.79,27.34] 14
go-past
ORC 114.49 4277 [31.39,199.11] 100  204.92 75.94 [57.17,352.10] 100

Mismatch vs. Match  59.90  38.23 [-14.40, 135.09] 94 31.35 64.34 [-95.78,158.38] 69
Double vs. Single 57.64 4347 [-26.45,143.75] 91 -85.34 96.82 [-275.92,107.47]18

Feminine 111.17 41.10 [29.53,191.74] 100 109.96 68.46 [-24.88,243.64] 95
total duration
ORC 392.59 77.93 [238.74,546.10] 100 55.10 87.64 [-119.24,227.28]74

Mismatch vs. Match  159.29 72.99 [15.67,301.76] 98 -90.78 60.58 [-209.61,27.20] 7
Double vs. Single -55.30 79.68 [-211.13,101.50]24 -58.84 80.31 [-216.08,97.24] 23

Feminine 341.12 80.00 [184.07,499.75] 100 2424 67.27 [-108.59, 155.40] 64
p(regress)
ORC 0.13 0.18 [-0.22,0.48 78 0.38 0.14  [0.10, 0.66] 100

Mismatch vs. Match  0.07 0.18  [-0.29,0.43
Double vs. Single 0.03 024 [-0.45,0.51

66 0.16 0.16 [-0.15,0.47] 85
54 -0.10  0.18  [-0.46, 0.25] 28

—_

Feminine 0.04 020 [-0.36,0.41 59 017 015 [-0.12,045] 88
p(skip)

ORC 0.16 027 [-0.40,066] 74  0.02 029 [-0.57,0.58] 54

Mismatch vs. Match  -0.03  0.26  [-0.54,0.47] 45  -0.01 035 [-0.76,0.64] 52

Double vs. Single ~ -0.71  0.35 [-1.42,-0.06] 2 -0.08 040 [-0.93,0.66] 43

Feminine -0.17 030 [-0.79,0.40] 29  -020 036 [-0.97,0.45] 30
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Table 5.9: Linear and logistic mixed-effects model estimates of the dependent variables on all fixation metrics in the relative clause verb and NP regions for the
Incor ORC vs. Cor ORC and Incor ORC vs. Cor SRC analyses, including SE estimates and Crls. The main effect for the Incor ORC vs. Cor ORC analysis is
“Incorrect” while the main effect for the Incor ORC vs. Cor SRC analysis is “ORC,” which is indicated by “Incorrect | ORC.” The % > 0 column shows the
percent of the sampled posterior distribution that is over or under 0; values that are >= 95 for positive estimates or <= 5 for negative estimates are considered

significant. Estimates that are bolded are significant.

Incor ORC vs. Cor ORC

Incor ORC vs. Cor SRC

RC verb RC NP RC verb RC NP
Fixation Metrics f8 SE Crl %>0 B SE Crl %>0 SE Crl %>0 SE Crl %>0
first fixation
Incorrect | ORC 12.47 18.28 [-23.27,48.76] 75 882 1589 [-22.60,40.68] 71 21.19 1845 [-15.51,56.84] 88 6.40 13.79 [-20.64,33.14] 68
Mismatch vs. Match 6.52  13.33 [-19.56,32.47] 69 -14.67 12.60 [-39.64,10.16] 12 9.29 11.82 [-14.08,32.49] 79 -822 10.86 [-29.61,13.08] 23
Double vs. Single 0.99  15.05 [-28.78,30.63] 52 -14.52 14.03 [-41.94,13.13] 15 2141 1536 [-8.37,5191] 92 -11.75 13.26 [-37.97,14.14] 19
Feminine 3.18 16.67 [-29.87,35.36] 58 14.41 13.50 [-12.13,41.08] 86 1642 1190 [-6.89,40.12] 92 -1.50 13.09 [-27.49,24.35] 45
first pass
Incorrect | ORC 996  66.07 [-117.56,141.57]155 67.70 52.61 [-36.85,173.60] 90  123.93 77.30 [-25.36,274.99] 94  -26.72 47.35 [-118.46,66.74] 29
Mismatch vs. Match 36.57 35.16 [-32.36,105.18] 85 10.71 33.65 [-54.97,76.49] 63 1690 29.77 [-42.39,74.78] 72 -42.25 44.60 [-129.98,45.97] 17
Double vs. Single  30.56 46.81 [-63.01,122.61] 75 7.79 44.48 [-80.66,96.3] 57 14.25 28.74 [-42.05,71.29] 69 31.05 49.51 [-66.87,128.51] 73
Feminine 74.57 41.37 [-6.73,155.81] 96 -55.11 37.76 [-129.51,19.22] 7 109.41 28.97 [52.71,166.80] 100 -38.48 36.16 [-109.61,32.23] 14
go-past
Incorrect | ORC 109.80 72.60 [-32.97,255.12] 94  -106.74 109.04 [-319.42,107.92] 16  206.57 85.73 [39.13,378.81] 99 -36.59 77.63 [-190.12,115.10]32
Mismatch vs. Match 121.99 53.42 [17.03,227.64] 99 37.86 91.78 [-141.97,218.96]166 51.40 44.52 [-34.97,139.34] 88 -61.05 67.86 [-194.18,73.78] 18
Double vs. Single -38.09 81.83 [-201.36, 121.81]32  -100.76 124.47 [-349.85, 144.07]20  21.46 49.30 [-75.55,119.37] 67 -14.69 81.67 [-173.97,145.92]43
Feminine 140.61 63.17 [15.92,265.17] 99 165.65 93.02 [-17.36,347.36] 96 112.75 38.96 [36.49,190.23] 100 94.28 67.04 [-39.18,223.69] 92
total duration
Incorrect | ORC -126.03 109.01 [-339.58,89.52] 12 -494 98.04 [-198.87,190.04]148 184.16 95.34 [0.63,375.64] 98 -33.07 101.22[-225.62,171.57]36
Mismatch vs. Match 173.19 103.35 [-31.87,375.62] 95 -23.90 85.13 [-189.92,145.08]39 4248 76.49 [-108.88,190.23]71 -64.84 69.30 [-201.56,70.60] 17
Double vs. Single  -149.65 107.12 [-362.41, 58.48] 8 -87.68 89.77 [-262.3,89.98] 16 -55.67 85.61 [-223.27,113.59]25 34.99 89.61 [-140.83,211.54]66
Feminine 334.37 104.91 [126.37, 540.52] 100 16.67 72.14 [-123.76,158.77]59  387.49 80.33 [228.30,545.34] 100 108.57 73.19 [-37.64,250.45] 93
p(regress)
Incorrect | ORC 030 0.28 [-0.26,0.83] 8 -0.61 0.28 [-1.19,-0.09] 1 037 028 [-0.20,0.91] 91 -0.24 0.27 [-0.82,0.25] 18
Mismatch vs. Match 0.02  0.28  [-0.53, 0.57] 53 -0.01 0.19 [-0.39,0.36] 47 0.14 022 [-0.30,0.58] 73 -0.02 0.18 [-0.37,0.33] 46
Double vs. Single -0.37 0.29 [-0.94, 0.19] 10 -0.08 0.26 [-0.6,0.41] 37 0.14 025 [-0.34,0.65] 71 -0.09 0.22 [-0.51,0.34] 33
Feminine 0.17 024 [-0.30,0.63] 76 025 0.19 [-0.13,0.62] 91 0.03 020 [-0.38,0.41] 56 015 0.19 [-0.22,0.51] 79
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5.3.3.1.  Correct ORCs versus Correct SRCs

We found significant effects for Clause Type at the relative clause verb for first pass, go-past, and total
fixation duration, such that ORCs were read slower than SRCs in this region. We also found significant
effects by Grammatical Condition: the single mismatch condition had faster first pass reading times and a
higher probability of a first pass skip than the double mismatch condition, and both mismatch conditions

had slower total fixation durations than the match condition.

We also found a significant effect for Clause Type for total fixation duration and first pass regressions
at the relative clause NP, such that ORCs were also read slower than SRCs in this region and had a higher

probability of a first pass regression. We did not find any significant effects by Grammatical Condition.

5.3.3.2.  Misinterpreted ORCs versus Correct ORCs

We found a significant effect for Correctness at the relative clause verb for first pass skips, such that
misinterpreted ORC trials were less likely to skip the relative clause verb region on pass. However, we
found no significant effects for Correctness for any primary fixation metric in this region. We also found
significant effects by Grammatical Condition: both mismatch conditions had longer go-past and total
fixation durations than the match condition at the relative clause verb, and the single mismatch condition

had a higher probability of a first pass skip at the relative clause verb than the double mismatch condition.

We also found significant effects for Correctness at the relative clause NP for first pass regressions
and skips, such that misinterpreted ORC trials were less likely to make a first pass regression at the

relative clause NP and less likely to skip it on first pass.

Like our analyses for Experiment 3, we also wanted to look at fixation metrics on the resumptive
pronoun clitic specifically while comparing misinterpreted versus correct ORCs. To test the statistical
significance of these differences, we ran additional regression models in this region following the same
design outlined above. The model estimates for main effects are reported in Table 5.10. We found no

significant effects for Correctness on any fixation metric; however, there were multiple significant
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differences by Grammatical Condition and Matrix Subject Gender. Items in the mismatch conditions were
read slower and were more likely to be skipped on first pass than items in the match condition. Items
whose matrix subject was grammatically feminine were also read slower, but were less likely to be
skipped on first pass. Notably, these effects are above and beyond any orthographic differences in the
clitics as our models included a control parameter for Word Length (i.e., the length of the clitic); further,

there were no significant differences by length alone.

Table 5.10: Linear and logistic mixed-effects model estimates of the dependent variables on all fixation metrics in
the resumptive pronoun clitic region, including SE estimates and Crls. Estimates marked with an asterisk are

significant.
Fixation Metrics Incor ORC vs. Cor ORC
at RP clitic B SE Crl % >0
first fixation
Incorrect -4.41 14.11 [-31.83,23.37] 38
Mismatch vs. Match 37.37* 1647 [4.79, 69.38] 99
Single vs. Double -2.49 13.13 [-28.10, 22.95] 43
Feminine 32.94* 1298 [7.62, 58.62] 99
first pass
Incorrect -9.23 16.76  [-42.07,23.83] 29
Mismatch vs. Match 51.49* 20.69  [10.46,91.62] 99
Single vs. Double -12.68 1544  [-42.93,17.36] 21
Feminine 43.08* 18.06  [7.06,78.17] 99
go-past
Incorrect -2322 3731 [-94.78, 52.26] 26
Mismatch vs. Match 84.63* 4288  [1.84,168.83] 98
Single vs. Double -41.14 3377  [-106.43,23.95] 12
Feminine 4695  33.67  [-18.78,113.78] 92
total duration
Incorrect -48.00 4638  [-137.34,4532] 15
Mismatch vs. Match 176.05*% 55.60  [64.34,283.71] 100
Single vs. Double 17.99  47.28 [-74.67,11033] 65
Feminine 130.37* 48.78  [32.18,225.58] 100
p(regress)
Incorrect -0.58 0.58 [-1.85,0.42] 14
Mismatch vs. Match -0.36 0.55 [-1.46,0.71] 25
Single vs. Double -0.34 0.47 [-1.33,0.55] 23
Feminine -0.24 0.44 [-1.12, 0.60] 30
p(skip)
Incorrect -0.02 0.25 [-0.51, 0.48] 47
Mismatch vs. Match -0.53*  0.26 [-1.05, -0.02] 2
Single vs. Double 0.28 0.23 [-0.17, 0.73] 90
Feminine -0.52%  0.22 [-0.94, -0.10] 1
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5.3.3.3.  Incorrect ORCs versus Correct SRCs
We found significant effects for Clause Type at the relative clause verb for go-past and total fixation
duration, such that misinterpreted ORCs were read slower than correct SRCs in this region. However, we

found no significant effects for any Grammatical Condition on any fixation metric.

