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Abstract

Previous work has shown that English native speakers interpret sentences as predicted by a noisy-
channel model: They integrate both the real-world plausibility of the meaning—the prior—and the
likelihood that the intended sentence may be corrupted into the perceived sentence. In this study, we
test the noisy-channel model in Mandarin Chinese, a language taxonomically different from English.
We present native Mandarin speakers sentences in a written modality (Experiment 1) and an audi-
tory modality (Experiment 2) in three pairs of syntactic alternations. The critical materials are literally
implausible but require differing numbers and types of edits in order to form more plausible sentences.
Each sentence is followed by a comprehension question that allows us to infer whether the speakers
interpreted the item literally, or made an inference toward a more likely meaning. Similar to previous
research on related English constructions, Mandarin participants made the most inferences for implau-
sible materials that could be inferred as plausible by deleting a single morpheme or inserting a single
morpheme. Participants were less likely to infer a plausible meaning for materials that could be inferred
as plausible by making an exchange across a preposition. And participants were least likely to infer
a plausible meaning for materials that could be inferred as plausible by making an exchange across a
main verb. Moreover, we found more inferences in written materials than spoken materials, possibly a
result of a lack of word boundaries in written Chinese. Overall, the fact that the results were so similar
to those found in related constructions in English suggests that the noisy-channel proposal is robust.
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1. Introduction

In normal language situations, people sometimes make errors in their productions (e.g.,
Garrett, 1975), and there is often noise in the environment. As a result of the ubiquity of such
errors and potential misunderstandings, the language processing mechanism must be robust
to noise.

Shannon (1948) was the first to formalize how language producers and comprehenders
might behave in a noisy channel. Under such an approach, a rational comprehender is pre-
dicted to be sensitive to both prior information—including the kinds of things that are likely
to be talked about (e.g., the plausibility of events in the world around us)—and the noise
model: the possibility for production and comprehension errors (Levy, 2008; Levy, Bicknell,
Slattery, & Rayner, 2009). Formally, the probability p(s; | s,,) for a rational comprehender to
infer the intended sentence (s;) from a perceived sentence (s,) is proportional to both the prior
probability of the intended sentence p(s;) and the likelihood of the intended sentence to be
corrupted to the perceived sentence p(s; — s,), as is shown in Equation (1).

p(silsp) < p(si) - p(si = sp) (1

In order to investigate the nature of the noise model in English, Gibson, Bergen, and
Piantadosi (2013, GBP henceforth) presented participants with sentence materials from a
range of syntactic alternations, in both plausible and implausible variants, and asked com-
prehension questions about the meanings of these sentences, as in (1)—(3):

(1) Active/Passive

(a) Plausible active: The girl kicked the ball.

(b) Plausible passive: The ball was kicked by the girl.
(c) Implausible active: The ball kicked the girl.

(d) Implausible passive: The girl was kicked by the ball.

Comprehension question: Did the girl kick something/someone?
Literal response: “Yes” for plausible, “No” for implausible

(2) Double object (DO)/Prepositional phrase object (PO):

(a) Plausible DO: The mother gave the daughter the candle.

(b) Plausible PO: The mother gave the candle to the daughter.
(¢) Implausible DO: The mother gave the candle the daughter.
(d) implausible PO: The mother gave the daughter to the candle.

Comprehension question: Did the daughter receive something/someone?
Literal response: “Yes” for plausible, “No” for implausible

(3) Transitive/Intransitive

(a) Plausible transitive: The tax law benefited the businessman.

(b) Plausible intransitive: The businessman benefited from the tax law.
(c) Implausible transitive: The businessman benefited the tax law.

(d) Implausible intransitive: The tax law benefited from the businessman.
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Comprehension question: Did the tax law benefit from anything?
Literal response: “No” for plausible, “Yes” for implausible

Participants’ response to the comprehension question depends both on the sentence struc-
ture and the plausibility. For the plausible variants of the materials, the literal meaning of
the presented word order results in a meaning that makes sense in the world, so partic-
ipants answered the questions associated with the literal (plausible) meaning most of the
time (over 90%). In contrast, for the implausible variants, the word order and grammat-
ical structure suggest one meaning—an implausible meaning—whereas world knowledge
suggests another more plausible meaning. Depending on the complexity of the edit—the
noise—that it would take to get to the structure associated with a more likely meaning, peo-
ple may make an inference that such a structure might have been intended. Behaviorally, a
high inference rate is represented by a low probability of participants interpreting the test
sentences literally, or in other words, a low literal interpretation rate. Throughout this paper,
we say a participant “makes an inference” when they adopt a nonliteral interpretation of a
sentence.

What kinds of edits were the participants considering? All of the implausible materials in
these experiments can be formed by exchanging two noun phrases: for example, the girl and
the ball in (1) or the candle and the daughter in (2). If the rates of literal interpretation across
all the structures were the same, then one possible noise model would be one where two
words or phrases of the same type were exchanged. This noise model would predict the same
level of literal interpretation in the three types of alternations. But this was not the pattern that
was observed. First, there was hardly any inference of such an exchange in examples like (1c¢)
or (1d): people answered according to the literal implausible meaning over 90% of the time
(in other words, less than 10% inference). Second, there was much less literal interpretation
in materials like (2¢), (2d), (3¢c), and (3d), where people often inferred the more plausible
event, between 30% and 50% of the time (corresponding to 50—70% literal interpretations).
And third, within the DO/PO (2) and transitive/intransitive (3) alternations, there was more
inference for (2¢) and (3¢) than for (2d) and (3d).

Based on this pattern of data, GBP posited a noise model consisting of only insertion and
deletion of function words and treating exchanges as a combination of insertions and dele-
tions. When only one such insertion or deletion is needed—as in the examples in (2) and
(3)—people will often infer the more plausible meaning. But when two such insertions or
deletions are needed—as in (1)—then people will rarely infer the alternative structure with
its more plausible meaning. Furthermore, they hypothesized that deletions were more likely
than insertions, with the result that there would be more inference in (2¢) and (3¢) than in (2d)
and (3d). For example, there was more inference for The mother gave the candle the daughter
because it could be arrived at by a single deletion of the function word “to” from The mother
gave the candle to the daughter. On the other hand, the error in (2d)—The mother gave the
daughter to the candle—may have been caused by the accidental insertion of the function
word “to,” so people make fewer inferences to the more plausible event.

However, subsequent studies showed that comprehenders actually consider more than just
insertions and deletions: Poppels and Levy (2016, P&L) replicated the results from GBP and
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also tested how participants make inferences in materials like (4), where there are two post-
verbal prepositional phrase adjuncts:

(4) Prepositional phrase adjuncts: canonical and noncanonical orders

(a) Plausible, canonical: The package fell from the table to the floor.

(b) Plausible, noncanonical: The package fell to the floor from the table.
(c) Implausible, canonical: The package fell from the floor to the table.
(d) Implausible, noncanonical: The package fell to the table from the floor.

