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Abstract

Language processing requires us to integrate incoming linguistic representations with repre-
sentations of past input, often across intervening words and phrases. This computational sit-
uation has been argued to require retrieval of the appropriate representations from memory
via a set of features or representations serving as retrieval cues. However, even within in a
cue-based retrieval account of language comprehension, both the structure of retrieval cues
and the particular computation that underlies direct-access retrieval are still underspecified.
Evidence from two event-related brain potential (ERP) experiments that show cue-based
interference from different types of linguistic representations during ellipsis comprehension
are consistent with an architecture wherein different cue types are integrated, and where the
interaction of cue with the recent contents of memory determines processing outcome,
including expression of the interference effect in ERP componentry. | conclude that retrieval
likely includes a computation where cues are integrated with the contents of memory via a
linear weighting scheme, and | propose vector addition as a candidate formalization of this
computation. | attempt to account for these effects and other related phenomena within a
broader cue-based framework of language processing.

Introduction

Language comprehension requires the generation of hierarchical linguistic representations
across multiple timescales. The appropriate representations within a hierarchical sentence
structure must be interpreted together, even though they are often separated from each other
in time and space. For example:

(1) The child who loved claiming that the moon belonged to him smiled.

Though in (1), the noun phrase the moon is closer to the verb, it is the noun phrase the child
who loved claiming that the moon belonged to him that must be integrated with smiled as the
subject of that verb phrase. This representational configuration means that phrasal computa-
tions must span over intervening words and phrases, such that certain representations, but not
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others, are combined and interpreted together. This computational challenge can become
even more complex due a powerful compression algorithm in human language-ellipsis, where
information (words and phrases) that is already given in the discourse can be omitted (i.e., not
pronounced) but still understood, as in (2):

(2) The child searched for the moon in the night sky, and after some cajoling and whining, his
father did too.

In (2), the phrase did too stands in for the phrase searched for the moon in the night sky. The
information in the latter phrase can be compressed into the former, and then recovered and
interpreted in a new position in the sentence with a new referent as its subject. But how is the
relationship between the two forms, between the antecedent and the ellipsis, established in the
first place? How are other intervening words, phrases, or other meanings, excluded as anteced-
ents for the ellipsis? In other words, what information links the antecedent to the ellipsis site,
or cues it in memory?

In this paper, I present data from two event-related brain potential experiments that show
interference as function of the relation between recently processed linguistic information, and
the features of a critical phrase that is intended to be elliptical. I argue that these effects are con-
sistent with a computational architecture wherein different levels of linguistic representation
in the current input or processing moment are combined via a linear weighting scheme and
then integrated with the contents of memory using vector addition in order to elicit an ante-
cedent from memory.

Ellipsis presents a complex computational challenge to the parser. Many linguistic depen-
dencies, for example, subject-verb dependencies, as in (1), make use of explicit structural infor-
mation between the verb and noun, for example, between smiled and the child in (1), to relate
the appropriate constituents to each other and to exclude inappropriate representations like
the moon. Other relevant types of information, such as the animate subject requirement of
smiled, person and number features (regardless of morphological syncretism in English) pre-
sumably further cue the relationship between smiled and the child. However, under ellipsis,
e.g., in (2), the source of the information leading to the right meaning for did too is less well-
understood. This paper seeks to understand what information that leads to the recovery of
elided meaning from memory, and to infer how that recovery might occur by manipulating
both information in memory and the status of retrieval cues.

In (1) and (2), the right representations must be recovered from memory in order for lan-
guage comprehension to occur. Early insight in linguistics and psycholinguistics has invoked a
pivotal role for memory in online language processing (e.g., [1]). In the last two decades, theo-
ries about the computational infrastructure of memory for language processing have grown
more articulated, namely, as a basic recognition memory architecture for processing linguistic
representations, or the cue-based retrieval framework [2-15]. Cue-based retrieval aims to
extend the computational architecture of human recognition memory and its mechanistic
principles [11, 16, 17] to language processing contexts; the focus of the framework thus far has
been retrieval from memory during long-distance dependency formation, as in the examples
above. Cue-based retrieval does not specify any computational difference between word recog-
nition and retrieval of a displaced or distal constituent, though there are likely important dif-
ferences, which could be expressed either in terms of threshold of activation required or in
terms of the structured representations that are activated. In the framework, the main determi-
nant of whether a representation is successfully recovered from memory is interference, which
arises as a function of retrieval cues matching more than one item in memory, such that the
presence of similar items in memory lowers the likelihood of retrieval for a given target since
retrieval cues are no longer diagnostic to a single, unique item in memory. I will briefly sketch
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the computational architecture that gives rise to cue-based retrieval interference as the primary
determinant of processing difficulty.

In the cue-based framework, retrieval is required whenever a representation that is no lon-
ger in the current focus of attention is needed for interpretation to occur [11]. Experiments
measuring processing speed during retrieval have used subject-verb dependencies [9, 13], pro-
nouns [2], and ellipsis [6-8]. These findings, along with others from the memory literature,
suggest that retrieval occurs via contact of retrieval cues with representations in memory, and
is a direct-access operation. The main argument for direct-access retrieval (and against engage-
ment of a serial search of memory, as recruited to recover the temporal order information
needed in judgements of recency and n-back tasks; see [17, 18] is that retrieval speed is con-
stant in both list-learning and sentence contexts: recognition judgments on items from outside
of the focus of attention take, on average, ~250msec longer compared to responses to items in
the focus of attention. Under a search, retrieval speed would vary as a function of set size, dis-
tance, or serial position of a target. It simply does not appear to do so [11, 16].

Direct-access retrieval has significant implications for the computational architecture of
language processing, as well as for that of semantic memory representations more generally. It
strongly implies that memory representations are organised and found by virtue of their con-
tent, i.e., are content-addressable, such that retrieval can occur without a search through mem-
ory [4, 6-9, 16]. In such an architecture, the content-addressability of representations is a
powerful first principle that determines processing outcome—information at the moment of
retrieval, or retrieval cues, must make contact with other representations (or their features) in
memory to elicit the target representation [11]. But, if other “non-target” representations
match or partially match the cues, the likelihood of successful retrieval of the target representa-
tion necessarily decreases. Thus, this powerful first principle of content-addressability leads to
another: susceptibility to interference from similar items in memory. Distinctiveness can also
be disruptive to retrieval, but the true spectrum or continuum of interference effects as a func-
tion of similarity or distinctiveness is still unknown [19-22].

Under this architecture, the extent to which ‘unintended’ memory representations with
content-overlap interfere with retrieval naturally emerges as the primary determinant of
retrieval difficulty and forgetting [11, 23, 24], and therefore of sentence processing difficulty
during dependency resolution [4, 12, 13, 14, 19, 20, 25-30]. This decrease in likelihood of suc-
cessful retrieval is known as cue-based retrieval interference. Cue-based interference is a func-
tion of cue overload, which is also described or formalized as cue diagnosticity-the match
between cues and the target divided by the match between cues with other items in memory
[5, 19, 23].

Cue-based interference effects and their representational sources

The cue-based architecture naturally prompts the question as to what information serves as
retrieval cues during dependency resolution. Minimally, some basic representation types are
obvious-in subject-verb dependencies, information on the displaced verb must somehow lead
to retrieval of the subject, whereas a pronoun signals its antecedent in some languages via gen-
der agreement, and verb phrase ellipsis, in English, its antecedent via voice and other features.
Representation types implicated as retrieval cues, and thus argued to create interference, span
arange in the extant literature. For example, semantic features on noun phrases, which also
impact their referential status, create an interference pattern such that proper or occupation
nouns tend to interfere with each other more than a proper name or pronoun does [25, 26].
The structural relationship between dependent elements is clearly of central importance, but
the evidence is mixed as to how fungible structural constraints can be [14, 19, 20, 31-37], and
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it still unclear how structural relations are computed and passed forward incrementally during
processing—nonetheless structural cues are no doubt crucial. Animacy is another dimension
along which retrieval interference appears to accrue-animate nouns in memory, but not inani-
mate ones, interfere with retrieval when the cues on a verb demand an animate subject [12, 14,
38]. Effects of biological and grammatical gender on reflexive anaphor resolution can also be
seen as a form of interference effect [21, 22]. Furthermore, the large literature on agreement
attraction can also be interpreted as a series of interference effects, wherein morphosyntactic
features interfere with each other during both in production and comprehension [30, 39, 40].
Similarly, so-called grammatical illusions, where ungrammatical structures or semantically
anomalous representations go temporarily unnoticed as such, might arise from a degree of
cue-match that obscures or masks the underlying representational insufficiency [15, 37, 41,
42]. There is also behavioural evidence that agreement features can be projected forward and
affect perception of dependent morphemes [43].