We also found a significant effect for Clause Type for first pass skips the relative clause NP, such that
misinterpreted ORCs were less likely to be skipped on first pass than SRCs in this region. We did not find

any other significant effects by Grammatical Condition.

5.4. Discussion

This study set out to investigate whether the number of grammatical cues given in favor of a low-
frequency interpretation can overcome expectations in a good-enough or noisy-channel framework. We
conducted a second eye-tracking experiment with Arabic relative clauses, and added a grammatical
manipulation to the stimuli to create mismatches between the matrix clause NP and relative clause NP in
terms of grammatical number and gender. Experiment 3 utilized items where the matrix and relative
clause NPs matched in both number and gender, meaning that the relative clause could not be
disambiguated by grammatical marking alone; rather, the only way to distinguish between an SRC and an
ORC was by reading and processing the resumptive object pronoun clitic on the ORC verb. By adding
grammatical mismatches between these two NPs, we provided additional cues in favor of an ORC
interpretation and against a noisy SRC interpretation, and tested whether these additional cues had any

impact on both processing behaviors and accuracy rates in ORCs.

We started by analyzing the comprehension question answers to see whether the different
grammatical manipulations had any effect on the likelihood of accepting a good-enough or noisy
interpretation (i.e., selecting the incorrect comprehension question answer). We hypothesized that adding
additional cues in favor of a low-frequency interpretation would decrease the number of noisy

interpretations, as the reader would have to make an increased number of “edits” to arrive at their
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preferred interpretation. We also hypothesized that this decrease in noisy interpretations would be
proportional to the number of cues added: the Single Mismatch condition would have fewer noisy
interpretations than the Match condition, and the Double Mismatch condition would have even fewer

noisy interpretations than the Single Mismatch condition.

We found that there were significant differences in accuracy rates by Clause Type, such that ORCs
were more likely to receive incorrect comprehension question answers than SRCs. However, there were
no significant interactions between Clause Type and Grammatical Condition, meaning that these
additional grammatical cues did not have a significant effect on the likelihood of a noisy interpretation of
an ORC. There were also no significant differences by any grammatical condition across clause types.
Thus, these additional grammatical cues were not strong enough to overcome the overwhelming
expectation of an SRC over an ORC. These results align with similar work done in Hebrew: readers were
more likely to accept a noisy SRC interpretation than a rare ORC interpretation, despite grammatical cues
for both number and gender at the relative clause verb pointing toward an ORC interpretation (Keshev &
Meltzer-Asscher, 2021). However, Keshev & Meltzer-Asscher tested two types of ORCs — one relatively
rare and one more common — and found that this effect did not hold for the more common ORC structure.
When comparing a noisy SRC to the more common ORC structure, readers were more likely to choose
the common ORC over the noisy SRC, and thus, readers appeared to accept more noise in the input when
faced with a very low probability structure compared to a much higher probability structure. Future
research could investigate how the probability of a specific type of structure may modulate the use of

grammatical cues in Arabic.

Since we found no significant interaction between Clause Type and Grammatical Condition on
accuracy rates, we decided to conduct an omnibus test to investigate the possibility of significant
interactions in our reading data. We started by investigating significant interactions between Clause Type
and Grammatical Condition during veridical processing by comparing correctly interpreted ORCs to

correctly interpreted SRCs, specifically within the relative clause verb and NP regions.
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Model estimates revealed that there were no significant interactions between Clause Type and
Grammatical Condition in these regions during veridical processing, meaning that the various
grammatical manipulations did not have any significant effect on reading behaviors in ORCs in these
critical regions. These results align with our findings from the comprehension question analysis, which
demonstrated that Grammatical Condition also did not have a significant effect on the likelihood of a
good-enough or noisy interpretation. They further show that these additional grammatical cues also do not
trigger any sort of different reading strategy when processing ORCs. This is particularly interesting
considering the temporary ambiguity of an ORC in the Match condition at the relative clause verb (see
Section 1.4.2). In the Match condition, the relative clause verb agrees grammatically with both the matrix
subject and relative clause NPs, meaning that an ORC with a relative clause verb with a resumptive object
pronoun could temporarily be interpreted as an SRC with a resumptive pronoun and null object until the
reader encounters the relative clause NP, thus eliminating that possible interpretation. In the Mismatch
conditions, this interpretation is not possible: the relative clause verb does not agree grammatically with
the matrix subject, and thus cannot be considered to be an SRC even temporarily. Given that this is a
possible interpretation in the Match condition but not in either Mismatch condition, we might expect to
see a significant interaction between Clause Type and Grammatical Condition at the relative clause verb.

However, it is also possible that we do not have the statistical power to detect such an effect.

We also plotted average reading times in these regions by Clause Type and Grammatical Condition to
examine whether we saw a numeric trend of an interaction, despite finding no statistical evidence for a
significant interaction. ORC trials showed a numeric trend toward an interaction in early reading time
measures at the relative clause verb, such that average first pass and go-past times were fastest for the
Match condition and slowest for the Double Mismatch condition. However, later stage measures such as
total fixation duration showed the longest average reading times for the Single Mismatch condition over
the Double Mismatch condition. Reading times for ORCs at the relative clause NP showed a similar trend

for average first pass, go-past, and total fixation duration times, with the Single Mismatch condition
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having the longest average times. We cautiously interpret these results as suggesting that grammatical
number may be a stronger cue than grammatical gender: the change from the Mismatch to Single
Mismatch condition was a change in grammatical number, while the change from the Single Mismatch to
Double Mismatch condition was a change in grammatical gender. Overall, our statistical analyses do not
show any evidence of a significant interaction between Clause Type and Grammatical Condition, and we

also find no evidence of this relationship numerically.

We then wanted to investigate the possibility of significant interactions within our misinterpreted
ORC trials, as our first omnibus analysis only considered trials with correct comprehension question
answers. We compared misinterpreted ORC trials to correctly interpreted ORC trials to test for a
significant interaction between Correctness and Grammatical Condition, then compared misinterpreted
ORC:s to correctly interpreted SRC trials to again test for a significant interaction between Clause Type
and Grammatical Condition. We fit two sets of models: one that included two-way interactions between
Correctness or Clause Type and Grammatical Condition, and one that only considered the additive effects

of these variables.

WAIC comparisons for models comparing misinterpreted ORCs to correct ORCs showed that the
additive model without any interactions was the best fit for our data. Following the findings from our first
omnibus analysis, there were no significant interactions between Correctness and Grammatical Condition,
meaning that there were no significant behavioral differences in ORCs across grammatical conditions.
This once again aligns with the findings from our comprehension question analysis, but additionally
shows that there were no differences in reading behaviors when arriving at the correct interpretation of an

ORC versus the incorrect interpretation of an ORC, regardless of grammatical condition.

WAIC comparisons for models comparing misinterpreted ORCs to correct SRCs showed more of a
tie: for first pass and go-past times at the relative clause verb, the interaction model was the best fit, while
for first pass regressions at the relative clause verb and total fixation durations at the relative clause NP,

the additive model was the best fit. We decided to explore the significant interactions for first pass and
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go-past times at the relative clause verb by plotting averages for these times by Clause Type and
Grammatical Condition. These averages showed distinct patterns by Clause Type: SRC trials showed a
slight increase in reading times across grammatical conditions, with items in the Match condition being
read fastest and items in the Double Mismatch condition being read slowest, while ORC trials showed
that items in the Single Mismatch condition were read slowest, above the Double Mismatch condition.
These results provide tentative support for our previous speculation that number may be a stronger cue
than gender when it comes to processing times. However, we still found no significant interactions
between Correctness and Grammatical Condition when comparing misinterpreted ORCs to correct ORCs,

so we did not explore this interaction further.

Overall, our omnibus analyses demonstrated that Grammatical Condition did not have a significant
effect on processing behaviors in ORCs compared to SRCs, and also did not have a significant effect on
reading behaviors that led to a correct interpretation of an ORC compared to an incorrect interpretation.
Adding additional cues in favor of an ORC interpretation was not sufficient to alter reading strategies for
ORG s, nor did it affect reading strategies for correctly interpreted ORCs compared to misinterpreted
ORCs. Combined with the results from our comprehension question analysis, we take these results to
show that grammatical cues such as number and gender agreement that show support for a lower-
frequency interpretation are not strong enough to overcome expectations for a higher-frequency

interpretation, and do not affect reading strategies when processing these structures.

Finally, we returned to our main analyses to investigate the individual effects of Clause Type and
Grammatical Condition in our data. We tested whether we saw differences by Clause Type that matched
our results from Experiment 3, and whether the different grammatical conditions affected processing
behaviors overall, across clause types. We coded our grammatical mismatch conditions so that the results
showed us how changing either grammatical number or grammatical gender independently affected

processing behaviors: the Match condition items were compared to both Mismatch condition items to
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determine differences by grammatical number, and the two Mismatch conditions (Single and Double)

were compared to one another to determine differences by grammatical gender.

We first analyzed differences during veridical processing, between SRC and ORC trials that received
correct comprehension question answers. We again found that ORCs were read slower than SRCs, in line
with expectation-based theories of sentence processing and our previous findings. However, we found
significant differences by Clause Type in both the relative clause verb and relative clause NP regions.
ORC:s had longer first pass, go-past and total fixation durations at the relative clause verb, and had longer
go-past times and a higher likelihood of a first pass regression at the relative clause NP. These findings
partially align to what we found in Experiment 3, that participants are paying a higher processing cost for
ORGC:s specifically at the relative clause NP. However, we find that participants in Experiment 4 appear to

be paying these costs at both the relative clause verb and relative clause NP.