Comprehension question: Did the package fall from the floor?
Literal response: “No” for plausible, “Yes” for implausible

Their results showed a limitation of GBP’s proposed noise model, where only deletions and
insertions are considered. Under the model, four such edits (two insertions and two deletions)
are needed to go from the implausible versions to the plausible ones in (4a) and (4b). For
example, to get from (4c) to (4a), we could delete “from” and “to,” and then insert “to” and
“from” in the same corresponding positions. If people rarely make edits corresponding to
combinations of edits (as suggested by GBP’s analysis), then participants should, therefore,
rarely infer the more plausible meaning in sentences like (4c) and (4d) under this noise model.
But this is not what P&L observed: participants often made an inference for materials like (4¢)
and (4d), and the effects are robust after taking plausibility into account.

Based on this pattern of data, P&L argued that exchanges need to be included in the noise
model. How then do we explain the lack of inference in the implausible active/passive mate-
rials in (1) (which P&L replicated)? This may be explained by a constraint on exchanges:
exchanges may be easier when not across a main verb, into subject position, as would be
needed in the active/passive materials in (1). This constraint may be driven by people’s sen-
sitivity to the plausibility of the subject-verb relation: people may not think it likely that
others could produce a sentence like The ball kicked the girl because ball is obviously
not a possible agent of kicking and we may be able to notice this before producing such
a sequence. The local subject-verb cue does not block other examples that GBP or P&L
investigated.

Furthermore, Ryskin, Futrell, Kiran, and Gibson (2018) provided evidence that English
participants indeed treated exchanges as a separate noise category from insertions and dele-
tions. In Ryskin et al.’s task, participants were told to correct errors in productions that they
were told other people produced. Participants were assigned to different groups where they
were exposed to sentences with various types of noise operations, including deletions, inser-
tions, and exchanges. The results suggest that how participants corrected errors correlated
with the noise operations they were exposed to. Interestingly, the authors found that partici-
pants were more likely to correct sentences by insertion and less likely to correct sentences by
exchanging when they were exposed to insertions or deletions, possibly because participants
treated exchanges as a different category of error from insertions and deletions, which might
reflect the differences in the sources of these two types of error.
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Thus, the resulting noise model that can account for the results to date has two components:

(a) exchanges of category-matched items (e.g., nouns, noun phrases, or prepositions);
(b) deletions or insertions of single function words.

Two limitations of current research in the noisy-channel framework (e.g., Chen, Nathaniel,
Ryskin, & Gibson, 2023; Gibson et al., 2013; Liu, Ryskin, Futrell, & Gibson, 2020; Poliak,
Ryskin, Braginsky, & Gibson, 2023; Poppels & Levy, 2016; Ryskin et al., 2018; Zhang et al.,
2023; Zhang, Ryskin, & Gibson, 2023) are as follows. First, few studies have been con-
ducted in languages other than English with the noisy-channel approach. Those that have
been conducted outside of English (Keshev & Meltzer-Asscher, 2021 in Hebrew; Liu et al.,
2020, in Mandarin Chinese; Poliak et al., 2023, in Russian) concern how the prior prob-
ability of sentences affects the way these sentences are interpreted. For example, Keshev
and Meltzer-Asscher (2021) found that Hebrew speakers avoid interpretations that would
lead to low-frequency structures, even if the interpretation with a higher structural frequency
has subject-verb agreement errors. In addition, English and Mandarin speakers (Liu et al.,
2020) and Russian speakers (Poliak et al., 2023) interpret implausible sentences based on
their structural frequency. Specifically, sentences with high-frequency word order (e.g., “the
boy threw the trash™) are interpreted literally more often than those with low-frequency word
order (e.g., “the trash, the boy threw”). The results seem to suggest comprehenders interpret
sentences based on the probability of a sentence structure. This is consistent with the noisy-
channel framework in that the prior probability of a sentence affects how the sentence is
interpreted.

In addition, previous studies have generally been conducted using the written modality.
Specifically, participants were instructed to read sentences and then to answer comprehension
questions. A question that naturally follows is whether auditory communication between a
speaker and a comprehender can be accounted for using the noisy-channel framework. In
Gibson et al. (2017), participants listened to recordings of sentences in Gibson et al. (2013),
narrated by the experimenters either with a foreign accent or without a foreign accent. First,
they replicated the main findings in Gibson et al. (2013), suggesting that participants had the
same noise model when listening as when reading. Furthermore, they found that participants
were less likely to interpret implausible sentences spoken with a foreign accent literally,
implying that participants assumed a higher noise rate for speech in a foreign accent, giving
the speaker more benefit of the doubt. In our study, one group of participants read our
materials, and a different group listened to recordings of the sentence stimuli, in order to see
if the effects we observed in one modality generalized to the other, as they did in Gibson
etal. (2017).

In this study, we seek to systematically test how different noise operations and modali-
ties affect comprehenders’ interpretation of sentences under the noisy-channel framework, in
three syntactic alternations in Mandarin Chinese: active/passive, Double object (DO)/serial
verb, and transitive/intransitive, which are parallel to the active/passive, DO/PO, and tran-
sitive/intransitive alternations in English as tested in GBP. A strong test of the noise model
proposed in GBP and P&L is provided by examining this typologically different language.
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2. Present research

When considering similar syntactic alternations across languages, the noisy-channel frame-
work makes different predictions depending on the number of edits that are required to obtain
a plausible sentence from an implausible one. Here, we test Mandarin Chinese in three syntac-
tic alternations adapted from three of the English ones that GBP investigated: active/passive,
DO/serial verb, and transitive/intransitive. First, consider the Mandarin active/passive:

(5) Mandarin active/passive:

(a) Plausible active:
Wy FTRET XMW
Grandma break-ASP this-CL bowl
Grandma broke the bowl

(b) Plausible passive:
XA B B U FTRET
This-CL bowl bei grandma break-ASP
The bowl was broken by Grandma.

(c) Implausible active:
XA B TR WL,
This-CL bowl break-ASP grandma [NP exchange across main verb]
The bowl broke Grandma.

(d) Implausible passive:
Uiy ® & M FTRET
Grandma bei this-CL bowl] break-ASP [NP exchange across bei]
Grandma was broken by the bowl.

Comprehension question: Wi T T HAZRPG/HE A T 152 (Did the grandma break
something/someone?)
Literal response: “No” for implausible, “Yes” for plausible

The implausible active version (5¢) requires a noun exchange across the main verb, hypoth-
esized by P&L to be a low-probability noise operation. Hence, we expect people to often
take the implausible active (5c) literally. In contrast, the implausible passive version (5d)
can be repaired by a noun exchange across the passive marker bei into (5b), which reverses
the semantic roles of the agent and the patient and make the sentence plausible. Meanwhile,
Implausible passive sentences such as (5d) “WHWHIX MBI THE T (the grandma was bro-
ken by the bowl) can also be a result of a substitution from the marker ba into the passive
marker bei, namely, from “U3 P X ANBEFTHE T to “WI W8 X Wi FT 7 17, although
some suggestive evidence that substitutions may be somewhat unlikely is provided by Poliak
et al. (in review), who explored simple potential misinterpretations in Russian. In order to
most directly connect to previous research, we started by only considering exchanges as the
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possible noise operations here. Taken together, we expect a lower literal interpretation
rate in the implausible passive compared to the implausible active.
Next, consider the Mandarin DO/serial-verb alternation as in (6):

(6) Mandarin DO/Serial Verb

(a) Plausible DO:
EHROATT R R B
Laolin pay-ASP cleaner fifty-CL money
Laolin paid the cleaner fifty yuan.