Other types of information that are either nominally present or given in the processing con-
text, such as prominence, focus, or givenness, might also serve as features on the target in
memory or as retrieval cues. One way to discover the role of information that is not explicit or
overtly coded, is to manipulate not only aspects of the overt retrieval cue, but also of the recent
contents of memory to observe what sorts of representations are disruptive to retrieval and to
subsequent interpretation or processing. If interference effects can be modulated as a function
of manipulation of different kinds of information, that would suggest that cues are integrated
or combined at retrieval to elicit the target.

The current study

In order to investigate what information serves as retrieval cues, and to observe how those
cues interface with memory, a linguistic construction is needed where (1) material before the
dependency site can be manipulated without introducing ambiguity, and (2) overt cues at the
retrieval site can be manipulated. Crossing these two factors will allow the observation of the
interaction between retrieval cues and contents of memory and shed light both on cue repre-
sentations and the computational mechanism by which cues probe memory. Ellipsis, where
part of a representation can be omitted yet is still understood, provides a useful lens because it
allows both these factors to be manipulated. Crossing cue validity of the ellipsis site (e.g.,
Because Jane drank the cocktail that was served by the waiter, Bill did/* was too), with a manipu-
lation of the representations that were recently processed (i.e., voice features of active versus
passive on a verb phrase in a relative clause that cannot be an antecedent for the ellipsis—
Because Jane drank the cocktail that the waiter served, Bill did/*was too.) yields such a process-
ing context. In the resulting violation paradigm, a cue is Valid or Invalid, such that it either
had matching or mismatching voice to the antecedent, rendering the ellipsis grammatical or
ungrammatical. Only when the voice of the cue matches the antecedent, is it successfully elic-
ited; this means that in the case of a passive antecedent, passive voice cues elicit the antecedent
while active voice cues do not, and vice versa. The attractor verb phrase occurred in a relative
clause, and therefore could never be an antecedent for the ellipsis site. The voice of the
attractor verb phrase was manipulated to match the antecedent and the Correct cue (Attractor
Same) or to be different (Attractor Different) from the antecedent and Correct cue (see Meth-
ods below for an example and Appendix 1 for a full list of stimuli).

Predictions

One possibility is that cue validity does not interact with recently processed representational
features in memory, because those features or representations are not in a syntactically-
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licensed position for the ellipsis. If this is the case, then a main effect of cue validity would be
observed, and it would indicate that retrieval cues are either structurally diagnostic to the ante-
cedent, or not composed of multiple information types. On the other hand, if partial cue-
match to recently processed (but syntactically illicit) representations in memory is observed,
an interaction between cue validity and attractor voice is predicted. Such a pattern would indi-
cate that multiple types of cues are integrated, but that the recent contents of memory controls
how information types affect processing. In other words, if composite retrieval cues are com-
pared with all of memory, not privileged representations or locations, then latent partial cue-
match will disrupt processing. The existing literature predicts that the disruption could be
driven by mean differences between all four conditions: (1) a > b: Prediction of classic similar-
ity-based interference, such that matching voice on retrieval cue matches more than one verb
phrase in memory and is thus disruptive to retrieval, (2) b > a: Consistent with [19, 20] where
during computation of morphosyntactic agreement, distinctiveness of a morpheme was dis-
ruptive to retrieval even during grammatical ellipsis with a valid cue, (3) ¢ > d: Consistent
with [19, 20] in that distinctiveness is disruptive, but also when no grammatical antecedent is
readily elicited, or under ungrammatical ellipsis, which was not observed by [19, 20]., (4)

d > c: Classic prediction of similarity-based interference but only arises in the absence of a
readily elicited grammatical antecedent.

Event-related brain potentials as an index of cue-based interference during
sentence comprehension

One way to observe processing to test the interaction predictions above is by calculating event-
related brain potentials (ERPs). ERPs offer multidimensional (polarity, morphology, scalp-dis-
tribution) information about whether the brain, and by inference, cognitive processing, is dif-
ferentially sensitive to linguistic or other representational manipulations [44, 45].
Furthermore, ERPs register processing on a millisecond timescale and can offer a sensitivity
that behavioural paradigms sometimes cannot offer, especially when attempting to observe
transient representational states over time, which may or may not affect behavioural outcomes
[19, 44-46]. Event-related brain potentials can offer a nuanced view of interference effects,
reflecting them even when they might not affect overt behavioural responses [19, 20]. How-
ever, the literature suggests mixed predictions in terms of the components likely to be elicited
in this ellipsis paradigm [47, 48, 49]. In the aforementioned ERP literature on ellipsis-related
phenomena, many variants have been tested, but differences in stimuli characteristics (e.g.,
syntactic category, language, syntactic licensing, plausibility and other manipulations) makes
generating precise or highly-specified ERP predictions difficult. On balance, given the mor-
phosyntactic agreement violation is the root of the Cue Validity manipulation, an amplitude
modulation of the P600 component is expected, including an expression of one of the interac-
tion patterns described above [19, 20, 27, 50].

1 Experiment 1
1.1 Methods

1.1.1 Participants. Twenty- four British English monolingual native speakers (19 females)
aged between 18 and 34 years (M = 22 years) participated in the experiment, one was excluded
for poor data quality, leading to a total of twenty-three participants. An additional participant
was excluded from analyses due to excessive artefacts. All participants were right-handed and
were free from neurological or language disorders. None of them have participated in the pre-
test that is described in the Stimuli and Experimental Design section. Ethics approval was
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obtained the School of Philosophy, Psychology, and Language Sciences research ethics com-
mittee (230-1617/2). Written informed consent was obtained from participants and their data
were anonymized.

1.1.2 Stimuli and experimental design. The experimental stimuli consisted of 156 qua-
druplets like (a-d) in Table 1.

These four conditions were based on a 2 (Cue Validity: Valid vs. Invalid cue) by 2 (Attractor
Voice: Same vs. Different) fully-crossed design. Cue Validity was determined by whether the
phrase was too or did too corresponded with the voice features of the antecedent verb phrase. In
the Same Voice conditions (a & c), the antecedent and the attractor verb phrase in the relative
clause had the same active or passive voice (got the meal-sold (the meal)), whereas in the Differ-
ent voice conditions (b & d), the main verb was active and the verb in the relative clause was
passive (got the meal-was sold by), or vice versa. The voice of the main verb phrase was counter-
balanced (i.e., half the sentences were active and the other half was passive). For each item, one
grammatical and one ungrammatical control sentence that did not contain a relative clause were
created (“Because Jane got the meal after a cocktail at brunch, Erik did too/ was too, as usual.”).
Additional 160 grammatical sentences that did not have ellipsis were included as fillers.

1.1.3 Procedure. The 316 items were divided into six counterbalanced lists, so that each
list contained one of the six (four critical and two control) conditions per item and had the
same number of sentences from each condition. The sentences were pseudorandomised such
that no condition appeared more than three times consecutively.

Participants silently read each sentence from a computer display, presented in the centre of
the display word by word at a word duration of 300 ms (200 ms inter-word interval, sentence
final word had a 600 ms word duration), except the critical words was too/ did too that were
presented together. A fixation-cross followed each sentence, at which point participants could
start the next sentence by making a button-press. Yes-No comprehension questions appeared
on 25% of the trials (mean accuracy = 91.3%, SD = 4.6%, range = 78.2-98.5%, 16% of the
responses are excluded due to time outs). After the EEG experiment, participants performed a
computerised Reading Span Test [51]. Their task was to read aloud random sets of two to six
unrelated sentences and to recall every final word after each set. The total number of words
recalled was used as their reading span. The experiment took approximately 70 minutes.

1.1.4 Electroencephalogram (EEG) recording and data pre-processing. The electroen-
cephalogram (EEG) was recorded at a sample rate of 512 Hz and with 24-bit AD conversion
using the Biosemi ActiveTwo system (BioSemi BV, Amsterdam, The Netherlands). The system
was DC coupled and a digital low pass was applied approximating a low-pass filter at 100 Hz.
Data was recorded from 64 EEG, 4 EOG, and 2 mastoid electrodes using the standard 10/20
system. Offline, the EEG was re-referenced to the mastoid average and filtered further (0.2-20
Hz plus 50 Hz Notch filter). Data was segmented into 1200 ms epochs (-200-1000 ms relative
to critical word onset), corrected for eye-movements using the Gratton and Coles regression

Table 1.

Condition Sentence
Valid Cue, Same Voice a) Because Jane got the meal that the takeaway sold that night, John did too, as usual.

Valid Cue, Different Voice | b) Because Jane got the meal that was sold by the takeaway that night, John did too, as
usual.