Crucially, this effect is not dependent on Grammatical Condition. In Experiment 3 (where all items
were in the Match condition), we hypothesized that we did not see an effect at the relative clause verb as
participants could still be entertaining an SRC interpretation with an RP and a null object, until they reach
the relative clause NP and that analysis is invalidated. This interpretation is not possible in the Mismatch
conditions, as the relative clause verb no longer agrees grammatically with the matrix clause subject. So,
finding this main effect for Clause Type could be due to one of two things. First, readers from this
participant population could have a different reading strategy than those from Experiment 3. Participants
from Experiment 4 were largely heritage speakers and made up a very heterogeneous sample from
different dialects and different amounts of time living in Arabic-speaking countries, whereas participants
from Experiment 3 were nearly all Emirati natives who were born and raised in the same country. Thus,
the heritage speakers from Experiment 4 could be utilizing different reading strategies than the immersed
speakers from Experiment 3 (e.g., AlQahtani & Sabourin, 2015). On the other hand, this main effect
could be due simply to the fact that two-thirds of our items were in a Mismatch condition compared to a

Match condition, so the main effect for Clause Type is relying heavily on behaviors in the Mismatch
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conditions. In other words, it could be that there is a true interaction effect between Clause Type and
Grammatical Condition, but we lack the power to detect it, and are therefore seeing an erroneous main

effect of Clause Type that in reality only exists in the Mismatch conditions.

We additionally found significant differences by Grammatical Condition at the relative clause verb
and NP. Items that were grammatically plural had longer total fixation duration times than items that were
grammatically singular at the relative clause verb. Further, adding a secondary cue of gender from the
Single to the Double Mismatch condition caused even longer first pass times at the relative clause verb.
However, we did not see any significant differences by Grammatical Condition at the relative clause NP.
This shows that overall, Match items demonstrate a sort of facilitative ambiguity at the relative clause
verb (Levy, 2008a), where the verb could agree with the matrix clause NP or the relative clause NP, while

Mismatch items that create more and more differences between these NPs slow down processing.

This difference between the Match and Mismatch conditions may arise from the fact that participants
must pay closer attention to the verb to arrive at the correct interpretation of the sentence, so this
slowdown across conditions could be a learned strategy. On the other hand, these results could suggest
that verbs that are inflected to agree with grammatically plural subjects are more difficult to process than
those that are grammatically singular, and creating a grammatical gender contrast between the matrix
clause NP and relative clause NP additionally slows down processing at the verb. This second finding is
interesting because this effect is not modulated by Clause Type: this effect is not specifically due to
reading a relative clause verb that does not agree with the matrix clause subject, as would be the case in
an ORC. Further, at this point in the sentence the reader has not yet encountered the relative clause NP
and cannot know that there is a grammatical gender mismatch between the nouns. It is possible that they
may receive some information from the relative clause NP parafoveally, but Arabic marks gender at the
end of a word, so it is unlikely that they could register that gender marking parafoveally. Overall, we find

that creating additional mismatches between the matrix clause and relative clause NPs slows down
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processing at the relative clause verb; however, questions remain as to whether this difficulty is due to the

inherent grammatical properties of the verb, or participant- and task-specific reading strategies.

We then analyzed the differences in processing behaviors in misinterpreted ORC trials compared to
both correct ORC and correct SRC trials to investigate how various grammatical conditions affect
processing behaviors during good-enough or noisy-channel processing. We found one significant
difference between misinterpreted and correct ORCs at the relative clause verb for first pass skip rates,
but found no significant differences in reading times or regression rates in this region. This aligns with
our findings from Experiment 3 and suggests that readers were not misreading the verb when
misinterpreting ORCs, supporting our original findings of good-enough or noisy-channel processing.
Rather, differences between misinterpreted and correct ORCs manifested at the relative clause NP, where
correct ORCs had a higher probability of a first pass regression. Notably, this is the same region where
correct ORCs incur the most processing difficulty relative to correct SRCs and once again aligns with our

findings from Experiment 3.

We also found significant differences by Grammatical Condition at the relative clause verb, similar to
those found in veridical processing. Items that were grammatically plural had longer go-past and total
fixation durations than items that were grammatically singular at the relative clause verb. However, we
did not find the same difference by grammatical gender as in veridical processing. These results show

that, within ORCs specifically, mismatching items are read slower across the board.

On the other hand, misinterpreted ORCs and correct SRCs had significant differences at the relative
clause verb based on Clause Type: misinterpreted ORCs had longer go-past times and total fixation
durations than correct SRCs. This aligns with the general differences observed between SRCs and ORCs
during veridical processing for this experiment, though it does not directly align with the specific
behaviors observed in Experiment 3. Further, misinterpreted ORCs and correct SRCs had no significant
differences in reading times or first pass regressions at the relative clause NP. So, misinterpreted ORCs

behave similarly to correct ORCs at the relative clause verb, but similarly to correct SRCs at the relative
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clause NP. Overall, this pattern of results matches what we observed in Experiment 3 and again supports
a good-enough or noisy-channel processing theory, rather than simple misreading by skipping the
resumptive pronoun clitic. Finally, there were no significant differences in either region by Grammatical
Condition, demonstrating that the addition of mismatching grammatical cues had no effect on
distinguishing processing behavior between misinterpreted ORCs or correct SRCs at either the relative

clause verb or relative clause NP.

One limitation of this research that has been addressed throughout this chapter is the number of
datapoints from which we are drawing these conclusions. Native Arabic speakers who are proficient in
MSA are difficult to come by in Davis, California, and so our data are sparser than we would have hoped.
We hope to continue data collection in the future with more participants and more experimental items in

order to further explore the questions and findings addressed here.

Overall, our results confirm the broad findings from our previous experiment: that Arabic readers pay
an additional processing cost for ORCs at the relative clause NP, either instead of or in addition to any
cost paid at the relative clause verb, in spite of the relative clause verb providing a very strong cue in
favor of an ORC interpretation. Crucially, this processing cost at the relative clause NP is also the
determining factor between correctly interpreting an ORC or misinterpreting an ORC, while processing
behavior at the relative clause verb was not determinative of getting the correct interpretation. So, while
the participants from Experiment 4 appear to pay more attention at the relative clause verb than the
participants in Experiment 3, it is still necessary for the reader to pay some sort of processing cost at the
relative clause NP in order to arrive at the correct interpretation, regardless of how much time they spend
at the relative clause verb. Finally, adding additional grammatical cues such as a mismatch in
grammatical number and gender does affect processing difficulty, but it does not affect the processing
behavior crucial for correctly interpreting an ORC, nor does it affect the likelihood of accepting a good-

enough or noisy interpretation. These results thus show that increasing the number of grammatical cues in
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favor of a low-frequency interpretation is not sufficient to overcome expectations in a good-

enough/noisy-channel framework.
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Chapter 6

General Discussion

These studies set out to explore patterns of language processing and comprehension in relative clauses in
Modern Standard Arabic. We tested whether observed processing difficulties in Arabic subject- and
object-extracted relative clauses (SRCs and ORCs) were best explained by memory- or expectation-based
theories of sentence processing and investigated the underlying causes of extensive misinterpretations of
ORC:s. Our first experiment, a self-paced reading task, showed support for expectation-based theories of
sentence processing, indicating that ORCs are read slower than SRCs. However, this slowdown was
significant not in the probabilistic disambiguating region (the relative clause verb), which was predicted
based on a corpus analysis. Rather, it was significant in the following region, the relative clause NP. This
result was tentatively attributed to spillover effects from the self-paced reading modality, but also
potentially demonstrated that readers wait to update their expectations of a relative clause type until
reading the relative clause NP. Results from our comprehension question analysis also revealed that
participants were significantly more likely to misinterpret ORCs than SRCs, suggesting that readers were
either misreading ORCs, or reading them correctly and instead accepting noisy SRC interpretations. We

investigated this phenomenon first through a recall task, and then through an eye-tracking study.

Our eye-tracking study replicated the findings of our self-paced reading task, again showing support

for expectation-based theories of sentence processing. The results also again revealed that the locus of
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processing difficulty in ORC:s is at the relative clause NP, and not at the relative clause verb where
readers should be able to probabilistically disambiguate between an SRC and an ORC. We then compared
processing behavior in trials where participants misinterpreted ORCs to trials where they correctly
interpreted ORCs, and found that paying an extra integration processing cost at the relative clause NP was
crucial to arriving at the correct interpretation of an ORC. These findings lend support to the notion of
good-enough and noisy-channel processing, suggesting that readers may accept a noisy but more frequent

SRC interpretation of ORCs to avoid the integration cost at the relative clause NP.

These results challenge some aspects of existing expectation-based theories of sentence processing, as
they do not accurately predict the incremental processing patterns found in our results. According to
expectation-based theories grounded in surprisal theory, readers should probabilistically adjust their
expectations for upcoming input based on distributional statistics in the language. Specifically, when
readers encounter a verb within an ORC that has a resumptive object pronoun clitic attached, they are
statistically more likely to expect a noun phrase to follow, confirming an ORC interpretation. However,
our results indicate that readers prioritize the global expectation of a SRC over an ORC, rather than
making statistical inferences based on the specific structure of the clause. This suggests that Arabic
speakers’ language processing strategies are optimized to the language as a whole but are not as granular
for the possibilities within a given structure. Existing expectation-based theories do not account for this

global expectation taking precedence over a localized structural expectation.

One study on noisy-channel processing in relative clauses in Hebrew investigated how the frequency
of the specific structure of an ORC might affect a reader’s willingness to accept a noisy interpretation
(Keshev & Meltzer-Asscher, 2021). The researchers used two forms of an ORC, one with a common
structure and one with a rare structure, and tested participants’ willingness to accept a noisy SRC
interpretation. They found that participants chose the noisy SRC over the rare ORC, but preferred the
common ORC over the noisy SRC. In this case, the expectation for a given structure appeared to

outweigh the global expectation for an SRC. Our study did not include a manipulation for different
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structures within one clause type, and the effect we discuss here is a temporary preference for a rare SRC
until that structure is ruled out upon reading the relative clause NP, so we do not attempt to draw a direct
comparison to these results. However, given these findings, a compelling line for future research could
investigate the features that may contribute to prioritizing a global expectation over a structural

expectation, and vice versa.

While an adjustment to expectation-based theories could explain our results, the potential effects of
memory-based constraints remain a question. Memory-based theories state that readers should resolve
long-distance dependencies as soon as possible; thus, for Arabic ORCs, resolving the matrix clause
subject dependency at the relative clause verb would be advantageous from a cognitive standpoint.
However, Arabic comprehenders do not follow this traditionally resource-rational strategy. One possible
explanation could arise from joint theories of language processing, such as noisy- or lossy-context
surprisal (Futrell et al., 2020; Futrell & Levy, 2017). Lossy-context surprisal posits that a comprehender’s
experience with distributional statistics in a particular language influences memory effects for that
language. This effect has been demonstrated with structural forgetting phenomena such as grammaticality
illusion. For example, English speakers often struggle with double-embedded relative clauses and may
incorrectly judge ungrammatical sentences as grammatical due to forgetting embedded structures (Frazier,
1985; Gibson & Thomas, 1999). Surprisingly, this effect does not occur in German, regardless of it being
the same exact structure (Vasishth et al., 2010). Authors theorized that since German has a higher
frequency of verb-final structures, it makes double-embedded relative clauses with multiple verb-final
clauses easier to process. In Arabic ORCs, memory-based theories grounded in DLT would suggest that
holding an unresolved dependency for longer than necessary is disadvantageous and that dependencies
should be resolved quickly. However, lossy-context surprisal shows that experience with a language’s
distributional statistics can potentially modulate proposed difficulty from memory constraints. Arabic’s
default word order is VSO, meaning that Arabic readers are accustomed to reading numerous post-verbal

arguments. So, it is possible that experience with VSO word order helps to modulate the theoretical added
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processing cost of waiting until after the relative clause verb to resolve the matrix clause subject

dependency.