(b) Plausible serial verb':
etk AT mA B & WIE T
Laolin pay-ASP fifty-CL money gei cleaner
Laolin paid fifty yuan to the cleaner.

(¢) Implausible DO:
eH AT HAH B L
Laolin pay-ASP fifty-CL money cleaner [deletion]
Laolin paid fifty yuan the cleaner.

(d) Implausible serial verb:
EHOAT O I A I gk
Laolin pay-ASP cleaner gei fifty-CL money [insertion]
Laolin paid the cleaner to fifty yuan.

Comprehension question: i i LUCE] T 3N AR PE/45 N T 15?2 (Did the servant receive
something/someone?)
Literal response: “No” for implausible, “Yes” for plausible

The DO construction in (6a, ¢) is similar to the English DO construction in (2a, ¢). Similar
to the English prepositional phrase object (PO) construction (2b, d), the Mandarin serial-verb
construction (6b, d) indicates transfer of possession with a main verb (e.g., “pay”) and a co-
verb gei. The implausible DO (6¢) may arise from the exchange of post-verbal noun phrases,
or from the deletion of the function word gei. The implausible serial-verb construction (6d)
may arise from the exchange of post-verbal noun phrases, or from the insertion of the function
word gei.

Since these are relatively likely edits according to GBP and P&L, the literal interpretation
rate should be low in both constructions, similar to what was observed in the English DO/PO
constructions. In addition, as hypothesized in Gibson et al. (2013) that deletions are more
likely to happen than insertions, we would expect a higher literal interpretation rate in the
serial-verb construction than in the DO construction.
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Finally, consider the Mandarin transitive/intransitive alternation, somewhat related to the
English transitive/intransitive alternations in (3):

(7) Mandarin transitive/intransitive

(a) Plausible transitive:
HK W T T
Clear-water dissolve-ASP salt
The clear water dissolved the salt.

(b) Plausible intransitive:
g WK BIEM T,
Salt zai clear-water li dissolve-ASP
The salt dissolved in the clear water.

(c) Implausible transitive:
e T HK
Salt dissolve-ASP clear-water [exchange across main verb]
The salt dissolved the clear water.

(d) Implausible intransitive:
HK E 23 B nm T,
Clear-water zai salt li dissolve-ASP [exchange across preposition zai]
The clear water dissolved in the salt.

Comprehension question: ¥ 7K J& 7 B f1- 4 Z< PH I fi# 12 (Was the water dissolved by
anything?)
Literal response: “Yes” for implausible, “No” for plausible

Unlike the English transitive/intransitive materials in (3), the implausible Mandarin ver-
sions are not easily edited by adding or deleting a single function word. Rather, they are
likely most easily edited by exchanging content words. Like the active in (5c), the transi-
tive version (7¢) requires a noun exchange across a main verb, whereas the intransitive (7d)
does not. The intransitive versions (7c) can be repaired by exchange across the preposition
zai (unlike English). As suggested by P&L, exchanges across function words are potentially
more local than exchanges across a main verb (7¢). Furthermore, the speech error data from
Garrett (1975) suggest that exchanges across a main verb are less common than exchanges
across function words. Based on this observation, we expect a lower interpretation rate in
the intransitive (7d) compared to the transitive (7c).

In addition to the above within-alternation predictions, the noisy-channel theory makes the
following between-alternation predictions. First, we expect lower rates of literal interpre-
tation in the DO/serial-verb alternation in (6c, d) than in the other two types of alter-
nation. This is because the implausible DO/serial-verb materials only require a single dele-
tion or insertion of a function word to make them plausible, whereas the other implausible

oo Ko Arpiqiaut|uoy/:sdiy woxy papEofumoq ‘7| €207 ‘60L9 1SS

eSSl £Q £8€€1°5509/1111°01/10p)

suuoy ouy 995 [£207/21/11] U0 K1eiqr] sunpuQ Aoji ‘A30[0uys 1 JO MU SHOSIYD

uonIpuo)) pue

1) st

SULI9) W00 K[ 1M ATeiq

55 J0 $O|N1 10j A1RIGT QWU AD[LAN UO

£q PawIoA0S 1e SOOIIE VO ¢

5U90I] SUoWILO)) 2AREa1) djqeoydde ouy



M. Zhan et al./ Cognitive Science 47 (2023) 9 of 27

materials require an exchange or substitution in order to make them plausible. Second, we
expect lower literal interpretation rate for (5d) and (7d), both of which require an
exchange across a function word, compared to (5c) and (7¢), which require an exchange
across a main verb. This is a more general comparison than (5d) versus (5¢) and (7d) versus
(7¢) described above. If each of these is significant in the predicted direction, then this test
should be too. A summary of noise operations and the corresponding plausible-implausible
sentences as a result of these operations is listed in Table 1.

The rest of the paper is organized as follows. In Experiment 1, we tested the noisy-channel
framework on Mandarin Chinese speakers, who read sentences under the three syntactic alter-
nations: active/passive, DO/serial verb, and transitive/intransitive, listed in Table 1, testing the
noise operations of insertions, deletions, and exchanges. Experiment 2 extended Experiment
1 to the auditory modality, in that participants listened to the same test sentences instead of
reading them. Despite Mandarin Chinese being typologically different, we largely replicated
the results in Gibson et al. (2013), and the differences were probably because participants
arrived at interpretations that we did not anticipate (for the DO/serial-verb constructions),
which we will elaborate further in the following sections.

3. Experiment 1

3.1. Methods

3.1.1. Ethics statement

This study (both experiments included) was approved by the Committee on the Use of
Humans as Experimental Subjects at Massachusetts Institute of Technology. Participants
completed the study through a web interface, which provided an informed consent form prior
to beginning the study and indicated that initiating the study constituted their informed con-
sent to participate.

3.1.2. Farticipants

Two hundred and nineteen self-reported Mandarin native speakers took part in one of the
subexperiments. Participants were recruited from Witmart, a China-based crowd-sourcing
platform.

3.1.3. Materials

Each of the three subexperiments had a 2x2 within-subject design, varying syntactic con-
structions (e.g., active vs. passive) and plausibility (plausible vs. implausible). Experiment 1A
investigated the active/passive alternation as in (5); Experiment 1B investigated the DO/serial-
verb alternation as in (6); Experiment 1C investigated the transitive/intransitive alternation as
in (7). Each subexperiment had 20 target items® and 60 filler items. The filler items were
shared across three subexperiments.

Each item contained a comprehension question (see above examples (5)—(7)). The answer
to each question indicates whether literal syntax or semantic plausibility was used in sentence
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Table 1

A summary of intended plausible sentences, noise operations, and the resulting perceived implausible sentences

in Mandarin

M. Zhan et al./ Cognitive Science 47 (2023)

Intended plausible sentence

Possible noise operation

Perceived implausible sentence

vy ATRET XA Wi

Grandma break-ASP this-CL bowl
“Grandma broke the bowl.”
(5a)—plausible active

Exchange across main
verb

XA BEATRET W

This-CL bowl break-ASP grandma
“The bowl broke grandma.”
(5¢)—implausible active

XA B w0 W THET
This-CL bowl bei grandma break-ASP
“This bowl was broken by Grandma”
(5b)—plausible passive

Exchange across the
passive marker bei

oy H XA wE ATRET

Grandma bei this-CL bowl break-ASP
“Grandma was broken by the bowl.”
(with bei passive marker)

(5d)—implausible passive

EMROATT O WIS Ik Insertion EH AT WIS e
B B

Laolin pay-ASP cleaner fifty-CL Laolin pay-ASP cleaner gei fifty-CL
money money

“Laolin paid the cleaner 50 Yuan.” “Laolin paid the cleaner to 50 Yuan.”