Invalid Cue, Different c) Because Jane got the meal that the takeaway sold that night, John was too, as usual.
Voice

Invalid Cue, Same Voice d) Because Jane got the meal that was sold by the takeaway that night, John was too, as
usual.

https://doi.org/10.1371/journal.pone.0206616.t001
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procedure as implemented in BrainVision Analyzer (Brain Products), baseline-corrected to
0-200 ms, automatically screened for movement- or electrode-artefacts (minimal/maximal
allowed amplitude = -75/75 uV), and averaged per condition per participant. The mean pro-
portion of artefact-free trials across conditions was 89% (SD = 10%), with no difference across
conditions. Using a standard baseline (-100-0 ms) left visible ERP differences in an early time
window despite the fact that the three words preceding the critical word were identical across
conditions. Specifically, the Grammatical Attractor Same condition elicited more negative
ERPs relative to the other three conditions between around 0-200 ms. To avoid this difference
affecting the critical analysis in a later time window, the data were analysed using a post-stimu-
lus baseline [52-55].

1.1.5 Statistical analysis. Mean amplitude was computed for frontal and posterior chan-
nels separately, and per participant and per item, at 26 frontal electrodes (Fp1/AF3/AF7/F1/
F3/F5/F7/FC1/FC3/FC5/FT7 plus right-hemisphere equivalents, and Fpz/AFz/Fz/FCz) in the
time windows 600-800 ms and 800-1000 ms to cover the traditional window of the P600 com-
ponent, and at 26 posterior electrodes (O1/PO3/PO7/P1/P3/P5/P7/PC1/PC3/PC5/TP7 plus
right-hemisphere equivalents, and Oz/POz/Pz/PCz) in the same time windows. A linear
mixed-effects model evaluated the ERP amplitude predicted by the fixed effects of Cue Validity
(Valid vs. Invalid) and Voice (Same vs. Different), and by the interaction of the two. The Cue
Validity and Voice factors were contrast-coded using deviation coding. The model addition-
ally included random intercepts by participants and by items.

1.2 Results

Visual inspection of the ERP suggests that when the attractor had a Different Voice, Invalid
Cue critical phrases elicited a larger positivity relative to Valid Cue equivalents starting from
about 700 ms, the difference peaking at around 900 ms (see Fig 1). This effect was broadly dis-
tributed at frontal channels, suggesting a frontal P600 effect. In contrast, when the attractor
had the Same Voice as the antecedent, Valid Cue critical phrases elicited a larger positivity
than Invalid Cue equivalents. A model with random slopes of Cue Validity and Voice was also
run, but it did not converge, even when the interaction term was removed.

I report the mean difference (B), standard error (SE) and ¢-values, where ¢ > |2| indicates a
significant effect. The linear mixed-effects models for both frontal and posterior channels did
not show any significant effects for the 600-800 ms time window. However, frontal channels
on the 800-1000 ms time window revealed a significant interaction of Cue Validity by
Attractor Voice, f=-1.9, SE =.76, t = -2.5. To resolve the interaction, another model was con-
structed to test the effect of Cue Validity for the Same and for the Different Voice conditions
separately. The model included random intercepts and slopes by participants and by items,
and a random slope by Cue Validity. The model of the data including the Different Voice con-
ditions revealed a significant effect of Cue Validity, 8 =-1.2, SE = .61, t = -2.0, while the model
on the data including the Attractor Same Voice conditions did not reveal a significant effect of
Cue Validity. The model run for posterior channels on the 800-1000 ms time window also
revealed a significant interaction of Cue Validity by Attractor Voice, f=-2.1, SE = .74, t =-2.9.
The interaction arose because the model for the Same Voice condition revealed a significant
effect of Cue Validity, = 1.4, SE = .60, t = 2.3, whereas the model for the Different Voice con-
dition did not. In sum, the interaction stemmed from the greater frontal positivity for Invalid
versus Valid Cue critical phrases when the Attractor Voice was Different and not when
Attractor Voice was Same. This pattern of results is a form of conceptual replication of [37]. A
parallel model on the 600-800 ms time window was also run. This model showed neither sig-
nificant main effects of Cue Validity or Attractor Voice, nor the interaction of the two, |¢|s < 1.
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Experiment 1

Valid Cue/ Same Voice Attractor

Because John saw the film that the critics reviewed yesterday, Bill did too, just now.
Valid Cue/ Different Voice Attractor —————-

Because John saw the film that was reviewed by the critics yesterday, Bill did too, just now.
Invalid Cue/ Same Voice Attractor 1

Because John saw the film that the critics reviewed yesterday, Bill was too, just now.
Invalid Cue/ Different Voice Attractor  -oeeeeeerennens

Because John saw the film that was reviewed by the critics yesterday, Bill was too, just now.

4] | CPz

| 600 ms - 1000 ms
-200 0 200 400 600 800 ms -15uV 0pv 15V

Voice: Different - Same Invalid Cue - Valid Cue

Valid Cue Different Voice

Invalid Cue Same Voice
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Fig 1. Results from Experiment 1. ERPs elicited by each condition at FCz, Pz, and the scalp distributions of the effect of Cue Validity for the Different
Voice and the Same Voice conditions in the 800-1000 ms time window. The ERP waveforms on FCz are representative of the pattern across frontal
electrodes while the waveforms on Pz are representative of those across posterior electrodes. Please see Appendix B for figures showing all electrodes.

https://doi.org/10.1371/journal.pone.0206616.9001

1.3 Discussion of Experiment 1

The pattern of results suggests that latent cue match between the cue and the most recent
phrase, the attractor verb phrase, disrupts processing, but only when a grammatical antecedent
is not readily elicited from memory, i.e., when the cue is invalid or ungrammatical. Such a pat-
tern suggests that when the cues are insufficient to elicit a grammatical antecedent, that the
representation with the strongest cue-match (plus recency) is disruptive to retrieval and subse-
quent processing, perhaps even being considered as an antecedent, although the latter is specu-
lation. But such an interpretation of the effect would be consistent with previous literature
where partial cue match in the ungrammatical situations has been argued to trigger an illusion
of Cue Validity, such that the attractor representation is momentarily considered a grammati-
cal antecedent, as in agreement attraction [30]. Another possible interpretation is that the
recency of the attractor phrase and its partial cue match along a dimension that ought to be
diagnostic (voice features) overrides (the actually diagnostic) structural cues at retrieval, result-
ing in retrieval of an ultimately illicit representation. Whether the P600 effect reflects retrieval
difficulty, morphosyntactic reanalysis, or another process that is sensitive to morphosyntax,
partial-cue match, and Cue Validity, is unknown.

ERPs also yield qualitative information about processing; here the distribution of the effect
across the head is rather unusual when compared to classic morphosyntatic violation-related
P600 effects, which tend to be more posteriorly distributed [56]. However, there is evidence in
the literature for fronto-centrally distributed P600 effects associated with difficulty resolving a
pronoun without an explicit antecedent [57], or resolving subject-verb relations in the face of
increased discourse complexity in the form of more available referents [58]. Although also
highly speculative, one possible functional interpretation of the frontal P600 effect observed
here is that it indexes difficulty recovering an antecedent when the system is faced with discor-
dant cues: a recent verb phrase shares the same voice features as the retrieval cues at the ellipsis
site, but it is syntactically illicit.

In sum, partial match of a recent representation to a retrieval cue was disruptive to process-
ing; that the effect was only observed under the presence of matching representations in the
recent sentence context/ memory, in combination with an invalid retrieval cue, suggests that
different information types (morphosyntactic features, structural position) can dominate or be
traded off at retrieval. Integration of information types when cues are compared with the con-
tents of memory in order to elicit the target could have produced the different patterns
observed as a function of condition, which varied both the contents of memory and the status
of cues at retrieval. The role of morphosyntactic features, like voice, prompts the question as to
whether the trading off of cues is domain specific, and whether evidence of integration with
broader cue types such as semantic content can be observed. To further test cue integration at
retrieval, Experiment 2 will manipulate the plausibility of the semantic fit between the embed-
ded subject, which is always animate, and the attractor verb phrase in the relative clause. If
semantic features also affect retrieval when the cue is ultimately invalid, that would be evidence
that cues of multiple, formally-distinct sources of information are integrated during retrieval.