We then explored how grammatical and/or morphological cues affect a reader’s willingness to accept
a good-enough or noisy interpretation. In Experiment 3, the relative clause verb agreed grammatically
with both the matrix and relative clause NP, meaning that the resumptive pronoun clitic provided the only
signal of an ORC interpretation. Further, the resumptive pronoun clitics differed in length from one
character to two characters. Our final experiment further investigated good-enough and noisy-channel
processing in this area by testing the tradeoff of the strength of grammatical cues with the strength of
expectations. We tested this question by conducting another eye tracking study where we manipulated the
number and gender of the matrix and relative clause nouns to create a mismatch between the two. By
creating a mismatch between the nouns, the relative clause verb only agreed grammatically with the
relative clause noun and the resumptive pronoun only agreed grammatically with the matrix clause noun,
providing additional signals for an ORC interpretation. We predicted that in the case of good-
enough/noisy-channel processing, if increased grammatical cues mediate the acceptability threshold of
noisy interpretations, the findings would show less noisy interpretations as the mismatch signals get

stronger.

The results from this final experiment showed that an increased number of grammatical cues in favor
of a veridical interpretation had no significant effect on the number of noisy interpretations of ORCs, nor
on the reading strategies used while comprehending ORCs. Thus, readers were willing to accept
ungrammatical but preferred SRC interpretations over a grammatical but less preferred ORC
interpretation (Frazier, 1987; Keshev & Meltzer-Asscher, 2021). Our findings indicate that readers utilize
sophisticated probabilistic knowledge about the distribution of structures in their language while
processing text in real-time. Consequently, the frequency of different syntactic structures influences how

readers interpret bottom-up cues, such as an agreement mismatch, leading to the adoption of noisy or

96



“good-enough” interpretations. Thus, grammatical cues are not strong enough to overcome structural

expectations.

What remains to be explored in this area is what does affect statistical expectations within a good-
enough or noisy-channel processing framework. One element that we did not explore as part of this
research program is the effect of semantic expectations on syntactic expectations. Whereas our previous
experiments compared different types of syntactic expectations, future research could broaden this scope
to consider the interaction of plausibility and syntactic expectations: does strengthening semantic cues for
a low-frequency interpretation mediate syntactic expectations of a high-frequency interpretation? For
example, we could use similar SRC and ORC stimuli as the previous experiments, but modify the end of
the sentence to provide more or less semantic evidence for a given interpretation. The stimuli would have
two conditions: a baseline condition in which either an SRC or ORC interpretation is possible, and one in
which only an SRC or ORC interpretation is highly plausible. In this high plausibility condition, the end
of the sentence (i.e., the verb phrase for the matrix clause) would be semantically manipulated to provide
stronger evidence for an SRC or ORC interpretation of the relative clause. For example, in the sentence,
“The reporter who the senator killed was honored at a memorial service on Monday,” the overall meaning
of the sentence heavily suggests an ORC interpretation of the relative clause as opposed to an SRC
interpretation. Sentences in the baseline plausibility condition would have vague matrix clause verbal
phrases such that either an SRC or ORC interpretation is possible (e.g., “The reporter who the senator
killed was well known among his peers”). If semantic cues are strong signals against good-enough/noisy
interpretations, we would expect to see much fewer noisy interpretations in the semantically manipulated
condition than in the baseline condition within clause type. On the other hand, if semantic cues are not
strong enough signals against good-enough/noisy interpretations, we would see comparable amounts of
noisy interpretations across plausibility conditions within clause type. Further investigating these

tradeoffs will help to provide further insight into the probabilistic nature of human language processing.
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Appendix A

Experimental stimuli:

Appendices

'Ttems used in Experiment 1: Self-Paced Reading

?Ttems used in Experiment 2: Recall Task

3 Items used in Experiment 3: Eye Tracking

“Items used in Experiment 4: Eye Tracking Part 2

* [tems that were minorly changed for Experiment 4 to make sense in the number and gender mismatch

conditions
Arabic English translation
b Lgiae ) 3l gl (Leikadyl/cudaal) 3l cad) | The girl who (woke the mother/the mother woke) bothered
Bkl ) as | her about the trip to the beach. 234
& sa e Jeludi Jalall (anii/as) 3 Al 53w | The bus driver who (followed the kid/the kid followed)
334l | wondered about the location of the hotel. !>

Gl sl (bl /culld) Al dusldll

The judge who (addressed the witness/the witness
addressed) noticed the defense attorneys. >4

Gl Glany ST Gt ) (20 5/)10) A aal

The manager who (visited the boss/the boss visited)

Asyall e | remembered some inconvenient facts. %3
bl 5 jlsand) (LeihaY/cudaay) Al 5 sl | The neighbor who (observed the realtor/the realtor
30 J 3l | observed) purchased the old house. 1234
e & (Y il (s AN/ AT 2 Lkl | The pilot who (delayed the ground crew/the ground crew
Alsk 3 il = a4l | delayed) remained on the runway for a long time. 133

ALY (gl A Banid
Acluall sded Ba Al Canf 5

The speaker who (entertained the economist/the economist
entertained) predicted a good year for the industry. 1334

?.]n.::\ S ol (4..\;.1:\/&_\;&:\) g;ﬂ\ L;Al.;l\
Andlia

The soldier who (admired the coach/the coach admired)
defeated his greatest rival. >34

The visitor who (introduced the student/the student

.=l | introduced) walked across the campus. >34
Gl aladll (Anatifcaael) 52l 8 yadll | The banker who (irritated the lawyer/the lawyer irritated)
s o IS oasill | played tennis every Saturday. 334
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ol )l (Lehlay/clala) ) Al
o) el

The doctor who (ignored the nurse/the nurse ignored) drove
ared car. 1234

ccndll G o jall (daala/pala) (531 paad)

The prisoner who (attacked the guard/the guard attacked)
provoked the riot. 23

OS5 gl slaall (o) 5lad/ ) slad) (o) Jsaiall

238 g

The hiker who (passed the fisherman/the fisherman passed)
got lost and had to be rescued. >34

bl Al (L jiial/c jgial) Sl 3 jabival)
(S 5S anitil ddmally

The tenant who (despised the landlord/the landlord
despised) phoned the newspaper to complain. >34

s Al (Lgsainl/caagiil) Gl 33y

el

The professor who (criticized the student/the student
criticized) blushed and turned away. '3

Leiaals il dalle (Leiga) s/cagal 5) (Al Aliand)
Wl

The client who (confronted the psychologist/the

psychologist confronted) attacked her in the night. '->*#

aaiall 3 pae (Ledasil/caasiil g_f"d\ YEPEA|
slad Caaidl & jale

The historian who (criticized the curator/the curator
criticized) left the museum abruptly. >34

@ Gy sac Lol (\.@:\.\;\Q/L.I;I.G) ‘;ﬂ\ 2.;4)4;0&\
ZaomlS Al

The nurse who (hired the assistant/the assistant hired)
studied at Cambridge University. 123"

slalb¥i da (44;\/&_\;\) Lﬁﬂ\ Lﬁ)‘*"-‘“ edigal)
Lla e sl el Laiy &alaall Je o
Oz o8

The architect who (liked the fireman/the fireman liked)
dominated the conversation while the game was on
television, >34

il Allaal) (Lhasial/casial) Al 4 padll
2 Ly of U8 e

The banker who (praised the analyst/the analyst praised)
climbed the mountain before it snowed. !>

e o A (Lol slm) A1 5 e LA
Jua A jaa Lagilaa Canual (f aay 413

The poet who (befriended the author/the author befriended)
wrote an autobiography after their friendship became well
known, 1234

i 63 Jee Jianl) (&AJ/@A}) Lﬁj‘ Luall

The tailor who (described the customer/the customer

described) worked in a small shop near the bus station. >34

e Ule Gan 2Sall (ol i) 2 coyaall

The coach who (criticized the referee/the referee criticized)

31kl 22 Balall | talked publicly about the incident after the game. '3
Oy Cuald alaall (Leia S/ S) Al su=all | The teaching assistant who (disliked the teacher/the teacher
£ owdlse) 3 | disliked) skimmed the reading for the week. !>
U Jalad ) seanll (aaal/aal) e u=8 )}l | The dancer who (loved the audience/the audience loved)
AwlY! sl | ignored some basic principles. 234
g ks syl da ) (adaa¥/BaY) (53l aba gall | The employee who (noticed the fireman/the fireman
As siddl J@all e | noticed) hurried across the open field. >34
G gl @d ) o 3 (all/J8) Al 34 | The farmer who (contacted the customer/the customer
A5 pba | contacted) lifted the chickens from their coop. '3

ol ot (201 /1)) ) Sl )l Alle
MJPML)&L\ BJ\J\‘}_}\

The mathematician who (visited the chairman/the chairman
visited) created a solution to the well-known problem. 34
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Aadasall (L) 3/ ) 3) i 6 squiial) Aiadl)
Ay s s 3ila s )

The celebrity who (visited the organizer/the organizer
visited) proposed an annual prize. ">

Lage lo &y oY) (Liaald/cunals) Sl sLadl)

The girl who (watched the mom/the mom watched) changed

Aadll (4e | a critical part of the story. >3
oSy a8 & ) 3all (oaliul/ jalinl) 3 #3 | The farmer who (hired the rancher/the rancher hired) piled
Al gl Casia 8 50 | the seeds in long rows, 1234

3 auall 3lud  Jaall (sacl/aclu) (oAl gaial)
Gkl i il )

The soldier who (helped the civilian/the civilian helped)
climbed the big rock that blocked the path. 1234

.ﬂ; sﬂ‘)ﬂ u.u‘)w\ (a.ﬁcLu/Jch) Lﬁ'ﬂ‘ C._l‘).lcj\

The trainer who (helped the jockey/the jockey helped)
rubbed the horse’s skin. 1>?