(6a)—plausible DO (6d)—implausible serial verb

e AT Rt R & Deletion eh AT A

RN
Laolin pay-ASP fifty-CL money gei

cleaner
“Laolin paid 50 Yuan to the cleaner.”

(6b)—plausible serial verb

RN
Laolin pay-ASP fifty-CL money
cleaner
“Laolin paid 50 Yuan the cleaner.”
(6¢c)—implausible DO

K W T JEEaN
Clear-water dissolve-ASP salt

“The clear water dissolved the salt”
(7a)—plausible transitive

Exchange across the
main verb

T T K

Salt dissolve-ASP clear-water
“The salt dissolved the clear water.”
(7c)—implausible transitive

B K Liteey N

Salt zai clear-water li

dissolve-ASP

“The salt dissolved in the clear water.”
(7b)—plausible intransitive

Exchange across
preposition zai

TEK FEEHRTER T
Clear-water zai salt li dissolve-ASP

“The clear water dissolved in the salt”
(7d)—implausible intransitive

Note. The color marks the NPs that are exchanged, and the underscore and bold font indicates characters that
are inserted or deleted in the noise model.

interpretation. For example, in (5), for the implausible conditions, a “no” answer indicated
the use of literal syntax in interpretation, whereas a “yes” answer indicated the reader relied
on semantic plausibility in interpretation, and the opposite is true for (7). The items were
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counterbalanced so that half of the questions were like the ones in (5) and (6), and the other
half of the questions were like the ones in (7).

3.1.4. Procedure

Similar to GBP, participants were presented with 20 target items, interspersed with 60 filler
items. Following a Latin square design, one of the four versions of each item was displayed
with a yes-no comprehension question. The sentences were presented one by one in full.
After reading each sentence, participants answered a comprehension question that indicated
whether they had a literal or nonliteral interpretation of the sentence. The questions were
counterbalanced for their a priori plausibility (e.g., Did the {grandma/bowl} break some-
thing/someone? In Chinese, {WW/AX i} FTHE T A PU/ZHEN T ). Half of the ques-
tions were plausible as written, and the other half were implausible. There was no time limit
in reading each sentence, but they were not able to go back to the previous sentence once they
proceeded to the next one.

3.1.5. Statistical analysis

The data were analyzed using mixed-effect logistic regression models powered by R (R
Core Team, 2022), with the maximal random effect structure justified by the design of the
experiment (Barr, Levy, Scheepers, & Tily, 2013). We adopted a Bayesian approach and car-
ried out the analyses using the MCMCglmm package (Hadfield, 2010), under an uninforma-
tive prior, a common practice for MCMC-based mixed model fitting (Baayen et al., 2008). In
the results, we reported p MCMC, a Bayesian counterpart of p-value based on the posterior
distribution of the regression model, and we said a result was significant if p MCMC < 0.05.

We were mainly interested in participants’ interpretation of implausible sentences because
in GBP and subsequent studies, participants overwhelmingly interpreted plausible sentences
literally and hence the literal interpretation rate of those sentences were near ceiling.

We made three comparisons on participants’ responses to implausible sentences (summa-
rized in Table 2). We investigated whether sentences made implausible by an exchange
across a main verb were more likely to be interpreted literally than those made implau-
sible by an exchange across a function word. To do so, we compared the literal interpre-
tation rate of implausible active (5¢) and implausible transitive (7¢) sentences and that of
implausible passive (5d) and implausible intransitive (7d) sentences. We call the two groups
of constructions in this analysis construction groups. The construction group was entered as
a fixed effect. Items and participants were entered as random intercepts with random by-item
and by-participant slopes for construction group. In addition, within the active/passive alter-
nation and the transitive/intransitive alternation, we compared the literal interpretation rate
of each construction. Here, the construction was entered as a fixed effect. Items and partici-
pants were entered as random intercepts with random by-item and by-participant slopes for
construction.

We then checked whether sentences made implausible by insertions were more likely to
be interpreted literally than those made implausible by deletions. We compared the literal
interpretation rate of DO sentences with that of serial-verb sentences. Here, the construction
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Table 2
A summary of the analyses done in Experiment 1, grouped by the noise operations each analysis compares

Comparison 1: Exchange across a main verb versus exchange across a function word

active (5c) + transitive (7c) versus passive (5d) + response ~ construction group + (1 + construction group
intransitive (7d) | participant) + (1 4 construction group | item)
active versus passive response ~ construction + (1 + construction | participant)

transitive versus intransitive + (1 + construction | item)

Comparison 2: Insertion versus deletion

serial verb (6d) versus DO (6¢) response ~ construction + (1 4 construction | participant)
+ (1 + construction | item)

Comparison 3: Exchange versus insertion/deletion

active/passive versus DO/serial verb response ~ alternation + (1 | participant) + (1 | item)
transitive/intransitive versus DO/serial verb

Note. The left column specifies the fixed effect variables in comparison and the right column shows the fixed
effect and random effect structure in Ime4 syntax (Bates, Maechler, Bolker, & Walker, 2015).

was entered as a fixed effect. Items and participants were entered as random intercepts with
random by-item and by-participant slopes for construction.

Finally, we examined whether sentences made implausible by exchanges were more
likely to be interpreted literally than those made implausible by insertions or deletions,
by comparing the literal interpretation rate across alternations. There were two analyses in
this part: one comparing DO/serial-verb sentences with active/passive sentences, and another
comparing DO/serial-verb sentences with transitive/intransitive sentences. In each analysis,
the alternation was entered as a fixed effect. Items and participants were entered as random
intercepts.

3.2. Results

The literal interpretation rate of sentences in each construction is presented in Fig. 1. Con-
sistent with GBP and other previous studies, in all three syntactic alternations, the plausible
materials were interpreted literally much more often than the implausible materials (ps <
.001), and furthermore, the rates of literal interpretation of the plausible materials were near
ceiling.

Consequently, we omitted the plausible materials from further analyses (similar to the anal-
ysis procedure that GBP followed).

The results from subsequent analyses are summarized in Table 3. We found that active
sentences (5¢) and transitive sentences (7c) were more likely to be interpreted literally, com-
pared with passive sentences (5d) and intransitive sentences (7d, p. MCMC < 0.001). This is
still true when the construction groups were broken down, in that active sentences were more
likely to be interpreted literally than passive sentences (p. MCMC = 0.042), and transitive
sentences were more likely to to be interpreted literally than intransitive sentences (p. MCMC
< 0.001). All three analyses were consistent with our predictions that exchanges across a
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Fig. 1. Percentage of trials where participants relied on the literal syntax for interpretation of the sentences pre-
sented in: written form (Experiment 1, top panel) and spoken form (Experiment 2, bottom panel). The symbols
*#x % and n.s. indicate p<.001, p<.05 and not significant, respectively. Error bars indicate standard errors.

function word are more likely than exchanges across a main verb. Nevertheless, we did not
find a significant difference between the literal interpretation rate of DO (6c) sentences and
that of serial-verb (6d) sentences (p. MCMC = 0.617). Across alternations, we found partic-
ipants were more likely to adopt a nonliteral interpretation of the implausible DO/serial-verb
materials than of implausible materials under other alternations, as predicted (p. MCMCs <
0.001).