The item set from Experiment 1 was modified to manipulate the semantic fit between the
embedded subject and the attractor verb phrase. Only the conditions driving the interaction,
the Attractor Different conditions, were included, such that in the manipulation of the seman-
tic fit between an animate object and the attractor verb resulted in a 2x2 design crossing
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semantic fit or plausibility of the attractor phrase and Cue Validity. An effect similar to Experi-
ment 1 showing a modulation of P600 amplitude is possible given that Cue Validity is still
being manipulated, however, it is also possible that we find a modulation of the N400 compo-
nent, which has been showed to be sensitive to the semantic plausibility of a gapped construc-
tion: [48] used a plausibility manipulation on gapping constructions like Ron took/sanded the
planks, and Bill @ the hammer, where more implausible interpretations (sanding the hammer)
elicited larger N400 amplitudes.

2 Experiment 2
2.1 Methods

2.1.1 Participants. Twenty-four British English monolingual native speakers (20 females)
aged between 18 and 30 years (M = 21 years) participated in the experiment. All participants
were right-handed and were free from neurological or language disorders. None of them have
participated in the pre-test that is described in the Stimuli and Experimental Design section.
Ethics approval was obtained the School of Philosophy, Psychology, and Language Sciences
research ethics committee (230-1617/2). Written informed consent was obtained from partici-
pants and their data were anonymized.

2.1.2 Stimuli and experimental design. The experimental stimuli consisted of 156 qua-
druplets like (a-d) in Table 2.

Sentences like (a-b) and (c-d) had a Valid Cue or Invalid Cue continuation respectively,
which was determined by whether the auxiliary word was or did corresponded with the voice
of the main verb. The verbs in the relative clause were manipulated so that the verbs could or
could not combine with the second subject plausibly (John was famous/ John was sold). This
manipulation was to create a Cue Validity illusion wherein readers would be more likely to
incorrectly regard the ungrammatical continuation as grammatical for the plausible attractor
(b & d). Half the items had a subject relative clause, and the other half an object relative clause.
Thirty additional sentences were used as fillers, which consisted of 15 plausible and 15 implau-
sible sentences.

The sentences were pre-tested to check if participants would indeed be sensitive to the
manipulation of the attractor plausibility. Twenty English monolinguals were instructed to
read the 186 sentences word by word presented at a rate of 500 ms, and answered a question
“What happened?” by making a choice as quickly and accurately as possible. They were always
given two choices, and the choices for the experimental sentences were between a grammatical
(John got a meal from the takeaway.) and an ungrammatical (John was famous / was sold at the
takeaway.) interpretation. Outliers made up 3.6% of the data, being were more than two SD
away from the mean reaction time and were excluded. Participants had at least 77% of the data
retained for analyses (Mean survival rate = 96%).

Table 2.

Condition Sentence

Valid Cue, Implausible (a) Because Jane got the meal that was sold by the takeaway that night, John did
Attractor 100, as usual.

Valid Cue, Plausible Attractor | (b) Because Jane got the meal that was famous at the takeaway that night, John did
too, as usual.

Invalid Cue, Implausible (c) Because Jane got the meal that was sold by the takeaway that night, John was
Attractor 100, as usual.

Invalid Cue, Plausible (d) Because Jane got the meal that was famous at the takeaway that night, John was
Attractor 100, as usual.

https://doi.org/10.1371/journal.pone.0206616.t002
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Table 3.
Condition a | b c | d
Cue Validity Valid Invalid
Attractor plausibility Implausible Plausible Implausible Plausible
Accuracy .92 (.27) .88 (.32) .77 (.42) .67 (.47)
Discriminability 2.6 (1.1) 2.1(1.5)
RT 1456 (767) 1567 (809) 1778 (890) 1762 (871)

Mean accuracy and reaction time in the Cue Validity choice pre-test. SDs are shown in brackets.

https://doi.org/10.1371/journal.pone.0206616.t003

The mean accuracy and reaction time for each condition are summarised in Table 3. I com-
pared 2AFC judgments of the interpretations when the attractor was plausible to when the
attractor was implausible (see Fig 2). The former was calculated by subtracting a standardized
percentage of ungrammatical interpretation responses in (c) from the standardized percentage
of grammatical interpretation responses in (a), and the latter by subtracting the standardized
percentage of incorrect responses in (d) from the standardized percentage of correct responses
in (b). Paired t-tests revealed that the discriminability between grammatical and ungrammati-
cal interpretations of the ellipsis in the presence of an Implausible Attractor (M = 2.6, SD =
1.1) was significantly higher than that in the presence of a Plausible Attractor (M =2.1, SD =
1.5), t(155) = 3.3, p < .001 in the item analysis, but was not significant in the participant analy-
sis, p < .1. A further linear mixed effects model was constructed with the Ime4 package [59] in

0.75+
0.254
0.00-

Valid Cue Valid Cue
Implausible Plausible

Fig 2. Proportion selected in 2AFC task as a function of condition.

https://doi.org/10.1371/journal.pone.0206616.9g002
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o
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Invalid Cue
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Invalid Cue
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R to evaluate the effect of Cue Validity, the effect of Attractor Plausibility and the interaction
of Cue Validity by Attractor Plausibility. The model included random intercepts and slopes for
Cue Validity and Attractor Plausibility by subjects and by items. The effects were regarded as
significant when the associated absolute t-value exceeded 2 [60]. The model revealed a signifi-
cant interaction of Cue Validity by Attractor Plausibility, 8 = .05, SE = .02, t = 2.2, and a signifi-
cant effect of Cue Validity, 8 = -.02, SE = .04, t = -5.2. The effect of Attractor Plausibility was
not significant.

2.1.3 Procedure. The 186 items were divided into four counterbalanced lists, so that each
list contained one condition per item and had the same number of sentences from each condi-
tion, and the same number of Plausible and Implausible sentences. The sentences were rando-
mised so that no more than three sentences from the same condition appeared consecutively.

The experimental procedure was the same as in Experiment 1. The mean accuracy for com-
prehension questions across participants was 89% (SD = 8.7%, range 62.5-97.9%, 4% of the
responses are excluded due to time outs). The experiment took approximately 50 minutes.

2.1.4 Electroencephalogram (EEG) recording and data pre-processing. The data pro-
cessing procedure was identical to that in Experiment 1, except that a standard pre-stimulus
baseline (-100 to 0 ms) was used because there were no observable differences early in the
epoch or in the traditional pre-stimulus baseline period. The mean proportion of artefact-free
trials across conditions was 91% (SD = 8%), with no difference across conditions.

2.1.5 Statistical analysis. An analogous statistical analysis from Experiment 1 was con-
ducted on the time window from 300-500 ms on frontal and posterior channels in line with
the prediction of an N400 effect arising from the manipulation of Attractor Plausibility. A lin-
ear mixed-effects model which evaluated the ERP amplitude predicted by the fixed effects of
Cue Validity (Grammatical vs. Ungrammatical) and Attractor Plausibility (Plausible vs.
Implausible), and by the interaction of the two, was built. The model additionally included
random intercepts and slopes by participants and by items. Random slopes by Cue Validity
and Plausibility were not included because the model with these random slopes did not
converge.

2.2 Results

Visual inspection of the ERP data suggests that Invalid Cue critical phrases elicited greater neg-
ativity than grammatical equivalents when the attractor was Plausible, but not when the
attractor was Implausible. This negativity was most prominent at frontal channels (see Fig 3).

The model for the frontal channels on the 300-500 ms time window revealed a significant
interaction of Cue Validity by Attractor Plausibility, = -1.5, SE = .64, t = -2.3. The model did
not show any significant main effects. To resolve the interaction, another linear mixed-effects
model testing an effect of Cue Validity for Plausible and Implausible Attractor conditions was
run separately. The model included random intercepts and slopes by participants and by
items, and a random slope by Cue Validity. The model on the data including the Plausible
Attractor conditions revealed a significant effect of Cue Validity, f = 1.1, SE = .46, t = 2.4, but
the model including the Implausible Attractor conditions did not reveal a significant effect of
Cue Validity. The model for the posterior channels on 300-500 ms time window revealed only
a significant effect of Cue Validity, 8 =.7, SE = .32, t = 2.2; the interaction was not significant.
To sum up, there was a greater frontal negativity for Invalid Cue versus Valid Cue critical
phrases when the attractor was Plausible but not when the attractor was Implausible.

The interaction was driven by the difference between the Plausible conditions—only when
the attractor could plausibly combine with the embedded subject was there a modulation of
the N400. This modulation likely reflects a disruption in processing, either at retrieval of the
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Experiment 2

Valid Cue/ Implausible Attractor

Because John saw the film that was reviewed by the critics yesterday, Bill did too, just now.
Valid Cue/ Plausible Attractor = —————-

Because John saw the film that was seen by the critics yesterday, Bill did too, just now.

Invalid Cue/ Implausible Attractor R —
Because John saw the film that was reviewed by the critics yesterday, Bill was too, just now.
lnvalid Cue/ P'ausible Attractor T LT P TT T T

Because John saw the film that was seen by the critics yesterday, Bill was too, just now.