&85 o all Gla (A s/ ) 3 e S

The player who (hit the goalkeeper/the goalkeeper hit)

Jaaa iaie | signed a new contract. 1234
Ve i€ 3 jaall (Wit f/cunaef) Al 43K | The writer who (angered the editor/the editor angered)
Lalaial | wrote an article in protest. >3

2 28 Sl S (saebu/ae L) (31 clud)
el A lle o yie

The plumber who (helped the electrician/the electrician
helped) retired after twenty years on the job. '3

A ) o Laslll (ol /) @Al sbuall

The hunter who (saw the activist/the activist saw) ran off
into the forest. >34

Ukl ) s s il (o)) 3/ 1) ) Jiaal)
ol

The actor who (visited the director/the director visited)
demanded the starring role in the movie. >34

CoaL Al (Letla /a3l Aualdl
st G s sSI C paaall e e gl )

The judge who (ignored the doctor/the doctor ignored)
watched the special about Colombian drug dealers on the

Aglad) JLaY! | nightly news. 1234
(0 paay Caald 3L (Le—,ﬂ-uf\/guﬂ) g;‘j\:;-“d‘ The aunt who (amused the girl/the girl amused) made paper
Asnall e 48,5 | dolls out of the newspaper. 1'>*

ad LSS L

The reporter who (attacked the senator/the senator attacked)
admitted to making an error. >*

Jha¥l Ande (Lulal/culal) i) 3 sal
ALEA ) s pale

The musician who (insulted the newscaster/the newscaster
insulted) left the building after the interview. >

it 8 Jae allall (4S5 i/l ) () il
AL dads (B el

The intern who (confused the scientist/the scientist
confused) worked at a famous lab at Harvard University. >

(& Alilas Ll Ja Jaslial) (4asi/asi) ) (38l
,‘é..z.\.d\

The detective who (followed the officer/the officer
followed) solved similar cases in the past.*

R (L) A1 Jandl e
S )8 0 iy & sl

The coworker who (greeted the secretary/the secretary
greeted) brought some flowers to the office. **

G Al (Lhea sl/aa 5f) A JUlbY) Ak
aall Lo pasall Ao jall e Al e 8

The pediatrician who (recommended the dentist/the dentist
recommended) left a message about the recommended
dosage for the patient. **
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das el (p2ely/aeli) (53 Clac Yl apha
il &) il (g2a e sl aliial 4

RERAN|

The neurologist who (helped the nurse/the nurse helped)
worked at the local hospital for the last ten years. **

sl dran Ealll (4a2/z20) ) g sl
Al Guedd) @l gl JYA sae g ) AT Sile)

The inventor who (praised the researcher/the researcher
praised) patented several inventions over the last five years.
3

).\\);.“ @ um.c P)M‘ (aJ\)/J\J) Lﬁj‘ )M\
e <l giad

The ambassador who (visited the interpreter/the interpreter
visited) lived in Algeria for many years. 3

Lol lS Al gl (LianLi/manls) Ll 5 paall
AS A pe Al

The manager who (watched the employee/the employee
watched) had a problem with the company. >*

Ao (Lghamy/mind) L g Laay) Adle
st J g 1) seedie LS @y L gl g5 558

The sociologist who (challenged the anthropologist/the
anthropologist challenged) published a famous book on the

& a3l | same topic. 3
sle rani 3l pall (Ledagml/cnaaml) Al s Liiwall | The counselor who (criticized the instructor/the instructor
o2l g @aladll | criticized) regretted the comment after the presentation. 3
Us ) st S Jslaall (5 bt/ jliiul) g3l Jladll | The analyst who (consulted the manufacturer/the
Ay Gal G g M danad A | manufacturer consulted) was involved in a scandal not long

ago.?

Jran cluzaly ) alle (4agll/agll) A1 uigal)
A05e (BB e ) a5

The engineer who (inspired the mathematician/the
mathematician inspired) received an award at a conference
recently. 3

@le 4 (Liae Sl 31) Al
LS C\)« Caatiall

The artist who (bothered the writer/the writer bothered) left
the museum in a bad mood.?

sy Ainall (g /) ) Al sl 46 5le

The guitarist who (accompanied the singer/the singer
accompanied) stayed on stage to perform one more song. >*

47.\.3} U\S ;Lul\ dA\.c (a.lc\.m/.lc\.m) 9531\ JtA.\n
Bl e lale o yle

The carpenter who (assisted the construction worker/the
construction worker assisted) had twenty years of
experience. >*

G‘Au\ e.@.:i\ ‘S.ALMM (b‘)h/‘)da) Lﬁ'ﬂ‘ tw\
FEPREEAE

The legislator who (cautioned the lawyer/the lawyer
cautioned) accused the judge of taking bribes. **

oo Sl 3 paal) (Lilua/mdna) Al 4y 6 Sl
Sl 8 Aldlaall ¢ ga

The secretary who (believed the executive/the executive
believed) reported mistreatment in the office. >*

alia (4adi€l/caiisl) A g jliall Jagus o))
e 3V cludll a o lelaia) i) J jiall

The realtor who (discovered the homeowner/the
homeowner discovered) arranged a meeting to finalize the

Assall | deal.
i yaial) alia (Leia S/ K) Al &g 30 | The customer who (hated the store owner/the store owner
.ol e s sal) | hated) stole candy from the store. 3
Lol deli ol Juaall (ol /sl ) 3l (wsall | The lawyer who (saw the client/the client saw) left the
Lo gadd Aliaal cadd | courthouse to go meet someone. **
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el Jae udigall (aliiul/daiin) (3 Gasall
il 3 QS

The detective who (greeted the engineer/the engineer
greeted) worked full-time on the case. **

@l Al (Leal/cml) Al s 5 del
Al i llaal |y 5m

The florist who (adored the gardener/the gardener adored)
saw photos of her work in a magazine. 3

Laea oot alll (gl y4al 5) 1 bl
Al o 4% 8 (e L)

The policeman who (encountered the thief/the thief
encountered) quickly called for reinforcements from his
team. 3

oo Alal) (Lt hal/in Sial) 1 AL
gl O gl G jre (6 ila )

The artist who (praised the sculptor/the sculptor praised)
exhibited portraits at the local art gallery.?

Cudle AL (Liegh/ingd) ) Aaledl
ol Gl glally el )

The teacher who (understood the child/the child
understood) taught fourth grade math and science. **

Jakall e Cand A1 (Lgin /) L2 Ay jal)
Zhall Jish

The nanny who (liked the mom/the mom liked) played with
the child all morning. 3*

| 5inS ) oY) 8 (dae/z2e) 5 LSl o le
el ol nall ca

The violinist who (flattered the conductor/the conductor
flattered) insulted the singer at the rehearsal. 3*

_'5);\.&&3\ Jaé

The plumber who (punched the painter/the painter punched)
yelled at the carpenter before the altercation. 3+

) Gaa Gudigal) (4naai/mal) (3 cuslal)
glaia) any i Sl

The accountant who (advised the engineer/the engineer
advised) spoke to the secretary after the meeting. >

Spend) S B3N (Lgtagl/aagdl) Al AUal)
Seadll g8

The student who (accused the professor/the professor
accused) met with the dean before class. **

Sl T (i) 1 5 gemaal
2\.‘4‘}«&\ O aal 3)3.A.A 7\)}.&4

The photographer who (followed the designer/the designer
followed) created iconic images for fashion campaigns. >*

ol anl s aadll (a8 S/s <) il o yaal
il

The criminal who (hated the lawyer/the lawyer hated) faced
the judge with contempt. **

G O 2l Sl (Axial/aial) A akalal)
Al a5 el

The suitor who (entertained the king/the king entertained)
wanted to see the princess before the party. >**

Ciaat Lpaldl) (Lgie sial/cae sial) 3 daial
osadl Y sl

The contestant who (respected the judge/the judge
respected) spoke at length to the cameraman.

#1550 ast ) (apmt lame ) I asba sl
Al paige amy DU jale

The diplomat who (angered the prime minister/the prime
minister angered) left the country after the summit. 3

Aaalonal) 3 Hall (Le3ad) /) j) Al dsilad)
oLl DA bl s gl

The tourist who (accompanied the guide/the guide
accompanied) waved at the nuns during the visit. >

A Y Eaa3 LR (ab_e/se) g S
£ Jaé 5 il

The passenger who (knew the pilot/the pilot knew) talked to
the cabin crew before takeoff. **

JU d:‘m‘)j\ (aMJi/Aﬁ:)i) Lsﬂ\ &_43‘53.“ &—\Q\J
8 30,01 At ) &

The golfer who (mentored the teammate/the teammate
mentored) won the coveted national championship. "
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Sample comprehension gquestion for Experiments 1 and 2:

Arabic

English translation

sl ol culady) i Ja

(a) o=
(b) ¥

Did the child wake the mother?

(a) Yes
(b) No

Sample comprehension guestion for Experiments 3 and 4:

Arabic

English translation

Sagaa 2000 il Hlall (g g

(a) Lsilind aals sl
(b) isaall aala ) silisud)

Which of the following statements is true?

(a) The reporter attacked the senator
(b) The senator attacked the reporter
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Appendix B

Participant questionnaire for Self-Paced Reading (Chapter 2) and Recall Task (Chapter 3):

1. Age: (open response)
2. Gender: (open response)
3. Ethnicity: (open response)
4. Race: (open response)
5. Place of birth: (open response)
6. Where you grew up: (open response)
7. Native language: (multi-select)
a. MSA
b. Other (please specify): (open response)
8. Other languages spoken (please describe where learned & how long, degree of fluency/literacy,
and how often used): (open response)
9. How proficient are you in MSA? (1 = poor, 10 = excellent) (scale 1-10)

10. How proficient are you in your dialect? (1 = poor, 10 = excellent) (scale 1-10)
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Appendix C

Raw RTs from Self-Paced Reading (Chapter 2)

(a) 8- (b)  1: matrix NP + RC pronoun
cond e.g., “The reporter who” (s iaall)

gt ~--#--- SRC 2: RC verb + object RP (in ORC)
/ —— ORC e.g., “attacked (him)” (4=sls)

3: RCNP
e.g., “the senator” (L st

R \ 4: matrix verb

e.g., “admitted” (< e )
N 5: spillover 1
6: spillover 2

700
|

Reading time (ms)
650
1

600
|

7: spillover 3

550
|

Figure C.1: (a) Average raw RTs for each region by clause type (after data preprocessing);
(b) Regions of interest with Arabic examples and their English gloss.
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Appendix D

Participant questionnaire for Eye Tracking experiment (Chapter 4):

10.

Age: (open response)
Gender: (single select)
a. Female
b. Male
Country/Place of Birth: (open response)
Place where you grew up: (open response)
Duration of residence in the UAE (in years): (open response)
Do you have normal (or corrected-to-normal) vision? (single select)
a. Yes
b. No
What is your native language (mother tongue)? Please specify the particular dialect of the
language (e.g. Emirati Arabic, Syrian Arabic, etc.): (open response)
For your native language listed above, please rate your current ability in terms of listening,
speaking, reading, and writing (1 = very poor | 2 = poor | 3 = limited | 4 = average | 5= good | 6 =
very good | 7 = excellent) (scale 1-7 for listening, speaking, reading, and writing each)

Do you consider yourself to be proficient in Standard Arabic (SA)? (single select)

a. Yes
b. No
c. Maybe

If your answer was 'yes' OR 'maybe' for Standard Arabic, please rate your current ability in
terms of listening, speaking, reading, and writing (1 = very poor | 2 = poor | 3 = limited | 4 =
average | 5 = good | 6 = very good | 7 = excellent) (scale 1-7 for listening, speaking, reading, and

writing each)
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11. How often do you use Standard Arabic? (single select)
a. Always
b. Often
c. Sometimes
d. Rarely
e. Never
12. Excluding your native language and SA, what other languages do you speak? Please list them
according to your proficiency in descending order. (For each language listed, the participants
then answered the following questions:)
a. Please rate your current ability in terms of listening, speaking, reading, and writing (1 =
very poor | 2 =poor | 3 = limited | 4 = average | 5 = good | 6 = very good | 7 = excellent)
(scale 1-7 for listening, speaking, reading, and writing each)
b. How often do you use LANGUAGE? (single select)
1. Always
ii. Often
iii. Sometimes
iv. Rarely

v. Never
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Appendix E

Supplementary clitic analyses:

To investigate general fixation patterns on clitics in Arabic, 20 of the 80 filler items included in the
experiment contained a clitic manipulation. One version of the filler would include an indefinite noun®
(e.g., “The couple asked the realtor to visit a house in the neighborhood before making a decision.”), and
the other version would include the noun with a possessive pronoun in the form of a suffixed clitic (e.g.,
“The couple asked the realtor to visit their house in the neighborhood before making a decision.”). Each
possessive pronoun was either masculine singular (4; one character), feminine singular (%; two
characters), or masculine plural (a¢; two characters). Possessive pronouns for masculine and feminine
singular were identical in surface form to the RP clitics included in the experimental stimuli. Table E.1
shows average fixation times and regression and skip rates by clitic type for ORC stimuli compared to our

filler items.