3.3. Discussion

Overall, these results were broadly as predicted by the noisy-channel framework under the
noise model that was proposed based on English data.

First, implausible passive sentences and implausible intransitive sentences were interpreted
nonliterally more often than implausible active sentences and implausible transitive sentences,
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Table 3

Results of the mixed-effect logistic regression in Experiment 1 analyzing the effects of different noise opera-
tions on literal interpretation, namely: effects of exchanges across a main verb versus across a function word
(Comparison 1), effects of insertion versus deletion (Comparison 2), and effects of exchange versus insertion or
deletion (Comparison 3)

Experiment 1*

Comparison 1: Exchange across a main verb versus exchange across a function word
Variables 2.5%CI Mean 97.5% CI p_ MCMC

Active (5¢) + Transitive (7¢) 0.698 1.076 1.472 <0.001%**
versus Passive (5d) +
Intransitive (7d)
Active versus Passive —4.500 —0.256 —0.005 0.042%*
Transitive versus Intransitive —1.187 —0.861 —0.542 <0.001***

Comparison 2: Insertion versus deletion
Variables 2.5% CI Mean 97.5% CI p_MCMC
DO (6¢) versus Serial verb (6d) —0.504 0.156 0.796 0.617

Comparison 3: Exchange versus insertion/deletion

Variables 2.5%CI Mean 97.5% CI p_ MCMC

Active/Passive versus DO/Serial 4.457 5.619 6.800 <0.001***
verb

Transitive/Intransitive versus —5.841 —4.677 —3.639 <0.001***
DO/Serial verb

Note. *, and *** indicate the p-value is below .05, below .01, and below .001, respectively.

possibly because the former two require an exchange across a function word, whereas the
latter two require an exchange across a main verb.

More specifically, implausible active sentences were interpreted literally more often than
implausible passive sentences, because the edit to form a plausible version of the active
sentence—an exchange across a main verb—is less likely than the edit to form a plausible
version of the passive sentence—an exchange across the particle bei.

Similarly, implausible transitive sentences were interpreted literally more often than
implausible intransitive sentences, because the edit to form a plausible version of the transi-
tive sentence—an exchange across a main verb—is less likely than the edit to form a plausible
version of the intransitive sentence—an exchange across the particle zai.

Moreover, there were more inferences in the implausible DO/Serial alternation than in the
other alternations, plausibly because the edit to a plausible version consists of a single deletion
or insertion.

However, in contrast to the prediction of the noisy-channel framework, the implausible
serial-verb construction was generally interpreted nonliterally. The implausible serial-verb
construction requires either the insertion of a function word, or an exchange (but not across a
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main verb). Consequently, the noisy-channel framework predicts some literal interpretations,
above floor, contrary to observation.

After obtaining these results, our subsequent discussion with several other native Mandarin
speakers revealed some variability in whether people think that our “implausible” materials
are actually ungrammatical for the DO/serial-Verb constructions. In some dialects—possibly
more often in colloquial Mandarin—the supposedly implausible (6¢) is acceptable and yields
the same plausible interpretation as (6a) and (6b). The same applies to the implausible (6d),
especially if there is a pause following the second noun phrase (“cleaner” in (6d)), perhaps
with an aspect marker deleted following the verb “gei” (give). This turns (6d) into (8).

®) BMATT WHIET, AT HTH £
Laolin pay-ASP cleaner gei-ASP fifty-CL money
Laolin paid the cleaner. (Laolin) gave (the cleaner) fifty yuan.

This observation suggests that some Mandarin speakers may have conventionalized sup-
posedly implausible DO strings (6¢) as plausible sentences without any noise inference. If so,
the results from DO sentences would not test the noisy-channel hypothesis for these speakers.*
Meanwhile, (8) is a plausible and grammatical sentence under a different construction: here,
gei becomes a main verb instead of a serial verb, making the sentence a compound. It is possi-
ble that when participants were reading implausible serial-verb sentences like (6d), they were
actually inferring (8) as the plausible interpretation, instead of (6a) as we intended. Since the
plausible alternative (8) has a high prior, and deletions that turn (8) to (6d) are likely to hap-
pen, participants might indeed have inferred a deletion from (8) instead of an insertion from
(6a), which could potentially explain the low literal interpretation rate and a lack of difference
between the results in the DO sentences and the serial-verb sentences.

Another potential question that arises from comparing the results from these experiments
to results from English in Gibson et al. (2013) is that the percentage of literal interpretation
in Mandarin is lower than what was found in English for similar construction pairs. There
are many possible sources of such between-language differences. One possible source is that
Mandarin orthography—with no spaces between the words—may make local word order
permutations harder to detect by readers. In English, there are white spaces between words
to indicate word boundaries, but there are no such spaces in written Mandarin. There have
been numerous studies on how spacing affects Chinese reading (e.g., Bai, Yan, Liversedge,
Zang, & Rayner, 2008; Hsu & Huang, 2000a, 2000b; Inhoff, Liu, Wang, & Fu, 1997; Liu
& Li, 2014; Liu & Lu, 2018). These studies suggest that for native speakers, adding space
between words does not affect reading, whereas adding space between characters affects
reading. In addition, Gu and Li (2015) show that sentences with a transposition of characters
between words (e.g., JE i vs. JEil ™#2) take longer for readers to comprehend than
control sentences, but those with a transposition of characters within words (e.g., &4k % 5k
vs. 8% 44 5K) do not. Taken together, these findings suggest that Chinese readers actively
segment sentences into words (Li & Pollatsek, 2020; Li, Rayner, & Cave, 2009), a process
not present among English readers, and the Chinese character order within a word seems to
not affect reading (Gu & Li, 2015; see Rayner et al., 2006 for a similar finding in English). In
addition, when reading alphabet-based writing scripts such as English scripts, readers are able

oo Ko Arpiqiaut|uoy/:sdiy woxy papEofumoq ‘7| €207 ‘60L9 1SS

eSSl £Q £8€€1°5509/1111°01/10p)

suuoy ouy 995 [£207/21/11] U0 K1eiqr] sunpuQ Aoji ‘A30[0uys 1 JO MU SHOSIYD

sdy) suonipuoy) puv

SuL) w00 Ko

SOJOIE VO 98T JO So[n1 10§ KIRIQET QUIUQ AD]1AL UO (SUOT

9405 218

£q poux

5U90I] SUoWILO)) 2AREa1) djqeoydde ouy



16 of 27 M. Zhan et al. / Cognitive Science 47 (2023)

to decide where to land their next saccade based on cues such as word length, but in contrast,
Chinese readers do not have such cues due to a lack of spacing between words. It has been
suggested that Chinese readers first obtain as much information from a fixation as possible
and then saccade to the next chunk of text containing completely novel information. The
saccade length may then be determined by factors such as word frequency and word length
(Li, Liu, & Rayner, 2011; Wei, Li, & Pollatsek, 2013). Therefore, it is possible that due to the
lack of space between Chinese characters, noise operations such as deletions, especially those
after a high-frequency word, might be unnoticed by the reader. If so, the reader could have
the impression of comprehending a plausible sentence despite seeing an implausible sentence.
This might make the overall literal interpretation rate in Mandarin lower than in English.