FCz

350 ms - 450ms
=15V Opv 15uVv

-200 0 200 400 600 800 ms

Plausible Attractor - Implausible Attractor Invalid Cue - Valid Cue

Valid Cue Plausible Attractor

Invalid Cue Implausible Attractor

Fig 3. Results from Experiment 2. ERPs elicited by each condition at FCz and Pz, and the scalp distribution of the effect of Cue
Validity for the Implausible and the Plausible Attractor conditions in the 300-500 ms time window befitting the N400 modulation.
The pattern of ERPs on FCz is representative of the effects across frontal channels, while the pattern on Pz is representative of
posterior channels.

https://doi.org/10.1371/journal.pone.0206616.g003

antecedent or during integration of the embedded subject and the antecedent. As in Experi-
ment 1, the interaction suggests that information in the recent sentence context and the
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information on the retrieval cues at the ellipsis site is compared or combined during sentence
processing. A functional interpretation of the interaction is that the partial cue match between
plausible attractors and an ungrammatical retrieval cue led to the Plausible attractor being
momentarily considered as an antecedent of the ellipsis in the absence of a sufficient anteced-
ent being elicited. Alternatively, the effect might reflect that fact that the system is sensitive to
semantic similarity, even across syntactically illicit relations, and this sensitivity is only mea-
surable when no grammatical antecedent is elicited.

General discussion

How are linguistic representations organized in memory during ongoing sentence processing,
and what information is relevant during the retrieval and interpretation of “missing” represen-
tations? The pattern of results from Experiments 1 and 2 showed evidence suggesting that
information available at retrieval, that is, both information in memory and retrieval cues,
interacts. The interaction shaped processing outcomes such that the pattern of results across
both experiments is consistent with an architecture where the contents of memory are linearly
combined with cues at retrieval to elicit the antecedent, providing a representation for inter-
pretation in a new sentence position and referential relation. Information carried by a syntacti-
cally illicit ‘attractor’ representation disrupted retrieval of the antecedent and/or interpretation
of the ellipsis, but only in the presence of a retrieval cue that was insufficient or ungrammatical.
Disruption occurred from both of the levels of linguistic representation that were tested: In
Experiment 1, when morphosyntactic voice features on the ‘attractor’ verb matched an insuffi-
cient ungrammatical retrieval cue, they disrupted processing compared to when those features
did not match the cue. In Experiment 2, the plausibility of the semantic fit between the
‘attractor’ verb in the relative clause and an animate object disrupted processing when that fit
was plausible compared to when it was implausible. Both of these findings suggest that infor-
mation at retrieval, in the form of integrated cues, must have interacted with the contents of
memory in order to produce the observed pattern of results.

Furthermore, across the two experiments, the manipulation of linguistic features of the
attractor controlled the expression of the interference effect in terms of ERP componentry:
manipulation of morphosyntax led to a modulation of the P600 component, while manipula-
tion of plausibility led to an N400 effect, but the nature of the modulation was similar—an
interaction drive by conditions of comparable cue status (both the Different Voice Attractor
and the Plausible Attractor partially matched their respective Invalid Cues) across levels of lin-
guistic analysis. This fact in and of itself is novel in the literature-I am aware of no other study
that reports a form of replicated effect expressed on two different ERP components [20] where
interference effects were observed both a sustained negativity and a P600 effect were in the
same experiment, although among different groups of participants]. The paucity of cases in
the literature where two different components show similar (interference) effects may also
stem from the fact that there are not many ERP studies that use a similar paradigm, nor many
on ellipsis. I am not aware of another ERP study which manipulates morphosyntax or plausi-
bility of syntactically illicit attractor representations during dependency resolution other than
[19, 20]. The expression of the effects may also have interesting implications for the functional
interpretation of ERP components, but the current functional interpretations of the N400 and
P600 components are predicated on experimental circumstances that are so distant from this
ellipsis paradigm that I hesitate to speculate about componentry differences further. Nonethe-
less, that interaction-based interference effects can be elicited on different ERP components
as a function of the type of information manipulated does suggest that ERP interference
paradigms [19, 20] tap into processing at the same granularity or ‘carving joints’ as ERP
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components do. The difference in elicited componentry can arguably be said to be a function
of the level of linguistic analysis over which cues and the contents of memory interact.

The distribution of the effects was frontal in both experiments, regardless of the different
components that were elicited, and in contrast with most language-elicited P600 and N400
effects. In sentence processing experiments, frontal P600 effects have been associated with
resolving who did what to whom in the face of multiple referents in a discourse [58] and with
processing morphosyntactic agreement violations that have consequences for the possible
reanalysis or repair of "who did what to whom" following the violation [61]. Both of these func-
tional speculations relate to processing circumstances present in Experiment 1, namely, that
given an ungrammatical ellipsis/ insufficient retrieval cue to the antecedent, representations in
memory that also provide a partial match to the retrieval cues (i.e., the attractor that matched
in voice features to the retrieval cue) might also be called upon until the insufficiency of those
representations becomes apparent and other interpretations are computed or considered. In
addition to featuring morphosyntactic violations, the Ungrammatical conditions in Experi-
ment 1 also featured a form of referential insufficiency or failure, whereby the cues to the ante-
cedent were not diagnostic. This situation might be similar to the processing circumstances in
[58] where multiple referents were available, but further computation was needed determine
who did what to whom in the face of ambiguity.

In recognition memory, frontal N400s have been elicited in paradigms that vary the famil-
iarity of a stimulus [62], but these effects have been argued to reflect a form of conceptual
priming that varies during the processing of old versus new stimuli, rather than familiarity per
se [63]. In some sense, ellipsis calls on a previously processed "old" representation in a "new"
way, but given that it is not clear that frontal N400s are functionally or even descriptively sepa-
rate from more posteriorly distributed N400s [45]. The anteriority of the results in Experiment
2 may result from the partial match between an insufficient or ungrammatical cue and an
attractor. The partial match might lead to sub-threshold activation of a representation in a sim-
ilar way that judgments of familiarity can be said to be a lesser form of representational activa-
tion compared to full recognition or recollection.

Cue integration via a linear weighting scheme—a function of how relevant
information is in encoded in a language?

In both experiments, it is possible to interpret the results as a sort of ‘reanalysis’ effect, where
the ‘correct’ representation comes to mind despite (or because of) the invalid or ungrammati-
cal cue. For example, that the observed interactions were driven by conditions with cues that
were insufficient to elicit a grammatical antecedent for the ellipsis could be mean that the
observed results reflect processing in the system when things ‘go wrong’, rather than what the
system ‘normally does.” While this is certainly a limitation for interpretation of data stemming
from all violation paradigms, such a paradigm was needed in order to allow the manipulation
of information both before and at the onset of retrieval. Manipulating information both in
memory (the attractor) and at retrieval (the Cue Validity/validity of the cue) can reveal how
the system weights retrieval cues to information in memory. Despite these caveats, the findings
reported here can be interpreted such that they make two substantive claims about how cues
are integrated during language comprehension.

Most models of recognition memory operate on global matching of cues to memory at
retrieval such that all available cues are utilized [64]. Since no special status is given as a func-
tion of location or temporal distribution, retrieval cues are likely to be combined dynamically
as information processing goes forward, though the computational mechanisms that govern
this process for language processing are only beginning to be investigated [5, 11,13]. In
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recognition memory and perception, most models posit cue combination via a linear weight-
ing scheme [65]. A linear cue-weighting combination scheme would mean that different
sources of information can have a range of values, and those with extreme values could either
dominate processing or be completely discounted. As such, a caveat in discriminating between
linear and non-linear systems comes from the fact that linear cue-weighting can mimic non-
linear schemes. Non-linear schemes restrict the retrieval architecture by forcing a processing
“bottle neck,” formally-equivalent to a gating function, whereby perceptual features in certain
configurations or distributions do not produce interference because they are not considered or
sampled from [65]. In language processing context, non-linear cue weighting would imply
that representations in certain structural positions or of certain syntactic categories do not pro-
duce interference because they are not considered, or, in other words, that only representations
in licensed syntactic positions create interference [13]. Thus, falsifying a non-linear scheme
would entail observing interference from syntactically illicit representations, as reported here
and as a few other recent behavioural and ERP studies have shown [13, 14, 19, 20, 22, 30, 32].
That is, the data reported here arguably rule out (barring the mimicry caveat) a non-linear
weighting scheme because they show interference from representations irrespective of struc-
tural position—although it is still possible, and I believe quite likely even, that attractors in licit
structural positions should be more disruptive than attractors in illicit ones—this question
remains to be investigated. In contrast to previous work from our lab showing that grammati-
cal noun-phrase ellipsis in Spanish was vulnerable to interference from representations in syn-
tactically illicit positions, only ungrammatical cues/ellipses were vulnerable to interference in
the experiments reported in this paper [19, 20]. In [30], the authors make the useful distinction
between effects on ungrammatical sentences, which are classified as agreement attraction
effects, and effects on grammatical sentences which are classified as interference effects. I con-
cede the effects reported here thus can be seen as agreement attraction effects, but I insist on
parsimony of mechanism and computational principles that give rise to them: cue integration
and interference. One clear hypothesis as to why these differences were observed is that cue
combination weights differ by language—just as languages naturally distribute cue information
differently across grammatical systems [66], so vary the cue weighting schemes [5, 13]. In
Spanish, grammatical gender agreement is a robust cue for anaphoric and other dependencies,
and recent evidence suggests that agreement information is projected forward during phrasal
processing [43]. The distribution of information and mapping between these distributions and
cue types in Spanish and English are likely to differ substantially, but thus far, evidence sug-
gests that the weighting scheme is likely to be linear. The generation of interference effects
from syntactically illicit positions does not necessarily imply or even suggest that syntactic
structure does not play a crucial role in ongoing language processing. Rather, it indicates that
the nature of the (measurable) online recruitment and integration of linguistic cues is still
beyond our understanding.