Table E.1: Average reading times in ms and probabilities of regressions or skips by clitic type for ORC stimuli and
filler items. No averages are included for the M.P1 clitic for ORC stimuli as none of them included this clitic.

Fixation Metrics = M.Sg (&) F.Sg (%) M.PI (p¢)

ORCs
first fixation 47.59 63.42 -
first pass 48.10 68.00 -
go-past 65.16 105.16 -
total duration 167.42 215.04 -
p(regress) 0.25 0.24 -
p(skip) 0.82 0.77 -

Filler
first fixation 43.57 78.58 107.81
first pass 4483 78.58 115.52
go-past 74.11 125.54 148.87
total duration 91.65 144.51 179.21
p(regress) 0.17 0.20 0.15
p(skip) 0.85 0.71 0.66

8 Indefinite nouns were specifically used instead of definite nouns because definite nouns in Arabic include a
prefixed definite article clitic (e.g., <xsl; al=bai:t; “the house™) which is removed when a possessive pronoun is
added (e.g., 4ix; bai:t=uhu; “his house”). Indefinite nouns do not use indefinite articles (e.g., <w; bai:t; “a house™), so
adding a possessive pronoun to the indefinite noun would only require one edit, not two. Further, we wanted to
avoid edits that would change the initial characters of the word to draw a more direct comparison to the fixation
behaviors we were observing on the RC verb and RP clitic.
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Appendix F

First-Half Second-Half analysis of Experiment 3 (Chapter 4):

m first half = second half

100%
90%
80%
70%
>
9" 60%
£
3
S 50%
9
& 40%
30%
20%
> || ||
0%
O\V—'l\O\MOONVN\DMM—‘O\O—'NMI\OOOI\OWWOO A0~ AN NN 0O T QAN O
N—'V—'VOMVMOM—'QOOM—'—'NNONM—'NMN o=t~ toANNnO —O <t
nununnunnunnuninumununoununounounununnonunmnmnunununununonounmmnununoununnunununununwnunuwnunwnwnunwnonw
Participant

Figure F.1: Average ORC accuracy by participant for the first and second half of the experiment. Participants are
ordered by overall average ORC accuracy, from lowest to highest.
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Appendix G

Participant questionnaire for Experiment 4: Eye Tracking Part 2 (Chapter 5):

1. Age: (open response)
2. Gender: (single select)
a. Male
b. Female
c. Non-binary, genderqueer, or gender non-conforming
d. Prefer not to answer

3. Ethnicity: (open response)

4. Race: (open response)

5. Country/Place of Birth: (open response)

6. Place where you grew up: (open response)

7. Do you have normal (or corrected-to-normal) vision? (single select)

a. Yes
b. No

8. What is your native language (mother tongue)? Please specify the particular dialect of the
language (e.g. Emirati Arabic, Syrian Arabic, etc.): (open response)

9. What other languages do you speak? Please list them according to your proficiency in descending
order. (Participants were instructed to list their native language first. For each language listed,
the participants then answered the following questions:)

a. Please rate your current ability in terms of listening, speaking, reading, and writing (1 =
very poor | 2 =poor | 3 = limited | 4 = average | 5 = good | 6 = very good | 7 = excellent)
(scale 1-7 for listening, speaking, reading, and writing each)

b. How often do you use LANGUAGE? (single select)

i. Always
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ii.

iii.

1v.

Often
Sometimes
Rarely

Never
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Appendix H

Full model estimates for Experiment 4: Eye tracking part 2 (Chapter 5)

Table H.1: Linear and logistic mixed-effects model estimates of the dependent variables on all fixation metrics at the matrix NP, RC pronoun, matrix verb, and
spillover region 1 for the Cor ORC vs. Cor SRC analysis, including SE estimates and Crls. The matrix NP region does not have an estimate for p(regress) as it is
the first region in each sentence and a regressive saccade would be impossible. The % > 0 column shows the percent of the sampled posterior distribution that is

over or under 0; values that are >= 95 for positive estimates or <=5 for negative estimates are considered significant. Estimates that are bolded are significant.
Cor ORC vs. Cor SRC

matrix NP RC pronoun matrix verb spillover 1

Fixation Metrics 3 SE Crl %>0 3 SE Crl %>0 SE Crl %>0 SE Crl %>0
first fixation

ORC -4.87 640 [-17.52,7.87] 22 -1.69 829 [-17.82,14.72] 41 -2.17 948 [-20.82,16.55] 41 -14.75 9.10 [-32.54,3.66] 5

Mismatch vs. Match 6.82  7.21 [-7.25, 21.01] 83  -30.22 22.79 [-75.45,13.91] 9 298 1095 [-18.40,24.41] 61 17.34 10.85 [-3.41,39.03] 95

Double vs. Single 7.52  8.60 [-9.47,24.45] 81 973 9.11 [-27.95,8.17] 14 -4.08 12.88 [-29.45,21.42] 37 6.16 10.84 [-15.36,27.13] 72

Feminine -1.35  6.78 [-14.50,12.07] 42  -27.08 13.50 [-53.64,-0.55] 2 6.88 993 [-12.32,26.67] 76 6.59 8.95 [-11.08,24.25] 77
first pass

ORC -32.69 33.50 [-98.14,32.33] 16 2.05 14.21 [-26.49, 30.19] 56  -528 1697 [-38.66,27.73] 38 -24.68 14.83 [-53.81,4.57] 5

Mismatch vs. Match 48.78  46.22 [-40.13, 140.73] 86  -36.29 37.50 [-108.98,38.87] 16 20.94 22.70 [-22.88,66.36] 82 2935 20.49 [-10.20,70.83] 93

Double vs. Single -111.34 48.84 [-207.91, -15.72] 1 -21.41 15.98 [-53.09,9.72] 9 -15.90 31.00 [-78.09,45.32] 30 -13.55 24.57 [-62.77,34.61] 29

Feminine -16.85 32.28 [-80.04,47.34] 30 -21.19 21.87 [-64.21,22.96] 17 2354 19.94 [-16.04,62.08] 88 4.16 17.99 [-31.50,39.54] 59
go-past

ORC -32.61 32.97 [-97.45,32.04] 16 37.19 3252 [-24.45,104.24] 88 84.57 52.12 [-17.34,187.36] 95 -32.12 75.15 [-181.03, 115.14]33

Mismatch vs. Match 49.30 4590 [-39.33,142.78] 86 -115.2974.77 [-261.64,31.25] 6 -23.83 59.49 [-139.84,92.58] 34 41.16 85.86 [-129.83,210.34]69

Double vs. Single -110.79 49.03 [-208.70, -15.14] 1 -17.54 33.54 [-82.40,49.79] 30 6791 69.14 [-67.78,203.46] 84 100.68 97.89 [-90.02, 295.24] 85

Feminine -17.37 32.08 [-80.96,45.57] 30 -49.10 4091 [-128.68,32.32] 11  149.29 60.16 [31.30,267.86] 99  143.64 83.19 [-20.48,307.03] 96
total duration

ORC 5135 62.71 [-73.14,175.27] 80  -10.71 31.62 [-72.39,50.51] 37  -20.14 38.08 [-94.44,54.48] 29  -42.19 28.51 [-98.65,14.16] 7

Mismatch vs. Match 64.59 85.65 [-103.10,232.95] 78  -382.77 103.12 [-581.19, -178.93] 0 91.71 49.09 [-3.98,190.27] 97 12.32  31.41 [-48.97,74.11] 65

Double vs. Single -77.30 80.37 [-233.17,80.40] 17 37.12 44.07 [-49.01,125.17] 80 -0.74 49.55 [-98.08,96.47] 49 -7.09 39.14 [-84.14,69.07] 43

Feminine 50.58 70.21 [-88.33,188.36] 77 -114.13 58.63 [-230.65, -0.32] 2 97.04 47.73 [1.21,188.96] 98 36.69 31.96 [-25.33,100.07] 87
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p(regress)
ORC -
Mismatch vs. Match -
Double vs. Single -
Feminine -
Dp(skip)
ORC -0.05
Mismatch vs. Match -0.22
Double vs. Single  0.48
Feminine 0.47

0.41
0.49
0.48
0.33

[-0.94, 0.68
[-1.22,0.74
[-0.47, 1.45

]
]
]
[-0.18, 1.11]

48
32
85
93

0.18
-1.05
0.28
-0.41

0.01
0.90
0.06
0.65

0.18
0.55
0.25
0.34

0.17
0.50
0.22
0.23

[-0.16, 0.54]
[-2.14, 0.02]
[-0.21,0.77]
[-1.10,0.24]

[-0.33,0.33]
[-0.05, 1.87]
[-0.37, 0.50]
[0.20, 1.12]

85 0.08
3 -0.12
87 0.41
11 031
54 0.14
97 0.30
61 0.14
100 -0.16

0.16
0.17
0.20
0.16

0.18
0.22
0.24
0.21

[-0.24, 0.39]
[-0.46, 0.22]
[0.01, 0.81]
[-0.01, 0.64]

[-0.22,0.48
[-0.12,0.75
[-0.32, 0.60

]
]
]
[-0.56, 0.26]

70
24
98
97

80
92
72
22

0.16
-0.04
0.11
0.12

0.33

-0.04
-0.21
-0.15

0.20
0.19
0.22
0.20

0.18
0.18
0.23
0.21

[-0.27, 0.55]
[-0.41,0.32]
[-0.33, 0.54]
[-0.29, 0.51]
[-0.01, 0.68]
[-0.41,0.31]
[-0.66, 0.23]
[-0.58, 0.26]

79
41
70
73

97
41
17
24
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Table H.2: Linear and logistic mixed-effects model estimates of the dependent variables on all fixation metrics at spillover regions 2 and 3 for the Cor ORC vs.
Cor SRC analysis, including SE estimates and Crls. The % > 0 column shows the percent of the sampled posterior distribution that is over or under 0; values that
are >= 95 for positive estimates or <= 5 for negative estimates are considered significant. Estimates that are bolded are significant.