To evaluate this idea, we ran Experiment 2 with auditory versions of the same materials. We
suspected that in the auditory modality, speakers could use intonational cues associated with
constituent boundaries, such as pauses (or lengthening, and shifts in pitch), to let listeners
interpret gei as a serial verb, instead of a main verb. Then, if participants hear sentences such
as (6d) without any boundary between “cleaner” (75 i 1.) and the serial verb “gei,” they
might be less likely to interpret the sentence like (8), where a boundary is needed between
“cleaner” and “gei.” In addition, we suspected that the intonational cues would also help
participants interpret materials like (6¢) as DO, in order to rule out the alternative plausible
interpretation due to dialectal differences or failure to notice the deletion of the serial verb.

A previous study (Gibson et al., 2017) tested the noisy-channel framework in the auditory
modality, among native English speakers. The results from the study follow the same patterns
as GBP, suggesting that participants might have assumed a similar noise model when given
an auditory input, compared to when given a written input. Therefore, in Experiment 2 of
our study, we would expect noisy-channel inference from participants but probably with less
misinterpretation due to the additional intonational cues.

4. Experiment 2

There were two goals to Experiment 2. First, we wanted to replicate the results from
Experiment 1 on a new group of participants. Second, we wanted to test whether switching the
modality of the stimuli might alter the literal interpretation rate for implausible sentences in
Mandarin. This might be especially useful for testing the noisy-channel theory’s predictions
regarding the implausible DO/Serial materials: they might be interpreted implausibly more in
auditory versions, thus establishing them as reasonable baselines for the other comparisons.

4.1. Methods

4.1.1. Participants

A total of 288 participants were recruited. All participants were self-reported native Man-
darin Chinese speakers recruited on Amazon Mechanical Turk. Chinese proficiency of all
participants was screened through three open-ended questions in Mandarin at the beginning
of the experiment. The three screening questions that we used were as follows:
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“What is your favorite food and why/{/R i 5 BV = HA2 R4
“Please briefly introduce your hometown/iF i f /44— FRAIEK £
“What’s your favorite sport//R iz =W f1-4 12827

Participants were asked to type in their answers in the text boxes provided below each
question. Participants who did not answer the screening questions or did not answer them in
Mandarin Chinese were excluded from the experiment. One hundred and ninety four partici-
pants who passed the screening and did not have duplicated submissions were included in the
analysis.

4.1.2. Materials

As in Experiment 1, Experiment 2 had three subexperiments: (2A) active/passive sentences
as in (5); (2B) DO/serial-verb sentences as in (6); and (2C) transitive/intransitive sentences as
in (7). Each subexperiment had 20 test items and 60 filler items. The materials were audio-
recorded versions of the materials from Experiment 1 narrated by one of the authors as natural
speech. In each subexperiment, syntactic construction and plausibility were manipulated as
independent factors to form a 2x2 factorial design. We employed a latin-square design to
form four lists for each subexperiment, and all lists were randomized.

4.1.3. Procedure

All 80 test items for each subexperiment (2A, 2B, 2C) were presented on a single page.
There were 80 rows in total, with each row containing a play button for an audio recording, a
comprehension question (written), and a Yes/No choice bubble for the comprehension ques-
tion. Participants clicked the “play” button on each row of the list to play the recording for
each sentence. Comprehension questions were presented visually. Participants could see the
comprehension question as they were listening to the recordings. There was no time limit in
completing each comprehension question, as long as participants submitted their responses
within 2 h.

4.1.4. Statistical analysis
The statistical analyses were largely identical to those conducted in Experiment 1 (see
Table 2 for the summary).

4.2. Results

Two-thirds of the results of Experiment 2 (shown in the bottom panel of Fig. 1) replicated
the results from Experiment 1.

The results are graphed in Fig. 1 and summarized in Table 4. First, in all three alterna-
tions, the plausible materials were interpreted literally much more often than the implausible
materials (ps < .001), and the rates of literal interpretation of the plausible materials were
near ceiling. As in Experiment 1, we, therefore, omitted the plausible materials from further
analyses.

Then, as in Experiment 1, we compared the literal interpretation rate among sentences that
are made implausible by different types of exchanges. We found that participants are more
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Table 4
Results of the mixed-effect logistic regression in Experiment 2, analyzing the effects of different noise operations
on literal interpretation (same as in Experiment 1)

Experiment 2

Comparison 1: Exchange across a main verb versus exchange across a function word

Variables 2.5% CI Mean 97.5% CI p_MCMC

Active (5¢) + Transitive (7c¢) —1.189 —0.813 —0.365 < 0.001***
versus Passive (5d) +
Intransitive (7d)
Active versus Passive —0.154 0.415 0.932 0.120
Transitive versus Intransitive —2.470 —1.701 —0.965 < 0.001***

Comparison 2: Insertion versus deletion

Variables 2.5% CI Mean 97.5% CI p_MCMC

DO (6c¢) versus Serial verb (6d) —0.298 0.541 1.495 0.206

Comparison 3: Exchange versus insertion/deletion

Variables 2.5% CI Mean 97.5% CI1 p_MCMC

Active/Passive versus DO/Serial —5.115 —4.505 —3.856 < 0.001***
verb

Transitive/Intransitive versus 3.770 4.334 4.860 < 0.001***
DO/Serial verb

Note. We report the mean of the posterior distribution and the boundaries of the 95% credible interval. ***
indicate p. MCMC is below 0.05, below 0.01, and below 0.001, respectively.

likely to make inferences of sentences made implausible by an exchange across function
words than those made implausible by an exchange across main verbs (p. MCMC < 0.001).

We also compared the literal interpretation rates for each alternation. First, active implau-
sible sentences (5¢) were interpreted literally numerically more than the passive implausible
sentences (5d) but this comparison did not reach significance (p. MCMC = 0.120). Second,
there was no significant difference between the implausible DO (6¢) and serial-verb construc-
tions (6d, p MCMC = 0.206). Third, transitive implausible sentences (7c) were interpreted
literally more than intransitive implausible sentences (7d, p. MCMC < 0.001), as predicted.

In our cross-alternation comparisons, participants were more likely to adopt a nonliteral
interpretation of the implausible DO/serial-verb materials than for the implausible materials
in other syntactic alternations (p. MCMC < 0.001 for Active-Passive vs. DO-Serial Verb and
p MCMC < 0.001 for Transitive-Intransitive vs. DO-Serial Verb). Unlike for the written
DO-Serial verb materials, the literal interpretation of the auditory DO-Serial verb materials
was well above the baseline, suggesting that these are in fact implausible materials for many
participants (as originally designed).
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Table 5
A summary of the analyses done combining results from both experiments, grouped by the noise operations each
analysis compares

Comparison 1: Exchange across a main verb versus exchange across a function word

active + transitive versus passive + intransitive response ~ construction group * modality + (1 +
construction group | participant) + (1 + construction
group * modality | item)

active versus passive response ~ construction * modality + (1 + construction |

transitive versus intransitive participant) + (1 + construction * modality | item)

Comparison 2: Insertion versus deletion

serial verb (6d) versus DO (6¢) response ~ construction + (1 + construction |
participant) + (1 4 construction | item)

Comparison 3: Exchange versus insertion/deletion

active/passive versus DO/serial verb response ~ alternation * modality + (1 | participant) + (1
+ modality | item)
transitive/intransitive versus DO/serial verb

Note. The left column specifies the fixed effect variables in comparison and the right column shows the fixed
effect and random effect structure in Ime4 syntax (Bates et al., 2015).