A linear cue-weighting scheme and the nature of the retrieval operation

A second theoretical interpretation of the findings reported here regards the computational
mechanism by which cues directly elicit memory representations during retrieval. Models of
recognition memory have long posited convolution as the formal operation by which cues and
the contents of memory are combined to form a new memory trace [67-70]. However, convo-
lution has a major computational drawback: it loses the discrete representation of its input
polynomials, which could only be recovered via a de-convolution operation. Any product-
based operation or representation, including tensor products, a current popular solution in
connectionist modelling, will have similar information loss problems (see [71] for discussion).
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While information loss from multiplicative operations might suffice, or even be desirable, for
perception and memory architectures, such a principle is, at least on some level, patently insuf-
ficient for human language. At bare minimum, language processing requires simultaneous
representation of discrete input units and compositional, hierarchical output representations
at multiple timescales. Another candidate mechanism for the direct-access retrieval operation
that is not vulnerable to such information loss is the super-position of cues on memory, a form
of vector addition. In a vector system, representational independence can be preserved while
coding various sources of cue information in a recoverable way if the mechanism is additive
rather than multiplicative, making vector addition an attractive candidate for the implementa-
tion of direct-access retrieval [71, 72]. To the extent that the data reported here support the cue
integration hypothesis, they also, by inductive inference, implicate a computational mecha-
nism for direct-access retrieval that has properties of vector addition.

Given that it is likely that multiple types of linguistic representations could serve as retrieval
cues, how these representations might be combined or integrated in order to probe memory
becomes mechanistically relevant. In perception, psychophysics and basic memory research,
multimodal cues are combined and integrated as a standard architectural principle [65, 70,
73]. Within a broader perceptual processing framework where cue integration is the primary
mechanistic operation, vectors representing the feature values of a given cue are summated
with each other and normalized by that cue’s reliability, an estimate of uncertainty about the
reliability of a cue to a given property of the environment [5, 73]. The pattern of results from
the experiments presented here is consistent with such a mechanism subserving sentence
comprehension.

Supporting information

S1 Table. Experimental Stimuli for Experiments 1 and 2.
(DOCX)

S1 Fig. All electrodes Experiment 1.
(TIF)

S2 Fig. All electrodes Experiment 2.
(TIF)

Acknowledgments

I thank Aine Ito for research assistance. I thank Mante S. Nieuwland and Patrick Sturt for
insightful comments and discussion on an earlier version of this work. Data are available at
https://ost.io/hrtsu/

Author Contributions
Conceptualization: Andrea E. Martin.
Data curation: Andrea E. Martin.
Formal analysis: Andrea E. Martin.
Funding acquisition: Andrea E. Martin.
Investigation: Andrea E. Martin.
Methodology: Andrea E. Martin.

Project administration: Andrea E. Martin.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206616 November 29, 2018 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206616.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206616.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206616.s003
https://osf.io/hrtsu/
https://doi.org/10.1371/journal.pone.0206616

®PLOS | one

Cue integration in language comprehension

Resources: Andrea E. Martin.

Software: Andrea E. Martin.

Visualization: Andrea E. Martin.

Writing - original draft: Andrea E. Martin.

Writing - review & editing: Andrea E. Martin.

References

1. Miller GA, Chomsky N. Finitary models of language users.

2. Foraker S, McElree B. The role of prominence in pronoun resolution: Active versus passive representa-
tions. Journal of Memory and Language. 2007 Apr 1; 56(3):357-83.

3. Lewis RL, Vasishth S. An activation-based model of sentence processing as skilled memory retrieval.
Cognitive science. 2005 May 6; 29(3):375—419. https://doi.org/10.1207/s15516709c0g0000_25 PMID:
21702779

4. Lewis RL, Vasishth S, Van Dyke JA. Computational principles of working memory in sentence compre-
hension. Trends in cognitive sciences. 2006 Oct 1; 10(10):447-54. https://doi.org/10.1016/j.tics.20086.
08.007 PMID: 16949330

5. Martin AE. Language processing as cue integration: Grounding the psychology of language in percep-
tion and neurophysiology. Frontiers in psychology. 2016 Feb 16; 7:120. https://doi.org/10.3389/fpsyg.
2016.00120 PMID: 26909051

6. Martin AE, McElree B. A content-addressable pointer mechanism underlies comprehension of verb-
phrase ellipsis. Journal of Memory and Language. 2008 Apr 1; 58(3):879—906.

7. Martin AE, McElree B. Memory operations that support language comprehension: Evidence from verb-
phrase ellipsis. Journal of Experimental Psychology: Learning, Memory, and Cognition. 2009 Sep; 35
(5):1231. https://doi.org/10.1037/20016271 PMID: 19686017

8. Martin AE, McElree B. Direct-access retrieval during sentence comprehension: evidence from sluicing.
Journal of memory and language. 2011 May 1; 64(4):327—43. https://doi.org/10.1016/j.jml.2010.12.006
PMID: 21580797

9. McElree B, Foraker S, Dyer L. Memory structures that subserve sentence comprehension. Journal of
Memory and Language. 2003 Jan 1; 48(1):67-91.

10. McElree B. Sentence comprehension is mediated by content-addressable memory structures. Journal
of psycholinguistic research. 2000 Mar 1; 29(2):111-23. PMID: 10709178

11.  McElree B. Accessing recent events. Psychology of learning and motivation. 2006 Jan 1; 46: 155-200.

12. Van Dyke JA, McElree B. Retrieval interference in sentence comprehension. Journal of Memory and
Language. 2006 Aug 1; 55(2):157—66. https://doi.org/10.1016/j.jml.2006.03.007 PMID: 18209744

13. Van Dyke JA, McElree B. Cue-dependent interference in comprehension. Journal of memory and lan-
guage. 2011 Oct 1; 65(3):247-63. https://doi.org/10.1016/j.jml.2011.05.002 PMID: 21927535

14. Van Dyke JA. Interference effects from grammatically unavailable constituents during sentence pro-
cessing. Journal of Experimental Psychology: Learning, Memory, and Cognition. 2007 Mar; 33(2):407.
https://doi.org/10.1037/0278-7393.33.2.407 PMID: 17352621

15. Vasishth S, Brissow S, Lewis RL, Drenhaus H. Processing polarity: How the ungrammatical intrudes
on the grammatical. Cognitive Science. 2008 Jun; 32(4):685-712. https://doi.org/10.1080/
03640210802066865 PMID: 21635350

16. McElree B, Dosher BA. Serial position and set size in short-term memory: the time course of recogni-
tion. Journal of Experimental Psychology: General. 1989 Dec; 118(4):346.

17. McElree B, Dosher BA. Serial retrieval processes in the recovery of order information. Journal of Experi-
mental Psychology: General. 1993 Sep; 122(3):291.