Cor ORC vs. Cor SRC

spillover 2 spillover 3
Fixation Metrics B SE Crl %>0 8 SE Crl %>0
first fixation
ORC -18.37 9.20 [-36.64,-0.45] 2 -14.98 9.68 [-34.22, 3.85] 6

Mismatch vs. Match 6.74 1030 [-13.63,26.81] 75 2.07 10.16 [-17.86,22.25] 58
Double vs. Single -13.04 10.76 [-34.23, 8.25] 11 -489 1427 [-32.68,23.53] 36

Feminine -436 9.81 [-23.59,15.17] 32 335 1051 [-17.18,23.97] 63
first pass
ORC -17.03 1539 [-47.31,12.98] 13 -8.24 1893 [-45.04,28.87] 33

Mismatch vs. Match 7.84  18.17 [-27.24,44.41] 67 1616 2528 [-31.88,68.00] 74
Double vs. Single  -36.21 21.83 [-80.04,5.90] 4  -21.14 3227 [-86.12,42.41] 25

Feminine 1.55 16.74 [-31.68,34.61] 53 -44.62 22.87 [-90.54,0.00] 3
go-past

ORC -37.03 109.63 [-252.53,172.95]137 2.24  125.70 [-246.35,251.18] 51

Mismatch vs. Match -15.44 102.91 [-216.49, 189.30]44  88.03 134.65 [-176.31, 350.86] 74

Double vs. Single  -136.35112.53 [-360.36, 83.94] 11  -184.79 155.03 [-488.75,119.71] 11

Feminine -146.16 102.46 [-348.39, 56.09] 8 -20.34 137.19 [-292.26, 245.78] 44
total duration

ORC 1.22  28.02 [-53.78,56.23] 52 1593 3395 [-49.91,82.51] 68

Mismatch vs. Match 23.03  33.28 [-42.36,88.08] 75 61.72 40.69 [-15.40, 144.20] 94
Double vs. Single  -56.94 39.89 [-136.93,20.02] 7 -18.87 39.80 [-97.74,58.34] 31

Feminine -436 3043 [-64.41,56.67] 44 -40.82 35.04 [-111.08,27.87] 12
p(regress)

ORC 022 022 [-0.22,0.65] 84 047 031 [-0.13,1.08] 94

Mismatch vs. Match -0.14  0.20  [-0.54, 0.26] 24 025 033 [-0.41,0.90] 78

Double vs. Single -0.07 0.31  [-0.67, 0.54] 41 0.08 045 [-0.82,0.95] 57

Feminine -025 022 [-0.69,0.18] 13 0.09 035 [-0.60,0.78] 60
p(skip)

ORC 0.19 0.17 [-0.15,0.52] 87 0.12 0.17 [-0.21,0.44] 78

Mismatch vs. Match -0.08  0.16  [-0.41, 0.24] 30 -0.05 0.19 [-0.43,0.31] 39

Double vs. Single 0.16  0.20  [-0.24, 0.54] 79 022 023 [-0.24,0.67] 84

Feminine 022  0.18 [-0.14,0.57] 89 0.07 0.17 [-0.27,0.41] 65
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Table H.3: Linear and logistic mixed-effects model estimates of the dependent variables on all fixation metrics at the matrix NP, RC pronoun, matrix verb, and
spillover region 1 for the Incor ORC vs. Cor ORC analysis, including SE estimates and Crls. The matrix NP region does not have an estimate for p(regress) as it
is the first region in each sentence and a regressive saccade would be impossible. The % > 0 column shows the percent of the sampled posterior distribution that
is over or under 0; values that are >= 95 for positive estimates or <= 5 for negative estimates are considered significant. Estimates that are bolded are significant.
Incor ORC vs. Cor ORC

matrix NP RC pronoun matrix verb spillover 1
Fixation Metrics B SE Crl %>0 SE Crl %>0 8 SE Crl %>0 SE Crl %>0
first fixation
Incorrect 1244 11.17 [-9.74, 34.21] 87 -15.89 17.99 [-51.41,1946] 19 227 16.07 [-29.33,34.09] 56 1133 14.11 [-16.00,39.24] 79
Mismatch vs. Match 6.96 8.73  [-10.11,24.14] 79 -30.69 29.76 [-88.48,28.45] 15 445 1431 [-23.79,32.35] 62 2.04 15.78 [-29.12,33.29] 56
Double vs. Single 2.46  9.86 [-16.81,21.92] 60 -10.15 12.75 [-35.28,15.01] 21 -13.98 16.20 [-46.16,17.84] 19 -4.73 1447 [-32.85,23.99] 37
Feminine -5.61 8.17 [-21.57,10.46] 24 -2485 16.72 [-57.51,8.12] 7 4.51 13.64 [-22.31,31.64] 63 9.83 12.00 [-13.79,33.54] 80
first pass
Incorrect 116.50 82.48 [-45.65,279.41] 93  -22.73 26.86 [-76.05,30.22] 20 20.06 3443 [-47.52,88.38] 72 2194 29.57 [-3542,80.81] 77
Mismatch vs. Match 60.05 49.38 [-35.62,156.96] 89  -62.97 52.25 [-164.88,39.30] 11 -7.61 2743 [-61.31,46.56] 39 10.59 24.48 [-36.84,58.95] 67
Double vs. Single  -190.24 69.77 [-327.03,-51.17] 0 -9.25 2234 [-53.29,34.89] 34 1749 36.27 [-52.63,89.68] 69 -14.77 23.66 [-61.84,31.80] 26
Feminine -20.19 41.75 [-102.32,61.71] 31 -35.72 29.15 [-93.01,21.36] 11 4542 27.71 [-9.22,99.49] 95 23.69 19.18 [-14.10,61.52] &9
go-past
Incorrect 116.78 81.89 [-43.01,279.73] 93 -69.48 46.56 [-160.64,21.44] 7 31.25 122.77 [-212.57,271.25]161  -34.88 109.80 [-249.84, 180.83] 37
Mismatch vs. Match 59.72  48.59 [-36.93, 155.65] 89  -19.59 103.47 [-223.82,183.68]42 -49.80 89.53 [-225.47,125.42]129 -47.71 90.76 [-224.97,130.55]30
Double vs. Single -189.39 69.55 [-326.17, -52.58] 0 -71.84 58.62 [-186.87,44.19] 11 112.49 117.65 [-119.85,344.15] 83 107.81 112.53 [-111.00, 330.36] 84
Feminine -20.17 41.63 [-102.05,60.73] 31 -59.17 53.95 [-165.54,47.41] 13 200.30 88.70 [25.73,375.12] 99 247.11 102.93 [44.28, 450.28] 99
total duration
Incorrect 37.18 106.70 [-172.58, 245.96] 64 1631 5630 [-94.72,125.66] 62 2596 76.80 [-123.70,181.66]64 52.31 56.25 [-57.42,163.06] 83
Mismatch vs. Match 55.10  120.86 [-185.01,291.13]168  -235.70 121.79 [-476.15,5.32] 3 49.28 58.07 [-63.79,164.47] 81 -39.10 39.73 [-118.02,39.05] 16
Double vs. Single  -231.90 122.35 [-478.53, 6.44] 3 15.67 54.14 [-93.05,122.27] 62 2396 59.06 [-90.86,140.27] 66 -1.47 49.06 [-97.30,93.47] 49
Feminine -43.59 97.05 [-234.40,144.43133  -73.19 71.75 [-213.74,64.84] 15 118.30 50.63 [18.29,218.08] 99 80.94 43.65 [-4.12,167.71] 97
p(regress)
Incorrect - - - -0.78 0.54 [-2.02,0.11] 5 -0.12  0.26  [-0.65, 0.38] 34  -021 030 [-0.81,0.37] 24
Mismatch vs. Match - - - -0.47 0.76  [-1.97,1.01] 27 -0.15 0.22 [-0.59,0.27] 24 0.18 0.26 [-0.33,0.68] 76
Double vs. Single - - - 0.11 0.47  [-0.79, 1.08] 59  0.23 0.30 [-0.36,0.82] 78 030 0.33 [-0.34,0.95] 83
Feminine - - - -0.22 044 [-1.13,0.61] 30 0.13 021 [-0.29,0.55] 74 037 027 [-0.17,0.89] 91
P(skip)
Incorrect 0.61 062 [-1.99,0.46] 15 026 039 [-0.56, 1.00] 76 -0.06 037 [-0.86,0.61] 45 -0.69 034 [-1.42,-0.08] 1
Mismatch vs. Match -0.40  0.58  [-1.60, 0.71] 23092 0.64 [-0.34,2.20] 92 020 027 [-0.31,0.74] 78  0.23 0.24  [-0.25,0.71] 84
Double vs. Single  0.21 0.55 [-0.90, 1.28] 66 0.11 0.29  [-0.44, 0.69] 64 042 030 [-0.14,1.03] 93  -0.10 0.29 [-0.68, 0.46] 37
Feminine 0.20 0.40 [-0.59,0.96] 71 0.41 0.33  [-0.24, 1.06] 90 -0.09 0.27 [-0.63,0.46] 36 -0.14 025 [-0.64,0.33] 28
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Table 7.4: Linear and logistic mixed-effects model estimates of the dependent variables on all fixation metrics at spillover regions 2 and 3 for the Incor ORC vs.
Cor ORC analysis, including SE estimates and Crls. The % > 0 column shows the percent of the sampled posterior distribution that is over or under 0; values that
are >= 95 for positive estimates or <= 5 for negative estimates are considered significant. Estimates that are bolded are significant.