4.3. Analyzing the results from both experiments

To analyze the effect of different noise operations, modality, and their interactions alto-
gether, we polled the data from Experiments 1 and 2 and conducted a mixed-effect logistic
regression. The comparisons remained the same, except in each analysis, we added a fixed
effect of modality and an interaction term. The random effect structure also varied accord-
ingly in order to achieve the most complex structure permitted by experimental design (Barr
et al., 2013). A summary of the analyses is shown in Table 5.

The results are presented in Table 6. Participants were much less likely to interpret
sentences literally when they were presented with passive or intransitive sentences, than
when they were presented with active or transitive sentences (p. MCMC < 0.001), as pre-
dicted. They also made significantly fewer literal interpretations when they were presented
with written sentences (p. MCMC < 0.001). Again, we also found no interaction between
type of exchanges and modality (p. MCMC = 0.243). The more fine-grained analyses also
showed a main effect of modality (p. MCMCs < 0.001) and no interactions between con-
struction and modality (p. MCMCs > 0.3). However, they did not replicate the results in
Experiment 1, in that we found only an effect of construction among transitive/intransitive
sentences (p. MCMC < 0.001) but not among active/passive sentences (p MCMC =
0.134).

Similar to Experiments 1 and 2, we did not find a significant difference between the literal
interpretation rate of DO sentences and that of serial-verb sentences (p. MCMC = 0.297), but
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Table 6

Results of the mixed-effect logistic regression on data pooled from both experiments, analyzing the effects of
different noise operations and modality on literal interpretation (same as in Experiments 1 and 2), along with their
interactions

Pooled data from Experiments 1 and 2

Comparison 1: Exchange across a main verb versus exchange across a function word

Variable Fixed effect 2.5%CI Mean 97.5% CI p_MCMC
Active+Transitive versus Construction group —1.135 —0.751 —0.317 < 0.001***
Passive+Intransitive Modality —1.860 —1.288 —0.650 < 0.001***
Interaction —0.850 —0.330 0.236 0.243
Active versus passive Construction —0.100 0.428 1.020 0.134
Modality 0.499 1.318 2.192 < 0.001***
Interaction —0.684 0.030 0.867 0.940
Transitive versus Construction —1.870 —1.298 —0.628 < 0.001***
intransitive Modality 1.233 1.996 2.882 < 0.001%**
Interaction —1.282 —0.434 0.394 0.300

Comparison 2: Insertion versus deletion

DO versus Serial verb Construction —0.409 0.463 1.313 0.297
Modality 1.419 2.761 4.005 < 0.001***
Interaction —1.450 —0.124 1.187 0.854

Comparison 3: Exchange versus insertion/deletion

Active/Passive versus Alternation —5.757 —4.970 —4.215 < 0.001%**

DO/Serial verb Modality —2.135 —1.512 —0.811 < 0.001%**
Interaction —1.559 —0.481 0.399 0.320

DO/Serial verb versus Alternation 3.740 4.469 5.158 < 0.001***

Transitive/Intransitive Modality —3.090 —2.235 —1.226 < 0.001%***
Interaction —0.652 0.361 1.565 0.523

Note. We report the mean of the posterior distribution and the boundaries of the 95% credible interval. *, **,

and *** indicate p MCMC is below 0.05, below 0.01, and below 0.001, respectively.

we did find a significant difference between modalities (p. MCMC < 0.001) and no interac-
tions between modality and construction (p. MCMC = 0.854).

Across alternations, as predicted, the participants made significantly less literal interpre-
tation in DO-Serial Verb alternation compared to Active-Passive alternation and Transitive-
Intransitive alternation (p. MCMC < 0.001 for Active-Passive vs. DO-Serial Verb and
p_ MCMC < 0.001 for Transitive-Intransitive vs. DO-Serial Verb). Compared with those in
the written experiment, participants in the auditory experiment made significantly more literal
interpretation (p. MCMC < 0.001 in both analyses). Similar to the within-subexperiment
analysis above, we found no interaction between alternation and modality (p. MCMCs >
0.320).
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4.4. Discussion

The results from Experiment 2 are broadly consistent with what was found in
Experiment 1. The lack of interaction between modality and construction in all three
syntactic alternations suggests that the level of literal sentence interpretation derived from
different syntactic constructions does not depend on the modality. Although the difference in
Active/Passive did not reach significance in Experiment 2, the direction of this effect was the
same as in Experiment 1, and there was no interaction across modality in the two experiments.

In addition, we found a main effect of modality in all three subexperiments, such that there
was less literal interpretation in implausible sentences in reading compared to the auditory
versions. This is compatible with our speculation that the lower rate of literal interpretation
of implausible sentences in Mandarin Chinese (as seen in Experiment 1) compared to English
might be partially due to the lack of white space between written words in Chinese. Further
cross-linguistic studies testing potential effects of writing system properties (such as whether
white spaces are used to mark word boundaries, as in Gu and Li (2015), for example) on
literal interpretation rate would be necessary to test our speculation that the lack of white
spaces between written words lowers the proportion of literal interpretation.

Interestingly, in the auditory modality, the literal interpretation rate in DO sentences is also
about the same as that in serial-verb sentences, suggesting that even with the intonation cues,
participants still tended to interpret implausible serial-verb materials like (6d) as sentences
like (8). To better test the effect of deletions and insertions, future studies should consider
other syntactic alternations where implausible sentences are less likely to be interpreted as
plausible ones with a different meaning. In addition, collecting data such as acceptability or
asking participants what the speaker might have intended to say would also be helpful in
making sure that participants are indeed interpreting sentences the way we intended.

5. General discussion

There have been numerous studies investigating the effects of noise in English sentence
comprehension under a noisy-channel theory (e.g., Bergen, Levy, & Gibson, 2012; Cai, Zhao,
& Pickering, 2022; Gibson et al., 2013; Kane & Slevc, 2019; Levy, 2008; Poppels & Levy,
2016; Ryskin et al., 2018; Staub, Dodge, & Cohen, 2018), but few have tested the theory
in other languages (e.g., Keshev & Meltzer-Asscher, 2021; Liu et al., 2020; cf. related work
in German by Bader & Meng, 2018; and Meng & Bader, 2021). In this work, we tested the
noisy-channel theory on three different alternations in Mandarin: Active/Passive, DO/Serial
Verb, and Transitive/Intransitive, each with both plausible controls and implausible versions,
which could be made plausible with some minimal edits, as presented in Table 1.