18. McElree B. Working memory and focal attention. Journal of Experimental Psychology: Learning, Mem-
ory, and Cognition. 2001 May; 27(3):817. PMID: 11394682

19. Martin AE, Nieuwland MS, Carreiras M. Event-related brain potentials index cue-based retrieval inter-
ference during sentence comprehension. Neuroimage. 2012 Jan 16; 59(2):1859-69. https://doi.org/10.
1016/j.neuroimage.2011.08.057 PMID: 21925613

20. Martin AE, Nieuwland MS, Carreiras M. Agreement attraction during comprehension of grammatical

sentences: ERP evidence from ellipsis. Brain and language. 2014 Aug 1; 135:42-51. https://doi.org/10.
1016/j.bandl.2014.05.001 PMID: 24911918

PLOS ONE | https://doi.org/10.1371/journal.pone.0206616 November 29, 2018 18/21


https://doi.org/10.1207/s15516709cog0000_25
http://www.ncbi.nlm.nih.gov/pubmed/21702779
https://doi.org/10.1016/j.tics.2006.08.007
https://doi.org/10.1016/j.tics.2006.08.007
http://www.ncbi.nlm.nih.gov/pubmed/16949330
https://doi.org/10.3389/fpsyg.2016.00120
https://doi.org/10.3389/fpsyg.2016.00120
http://www.ncbi.nlm.nih.gov/pubmed/26909051
https://doi.org/10.1037/a0016271
http://www.ncbi.nlm.nih.gov/pubmed/19686017
https://doi.org/10.1016/j.jml.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21580797
http://www.ncbi.nlm.nih.gov/pubmed/10709178
https://doi.org/10.1016/j.jml.2006.03.007
http://www.ncbi.nlm.nih.gov/pubmed/18209744
https://doi.org/10.1016/j.jml.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21927535
https://doi.org/10.1037/0278-7393.33.2.407
http://www.ncbi.nlm.nih.gov/pubmed/17352621
https://doi.org/10.1080/03640210802066865
https://doi.org/10.1080/03640210802066865
http://www.ncbi.nlm.nih.gov/pubmed/21635350
http://www.ncbi.nlm.nih.gov/pubmed/11394682
https://doi.org/10.1016/j.neuroimage.2011.08.057
https://doi.org/10.1016/j.neuroimage.2011.08.057
http://www.ncbi.nlm.nih.gov/pubmed/21925613
https://doi.org/10.1016/j.bandl.2014.05.001
https://doi.org/10.1016/j.bandl.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/24911918
https://doi.org/10.1371/journal.pone.0206616

®PLOS | one

Cue integration in language comprehension

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Jager LA, Engelmann F, Vasishth S. Retrieval interference in reflexive processing: experimental evi-
dence from Mandarin, and computational modeling. Frontiers in psychology. 2015 May 27; 6:617.
https://doi.org/10.3389/fpsyg.2015.00617 PMID: 26074829

Sturt P. The time-course of the application of binding constraints in reference resolution. Journal of
Memory and Language. 2003 Apr 1; 48(3):542—62.

Nairne JS. The myth of the encoding-retrieval match. Memory. 2002 Sep 1; 10(5-6):389-95. https://doi.
org/10.1080/09658210244000216 PMID: 12396651

Oztekin I, McElree B. Proactive interference slows recognition by eliminating fast assessments of famil-
iarity. Journal of Memory and Language. 2007 Jul 1; 57(1):126—49.

Gordon PC, Hendrick R, Johnson M. Memory interference during language processing. Journal of
experimental psychology: learning, memory, and cognition. 2001 Nov; 27(6):1411. PMID: 11713876

Gordon PC, Hendrick R, Johnson M. Effects of noun phrase type on sentence complexity. Journal of
Memory and Language. 2004 Jul 1; 51(1):97-114.

Nieuwland MS, Martin AE. Neural oscillations and a nascent corticohippocampal theory of reference.
Journal of cognitive neuroscience. 2017 May; 29(5):896—910. https://doi.org/10.1162/jocn_a_01091
PMID: 28129065

Van Dyke JA, Johns CL. Memory interference as a determinant of language comprehension. Language
and linguistics compass. 2012 Apr; 6(4):193-211. PMID: 22773927

Van Dyke JA, Johns CL, Kukona A. Low working memory capacity is only spuriously related to poor
reading comprehension. Cognition. 2014 Jun 1; 131(8):373—4083. https://doi.org/10.1016/j.cognition.
2014.01.007 PMID: 24657820

Wagers MW, Lau EF, Phillips C. Agreement attraction in comprehension: Representations and pro-
cesses. Journal of Memory and Language. 2009 Aug 1; 61(2):206-37.

Cunnings |, Felser C. The role of working memory in the processing of reflexives. Language and Cogni-
tive Processes. 2013 Jan 1; 28(1-2):188-219.

Dillon B, Mishler A, Sloggett S, Phillips C. Contrasting intrusion profiles for agreement and anaphora:
Experimental and modeling evidence. Journal of Memory and Language. 2013 Aug 1; 69(2):85-103.

Kush D, Lidz J, Phillips C. Relation-sensitive retrieval: evidence from bound variable pronouns. Journal
of Memory and Language. 2015 Jul 1; 82:18—40.

Parker D, Phillips C. Reflexive attraction in comprehension is selective. Journal of Memory and Lan-
guage. 2017 Jun 30; 94:272-90.

Parker D, Lantz D. Encoding and accessing linguistic representations in a dynamically structured holo-
graphic memory system. Topics in cognitive science. 2017 Jan; 9(1):51-68. https://doi.org/10.1111/
tops.12246 PMID: 28039931

Patil U, Vasishth S, Lewis RL. Retrieval interference in syntactic processing: The case of reflexive bind-
ing in English. Frontiers in Psychology. 2016 May 26; 7:329. https://doi.org/10.3389/fpsyg.2016.00329
PMID: 27303315

Xiang M, Dillon B, Phillips C. lllusory licensing effects across dependency types: ERP evidence. Brain
and Language. 2009 Jan 1; 108(1):40-55. https://doi.org/10.1016/j.bandl.2008.10.002 PMID: 19007980

Fukumura K, Van Gompel RP. The effect of animacy on the choice of referring expression. Language
and Cognitive Processes. 2011 Dec 1; 26(10):1472-504.

Bock K, Miller CA. Broken agreement. Cognitive psychology. 1991 Jan 1; 23(1):45-93. PMID: 2001615

Eberhard KM, Cutting JC, Bock K. Making syntax of sense: number agreement in sentence production.
Psychological Review. 2005 Jul; 112(3):531. https://doi.org/10.1037/0033-295X.112.3.531 PMID:
16060750

Nieuwland MS, Van Berkum JJ. Testing the limits of the semantic illusion phenomenon: ERPs reveal
temporary semantic change deafness in discourse comprehension. Cognitive Brain Research. 2005
Aug 1; 24(83):691-701. https://doi.org/10.1016/j.cogbrainres.2005.04.003 PMID: 15894468

Phillips C, Wagers MW, Lau EF. Grammatical illusions and selective fallibility in real-time language
comprehension. Experiments at the Interfaces. 2011 Nov 24; 37:147-80.

Martin AE, Monahan PJ, Samuel AG. Prediction of agreement and phonetic overlap shape sublexical
identification. Language and speech. 2017 Sep; 60(3):356—76. https://doi.org/10.1177/
0023830916650714 PMID: 28915783

Kutas M, Van Petten CK, Kluender R. Psycholinguistics electrified Il (1994—2005). InHandbook of Psy-
cholinguistics (Second Edition) 2006 (pp. 659-724).

Kutas M, Federmeier KD. Thirty years and counting: finding meaning in the N400 component of the
event-related brain potential (ERP). Annual review of psychology. 2011 Jan 10; 62:621—47. https://doi.
org/10.1146/annurev.psych.093008.131123 PMID: 20809790

PLOS ONE | https://doi.org/10.1371/journal.pone.0206616 November 29, 2018 19/21


https://doi.org/10.3389/fpsyg.2015.00617
http://www.ncbi.nlm.nih.gov/pubmed/26074829
https://doi.org/10.1080/09658210244000216
https://doi.org/10.1080/09658210244000216
http://www.ncbi.nlm.nih.gov/pubmed/12396651
http://www.ncbi.nlm.nih.gov/pubmed/11713876
https://doi.org/10.1162/jocn_a_01091
http://www.ncbi.nlm.nih.gov/pubmed/28129065
http://www.ncbi.nlm.nih.gov/pubmed/22773927
https://doi.org/10.1016/j.cognition.2014.01.007
https://doi.org/10.1016/j.cognition.2014.01.007
http://www.ncbi.nlm.nih.gov/pubmed/24657820
https://doi.org/10.1111/tops.12246
https://doi.org/10.1111/tops.12246
http://www.ncbi.nlm.nih.gov/pubmed/28039931
https://doi.org/10.3389/fpsyg.2016.00329
http://www.ncbi.nlm.nih.gov/pubmed/27303315
https://doi.org/10.1016/j.bandl.2008.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19007980
http://www.ncbi.nlm.nih.gov/pubmed/2001615
https://doi.org/10.1037/0033-295X.112.3.531
http://www.ncbi.nlm.nih.gov/pubmed/16060750
https://doi.org/10.1016/j.cogbrainres.2005.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15894468
https://doi.org/10.1177/0023830916650714
https://doi.org/10.1177/0023830916650714
http://www.ncbi.nlm.nih.gov/pubmed/28915783
https://doi.org/10.1146/annurev.psych.093008.131123
https://doi.org/10.1146/annurev.psych.093008.131123
http://www.ncbi.nlm.nih.gov/pubmed/20809790
https://doi.org/10.1371/journal.pone.0206616

®PLOS | one

Cue integration in language comprehension

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Van Berkum JJ, Zwitserlood P, Hagoort P, Brown CM. When and how do listeners relate a sentence to
the wider discourse? Evidence from the N400 effect. Cognitive brain research. 2003 Oct 1; 17(3):701-
18. PMID: 14561457

Kaan E, Kirkham J, Wijnen F. Prediction and integration in native and second-language processing of
elliptical structures. Bilingualism: Language and Cognition. 2016 Jan; 19(1):1-8.