Incor ORC vs. Cor ORC

spillover 2 spillover 3
Fixation Metrics B SE Crl %>0 8 SE Crl %>0
first fixation
Incorrect 2469 18.12 [-11.10,59.89] 92 -0.10 17.47 [-35.35,33.28] 51
Mismatch vs. Match -0.10  13.02 [-25.70,25.62] 49 8.87 13.07 [-16.65,34.44] 75
Double vs. Single -16.45 13.77 [-43.49,1042] 12 -6.31 1599 [-37.81,25.21] 35
Feminine -7.95 1274 [-33.09,16.76] 26 -4.16 1292 [-29.93,21.05] 37
first pass
Incorrect 19.49 33.77 [-46.36,85.31] 72 499 40.23 [-75.89,83.97] 56

Mismatch vs. Match 11.80 26.23 [-38.93,65.67] 67 32.64 31.13 [-27.43,94.69] 86
Double vs. Single  -77.69 45.39 [-167.43,11.40] 4 -57.00 31.80 [-119.34,4.92] 4

Feminine 10.52 22.74 [-33.98,55.83] 68 -41.46 26.85 [-94.65,10.81] 6
go-past

Incorrect 190.44 207.23 [-220.29,596.14]1 83  -73.09 233.59 [-532.95,376.02] 38

Mismatch vs. Match 63.57 146.96 [-221.27,355.38]167  59.98 181.25 [-297.53,418.77] 63

Double vs. Single -141.92 165.48 [-463.10, 184.22]1 19  -220.51 209.67 [-628.71, 193.74] 14

Feminine -88.09 133.59 [-353.53,173.92]25 53.83 175.01 [-292.12,398.19] 62
total duration

Incorrect 14.04 5228 [-8691,117.37] 61 -7.92 62.87 [-131.44,116.15]45

Mismatch vs. Match 12.19  41.32 [-68.41,92.75] 61  52.83 46.65 [-37.36,144.70] 87
Double vs. Single  -81.59 61.35 [-203.35,39.59] 9 -52.34 51.72 [-153.92,48.18] 15

Feminine -12.67 44.82 [-101.55,75.52] 39 -44.03 42.67 [-128.20,39.84] 15
p(regress)

Incorrect -0.05 033 [-0.71, 0.59] 43 0.10 0.69 [-1.27,1.48] 56

Mismatch vs. Match -0.15  0.25  [-0.65, 0.34] 27  -037 046 [-1.28,0.51] 20

Double vs. Single -0.04 0.32  [-0.68, 0.59] 45 -026 0.69 [-1.63,1.08] 35

Feminine 0.05 027 [-0.47,0.58] 58 027 049 [-0.66,1.28] 71
p(skip)

Incorrect -0.41 040 [-1.28,0.30 14 -0.16 032 [-0.80, 0.46] 31

Mismatch vs. Match -0.14  0.22  [-0.58, 0.30
Double vs. Single  0.29  0.28  [-0.25, 0.85
Feminine 025 026 [-0.28,0.76

26 -026 022 [-0.70,0.17] 12
8 051 028 [-0.03,1.09] 97

]
]
]
] 83 024 022 [-020,067] 86
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Table H.5: Linear and logistic mixed-effects model estimates of the dependent variables on all fixation metrics at the matrix NP, RC pronoun, matrix verb, and
spillover region 1 for the Incor ORC vs. Cor SRC analysis, including SE estimates and Crls. The matrix NP region does not have an estimate for p(regress) as it
is the first region in each sentence and a regressive saccade would be impossible. The % > 0 column shows the percent of the sampled posterior distribution that
is over or under 0; values that are >= 95 for positive estimates or <= 5 for negative estimates are considered significant. Estimates that are bolded are significant.
Incor ORC vs. Cor SRC

matrix NP RC pronoun matrix verb spillover 1
Fixation Metrics B SE Crl %>0 SE Crl %>0 8 SE Crl %>0 SE Crl %>0
first fixation
ORC 9.38 10.89 [-12.52,30.31] 81 -17.88 15.37 [-48.53,11.69] 12 -548 1552 [-35.78,25.02] 36 -5.55 13.68 [-32.33,21.62] 34
Mismatch vs. Match 4.27  8.17  [-11.81,20.40] 70 -13.90 28.60 [-69.48,42.29] 31 1.38 13.71 [-25.92,28.05] 54 17.56 10.69 [-3.50,38.83] 95
Double vs. Single 7.77 997 [-11.82,27.45] 79 -826 1229 [-32.55,1592] 25 -9.01 14.01 [-36.48,18.65] 26 1.97 13.29 [-24.44,28.07] 56
Feminine 247 7.62 [-12.46,17.52] 63  -13.22 17.61 [-47.88,21.51] 22 1.69 11.76 [-21.34,25.07] 56 0.46 11.26 [-21.55,22.48] 52
first pass
ORC 40.54 81.54 [-115.57,205.08]169  -11.75 21.50 [-54.60,30.39] 29 350 3190 [-58.91,66.75] 55 -18.95 3031 [-78.32,40.51] 27
Mismatch vs. Match 65.22  52.24 [-39.04,167.82] 90  -62.47 47.12 [-154.60,29.22] 9 17.06 28.67 [-38.91,73.99] 73 34.61 22.66 [-9.81,78.61] 94
Double vs. Single  -48.72 51.72 [-149.46,53.75] 17  -13.29 20.76 [-54.17,27.76] 26 -40.95 2846 [-96.83,14.30] 7 -15.22 3249 [-80.81,48.05] 32
Feminine -10.44 4297 [-95.46,74.07] 40 -16.94 2738 [-70.57,37.29] 27 5.04 25.05 [-43.89,54.35] 58 -5.78 22.00 [-49.30,37.18] 40
go-past
ORC 3997 83.04 [-121.53,205.94]69  -26.05 46.35 [-120.77,62.33] 29 82.76 136.78 [-191.70,346.63]174 -92.19 110.81 [-307.36, 127.89] 20
Mismatch vs. Match 65.59 52.82 [-40.31,170.02] 90  -188.00 84.65 [-353.66,-21.73] 1 14.40 77.59 [-139.36,167.08]57 60.01 100.33 [-137.13,259.91]73
Double vs. Single  -48.18 52.02 [-149.40,54.91] 18 -4.77 36.79 [-76.57,68.18] 45 7423 7849 [-80.16,228.72] 83  25.68 137.89 [-248.37,296.34] 58
Feminine -10.95 42.60 [-94.61,73.20] 40 -34.28 56.29 [-144.50,76.06] 27  159.49 70.47 [20.78,295.05] 99 114.32 9834 [-78.14,311.85] 88
total duration
ORC 21.26 102.90 [-178.07,226.62]58  32.34 52.09 [-70.13,134.09] 73 -7.99 60.68 [-125.17,112.44]145 -10.63 56.02 [-120.26,99.89] 42
Mismatch vs. Match 167.74 96.25 [-22.72,357.17] 96 -289.67 131.42 [-546.97, -30.48] 1 9537 63.28 [-28.95,219.79] 94 26.81 36.80 [-45.15,99.46] 77
Double vs. Single  -27.99 86.79 [-200.15, 144.24]137  19.60 55.50 [-89.76,129.13] 64 -34.99 56.26 [-144.86,75.44] 26 -5436 44.51 [-143.19,32.78] 11
Feminine 118.64 71.51 [-21.77,258.38] 95 -42.32 7049 [-181.95,95.49] 27 133.19 52.49 [30.22,235.85] 99 18.18 36.31 [-52.70,89.14] 70
p(regress)
ORC - - - -0.52 053 [-1.74,0.34] 15 007 025 [-0.44,0.55] 62 -0.07 0.26 [-0.61,0.43] 40
Mismatch vs. Match - - - 2.18 074 [3.65,-075] 0 003 020 [-037,043] 55 -024 021 [-0.65,0.16] 12
Double vs. Single - - - 0.08 033 [-0.58,0.72] 60 0.67 022 [0.23,1.11] 100 -031 030 [-0.92,0.26] 15
Feminine - - - -1.38 055 [-251,-034] 0 053 0.19 [0.15,0.90] 100 0.02 022 [-0.41,0.45] 55
p(skip)
ORC -0.37 0.67 [-1.95,0.69] 31 0.16 0.36 [-0.62,0.82] 71 0.09 035 [-0.65,0.72] 63 -0.23 0.35 [-0.97,0.41] 26
Mismatch vs. Match 0.15  0.54  [-0.92, 1.23] 61 0.72  0.63 [-0.52,1.94] 87 034 024 [-0.13,0.82] 92  -0.04 0.22 [-0.46,0.39] 44
Double vs. Single 045  0.52  [-0.58, 1.50] 82 0.04 029 [-0.53,0.63] 56 035 026 [-0.17,0.87] 91 -0.28 0.28 [-0.83,0.27] 16
Feminine 0.50 042 [-0.33,1.32] 89 0.66 031 [0.06,1.27] 98 0.07 023 [-0.37,0.53] 62 -0.14 028 [-0.69,0.41] 30
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Table H.6: Linear and logistic mixed-effects model estimates of the dependent variables on all fixation metrics at spillover regions 2 and 3 for the Incor ORC vs.
Cor SRC analysis, including SE estimates and Crls. The % > 0 column shows the percent of the sampled posterior distribution that is over or under 0; values that
are >= 95 for positive estimates or <= 5 for negative estimates are considered significant. Estimates that are bolded are significant.

Incor ORC vs. Cor SRC

spillover 2 spillover 3
Fixation Metrics B SE Crl %>0 8 SE Crl %>0
first fixation
ORC 0.69 15.62 [-30.17,31.48] 52 -1542 16.67 [-48.90,17.21] 17
Mismatch vs. Match 7.69 13.93 [-19.56,35.31] 71 -5.13  12.62 [-29.76,20.02] 34
Double vs. Single -9.30 1523 [-39.20,20.90] 27 -2.17 17.72 [-36.99,32.56] 45
Feminine -15.98 11.42 [-38.46, 6.26] 8 12.81 14.66 [-16.19,41.16] 81
first pass
ORC 8.26  31.51 [-54.14,70.32] 61 -16.38 41.68 [-100.10, 64.67] 35

Mismatch vs. Match 26.72  22.08 [-16.26,70.44] 89 1556 27.49 [-38.35,69.60] 72
Double vs. Single  -38.98 32.75 [-104.13,25.90] 11  -26.59 38.62 [-101.93,50.48] 24

Feminine 438 2490 [-44.11,53.79] 57 -43.53 27.83 [-98.45,11.73] 6
go-past

ORC 125.73 162.88 [-188.78,449.50]178  -77.79 210.03 [-490.96, 328.81] 36

Mismatch vs. Match 92.36  115.73 [-133.92,318.23]79  205.38 170.12 [-126.14, 534.29] 88

Double vs. Single  -346.79 142.57 [-624.18, -65.22] 1 -134.10 185.23 [-499.12, 230.51]23

Feminine -68.34 112.60 [-289.97,152.29]127  -139.45 155.66 [-448.09, 165.76] 19
total duration

ORC 10.19 47.19 [-82.44,102.56] 58 -13.98 79.40 [-172.58,142.12]43

Mismatch vs. Match 32.12  35.88 [-37.14,103.75] 82 34.66 4220 [-48.26,118.01] 80
Double vs. Single  -75.38 51.34 [-176.01,25.78] 7 -47.68 51.10 [-148.90,52.34] 17

Feminine 18.90 38.60 [-56.30,95.06] 69 -27.09 39.38 [-103.96,49.91] 24
p(regress)

ORC 025 033 [-0.41,0.91] 78 0.15 0.63 [-1.07, 1.43] 60

Mismatch vs. Match 0.05  0.26  [-0.46, 0.56] 58 040 040 [-0.37,1.23] 85

Double vs. Single -0.32  0.34  [-0.99, 0.35] 17 -0.13 055 [-1.23,0.97] 40

Feminine -0.22 029 [-0.78, 0.35] 22 0.19 041 [-0.62,0.99] 68
p(skip)

ORC -0.17 038  [-1.00, 0.50] 35  -0.04 033 [-0.71,0.59] 47

Mismatch vs. Match -0.08  0.21  [-0.49, 0.33] 35 027 023 [-0.18,0.72] 88

Double vs. Single 0.13  0.25  [-0.36,0.61] 70  -0.04 027 [-0.57,0.47] 44

Feminine 033 0.20 [-0.08,0.73] 95 -0.22 022 [-0.66,0.21] 15