Kaan E, Wijnen F, Swaab TY. Gapping: Electrophysiological evidence for immediate processing of
“missing” verbs in sentence comprehension. Brain and Language. 2004 Jun 1; 89(3):584-92. https://
doi.org/10.1016/j.bandl.2004.02.004 PMID: 15120549

Lau E, Stroud C, Plesch S, Phillips C. The role of structural prediction in rapid syntactic analysis. Brain
and language. 2006 Jul 1; 98(1):74-88. https://doi.org/10.1016/j.bandl.2006.02.003 PMID: 16620944

Osterhout L, Holcomb PJ. Event-related brain potentials elicited by syntactic anomaly. Journal of mem-
ory and language. 1992 Dec 1; 31(6):785-806.

Just MA, Carpenter PA. A capacity theory of comprehension: individual differences in working memory.
Psychological review. 1992 Jan; 99(1):122. PMID: 1546114

Ito A, Martin AE, Nieuwland MS. On predicting form and meaning in a second language. Journal of
Experimental Psychology: Learning, Memory, and Cognition. 2017 Apr; 43(4):635. https://doi.org/10.
1037/xIm0000315 PMID: 27668483

Kaan E. Investigating the effects of distance and number interference in processing subject-verb depen-
dencies: An ERP study. Journal of Psycholinguistic Research. 2002 Mar 1; 31(2):165-93. PMID:
12022794

Osterhout L, Holcomb PJ, Swinney DA. Brain potentials elicited by garden-path sentences: evidence of
the application of verb information during parsing. Journal of Experimental Psychology: Learning, Mem-
ory, and Cognition. 1994 Jul; 20(4):786. PMID: 8064247

Tanner D, Nicol J, Herschensohn J, Osterhout L. Electrophysiological markers of interference and
structural facilitation in native and nonnative agreement processing. In Proceedings of the 36th Boston
university conference on language development 2012 (pp. 594-606). Cascadilla Somerville, MA.

Osterhout L, Mobley LA. Event-related brain potentials elicited by failure to agree. Journal of Memory
and language. 1995 Dec 1; 34(6):739-73.

Filik R, Sanford AJ, Leuthold H. Processing pronouns without antecedents: Evidence from event-related
brain potentials. Journal of Cognitive Neuroscience. 2008 Jul; 20(7):1315-26. https://doi.org/10.1162/
jocn.2008.20090 PMID: 18284347

Kaan E, Swaab TY. Repair, revision, and complexity in syntactic analysis: An electrophysiological differ-
entiation. Journal of cognitive neuroscience. 2003 Jan 1; 15(1):98-110. https://doi.org/10.1162/
089892903321107855 PMID: 12590846

Bates D, Maechler M, Bolker B, Walker S, Christensen RH, Singmann H, Dai B, Grothendieck G. Pack-
age ‘Ime4’. Convergence. 2015; 12(1).

Baayen RH, Davidson DJ, Bates DM. Mixed-effects modeling with crossed random effects for subjects
and items. Journal of memory and language. 2008 Nov 1; 59(4):390—-412.

Mancini S, Molinaro N, Rizzi L, Carreiras M. A person is not a number: Discourse involvement in sub-
ject—verb agreement computation. Brain research. 2011 Sep 2; 1410:64—76. https://doi.org/10.1016/j.
brainres.2011.06.055 PMID: 21798519

Rugg MD, Curran T. Event-related potentials and recognition memory. Trends in cognitive sciences.
2007 Jun 1; 11(6):251-7. https://doi.org/10.1016/}.tics.2007.04.004 PMID: 17481940

Paller KA, Voss JL, Boehm SG. Validating neural correlates of familiarity. Trends in cognitive sciences.
2007 Jun 1; 11(6):243-50. https://doi.org/10.1016/j.tics.2007.04.002 PMID: 17475539

Clark SE, Gronlund SD. Global matching models of recognition memory: How the models match the
data. Psychonomic Bulletin & Review. 1996 Mar 1; 3(1):37—-60.

Trommershauser J, Kording K, Landy MS, editors. Sensory cue integration. Oxford University Press;
2011 Sep 21.

Bates E, MacWhinney B. Functionalism and the competition model. The crosslinguistic study of sen-
tence processing. 1989; 3:73-112.

Murdock BB. A theory for the storage and retrieval of item and associative information. Psychological
Review. 1982 Nov; 89(6):609.

Murdock BB. ltem and associative information in a distributed memory model. Journal of Mathematical
Psychology. 1992 Mar 1; 36(1):68—99.

Eich JM. A composite holographic associative recall model. Psychological Review. 1982 Nov; 89
(6):627.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206616 November 29, 2018 20/21


http://www.ncbi.nlm.nih.gov/pubmed/14561457
https://doi.org/10.1016/j.bandl.2004.02.004
https://doi.org/10.1016/j.bandl.2004.02.004
http://www.ncbi.nlm.nih.gov/pubmed/15120549
https://doi.org/10.1016/j.bandl.2006.02.003
http://www.ncbi.nlm.nih.gov/pubmed/16620944
http://www.ncbi.nlm.nih.gov/pubmed/1546114
https://doi.org/10.1037/xlm0000315
https://doi.org/10.1037/xlm0000315
http://www.ncbi.nlm.nih.gov/pubmed/27668483
http://www.ncbi.nlm.nih.gov/pubmed/12022794
http://www.ncbi.nlm.nih.gov/pubmed/8064247
https://doi.org/10.1162/jocn.2008.20090
https://doi.org/10.1162/jocn.2008.20090
http://www.ncbi.nlm.nih.gov/pubmed/18284347
https://doi.org/10.1162/089892903321107855
https://doi.org/10.1162/089892903321107855
http://www.ncbi.nlm.nih.gov/pubmed/12590846
https://doi.org/10.1016/j.brainres.2011.06.055
https://doi.org/10.1016/j.brainres.2011.06.055
http://www.ncbi.nlm.nih.gov/pubmed/21798519
https://doi.org/10.1016/j.tics.2007.04.004
http://www.ncbi.nlm.nih.gov/pubmed/17481940
https://doi.org/10.1016/j.tics.2007.04.002
http://www.ncbi.nlm.nih.gov/pubmed/17475539
https://doi.org/10.1371/journal.pone.0206616

o @
@ : PLOS | ONE Cue integration in language comprehension

70. Dosher BA, Rosedale G. Integrated retrieval cues as a mechanism for priming in retrieval from memory.
Journal of Experimental Psychology: General. 1989 Jun; 118(2):191.

71. Doumas LA, Hummel JE. Approaches to modeling human mental representations: What works, what
doesn’t and why. The Cambridge handbook of thinking and reasoning, ed. Holyoak KJ & Morrison RG.
2005 Apr 18:73-94.

72. Etienne AS, Maurer R, Berlie J, Reverdin B, Rowe T, Georgakopoulos J, Séguinot V. Navigation
through vector addition. Nature. 1998 Nov; 396(6707):161. https://doi.org/10.1038/24151 PMID:
9823894

73. Ernst MO, Bulthoff HH. Merging the senses into a robust percept. Trends in cognitive sciences. 2004
Apr 1; 8(4):162-9. https://doi.org/10.1016/j.tics.2004.02.002 PMID: 15050512

PLOS ONE | https://doi.org/10.1371/journal.pone.0206616 November 29, 2018 21/21


https://doi.org/10.1038/24151
http://www.ncbi.nlm.nih.gov/pubmed/9823894
https://doi.org/10.1016/j.tics.2004.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15050512
https://doi.org/10.1371/journal.pone.0206616