Specifically, the noise model developed from work on English interpretation predicts that
the implausible DO materials might be interpreted as having an accidental insertion of a func-
tion word; and the implausible serial-verb materials might be interpreted as having an acci-
dental deletion of a function word. These edits have been shown to drive high inference rates
in English, and hence we expected high inference in Mandarin, which is what we observed.
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However, we also expected more inference for the implausible serial-verb materials than
for the implausible DO materials because they involve a deletion, which has been shown to
drive higher inference rates in English than insertions (as in the implausible DO materials),
but we did not see the predicted difference here. Our results could have been because par-
ticipants made types of inferences that we did not expect when we designed the stimuli. In
particular, participants might have conventionalized implausible DO sentences such as (6¢)
as plausible. The conventionalization might have been a result of noisy-channel inference, in
that if comprehenders always interpreted sentences like (6¢) as a deletion from plausible PO
sentences like (6b), they might have interpreted sentences like (6¢) as plausible on its own.
On the other hand, the low literal interpretation rate in serial-verb sentences like (6d) might
have been because participants inferred a deletion from plausible sentences like (8), instead
of an insertion from plausible DO sentences like (6a).

Each of the other four implausible constructions involved exchanges in order to make them
plausible. The noise model developed from English suggests that materials that were cor-
rectable by single deletions and insertions of function words were more likely to drive infer-
ence than exchanges of nouns. Thus, we expected more inference in implausible DO and
serial-verb constructions than in the other four implausible constructions, and this is exactly
what we saw.

For the implausible passive (5d) and the implausible intransitive (7d) structures, the min-
imal exchange that is needed is an exchange across a function word. For the implausible
active (5¢) and the implausible transitive (7c) structures, the minimal exchange that is needed
is an exchange across a main verb. The noise model developed from English suggests that
exchanges across function words are more likely than those across main verbs, so we expected
more inference in implausible passive sentences and in implausible intransitive sentences,
relative to implausible active sentences and implausible transitive sentences. We found this
pattern of data in general in both experiments. First, it was robustly the case that implausible
exchange-across-function word materials were inferred as their plausible variants more than
the implausible exchange-across-verb materials, as a whole. When the constructions were
considered individually, many of these tests were significant: only the implausible active ver-
sus implausible passive comparison in Experiment 2 was not.

In addition to finding support for the noisy-channel model in these constructions, we also
found that there was more inference with written Mandarin materials compared to auditory
materials. We speculate that this difference may be partly dependent on a lack of spaces
between characters in Mandarin Chinese orthography, which may make it difficult for partic-
ipants to detect implausible sentences, similar to the observation that English speakers have
a hard time noticing transposed characters in written words, such as in Rayner et al.’s classic
sentence materials, “raeding wrods with jubmled lettres.”

Although the results of our experiments suggest that Mandarin speakers seem to be sensi-
tive to the same kinds of noise when interpreting implausible materials as English speakers,
the inference rate in the Mandarin implausible active and passive constructions appears to be
higher in Mandarin (e.g., 64.3% literal for implausible active in E1, 57.6% literal for implau-
sible passive in E1, 79.6% literal for implausible active in E2, and 74.9% literal for implau-
sible passive in E2) compared to the results among English speakers reported in two studies
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conducted in different time periods, namely, Gibson et al. (2013) (98.6% literal for implausi-
ble active; 96.8% literal for implausible passive), and Gibson et al. (2017) (93.6% literal for
implausible active; 93.5% literal for implausible passive). This difference in inference rate
may be due to additional cues that Mandarin speakers use in sentence processing, such as
the passive marker bei and noun animacy (Li, Bates, & MacWhinney, 1993). That is, Man-
darin speakers rely heavily on both noun animacy and word order when interpreting simple
sentences, as opposed to English speakers who appear to rely only on word order when inter-
preting simple sentences (Su, 2001). There are many situations where an animacy cue and a
word-order cue conflict (such as when there is a post-verbal animate object, or a pre-verbal
inanimate subject, as in “the rock fell on the hiker”). English speakers rely overwhelmingly
on word-order, whereas Mandarin speakers pay close attention to animacy cues to meaning.
Thus, English speakers will make few inferences on an implausible sentence like “the pizza
ate the boy,” whereas Mandarin speakers will make many inferences in such situations.

Although we present these results in terms of noisy-channel theory, our results are
also broadly consistent with the “good enough” proposal of language processing (e.g.,
Christianson, Williams, Zacks, & Ferreira, 2006; Ferreira, 2003; Ferreira & Lowder, 2016;
Ferreira & Patson, 2007). According to the good-enough framework, there are two routes to
interpretation: an exact “algorithmic” route; and an approximate “heuristic” route. We may
use one or the other of these routes depending on our goals in the task at hand. One possibility
is that the noisy-channel theory is a principled formalization of the idea that interpretations
are faithful to the grammar but not entirely faithful to the input, a core idea in the good-enough
framework. Compared to the good-enough approach, the noisy-channel approach provides a
more fine-grained, quantitative account on which syntactic structure is more likely to be over-
whelmed by the initial analysis, in the form of a noise model, and the results so far generally
agree with the prediction. Another account broadly consistent with our results is the prediction
account proposed in Cai et al. (2022). When the comprehender reads an implausible DO/PO
sentence, such as “the mother gave the candle the daughter,” the main verb “gave” in the sen-
tence predicts two analyses: one that is literal but implausible (in this case, a DO analysis),
and another that is nonliteral but semantically plausible (a PO analysis). The comprehender is
likely to form a nonliteral interpretation of DO/PO sentences because the nonliteral analysis
has a relatively strong activation. In contrast, when the comprehender reads an implausi-
ble Active/Passive sentence, such as “the ball kicked the boy,” the main verb “kicked” only
predicts one analysis: the active analysis, which explains why the comprehender is much more
likely to interpret this sentence literally than in the previous case. We leave it for future works
to tease these accounts apart.

There are a number of limitations of the current study. First, we started with the assumption
that the noise model in the Chinese script is similar to that in the English script, in that we
considered the same types of noise operations (insertions, deletions, and exchanges) as in
previous studies in English. However, differences in these writing systems could indeed give
rise to differences in the noise model. For instance, speculatively, substitutions in Chinese
script could potentially occur more frequently than in an alphabet-based script, especially
nowadays as more and more Chinese scripts are generated electronically with pinyin-based
input methods. To type a Chinese character, a user first types its pinyin, a representation

oo Ko Arpiqiaut|uoy/:sdiy woxy papEofumoq ‘7| €207 ‘60L9 1SS

eSSl £Q £8€€1°5509/1111°01/10p)

suuoy ouy 995 [£207/21/11] U0 K1eiqr] sunpuQ Aoji ‘A30[0uys 1 JO MU SHOSIYD

uonIpuo)) pue

) s

st/ woo Kapm Areiqaur

55 J0 $O|N1 10j A1RIGT QWU AD[LAN UO

£q PawIoA0S 1e SOOIIE VO ¢

U201 SUOWIWIOY) 2AERI) d[quordde oy



24 of 27 M. Zhan et al. / Cognitive Science 47 (2023)

of the character’s pronunciation in Latin script, and then chooses the desired character in
the drop-down menu. Hence, substitution of a character of the same pronunciation could
occur if the user chooses the wrong character. However, according to the authors who are
native Chinese speakers, this sort of substitution is still not likely to result in syntactically
licit while semantically implausible sentences. Second, our predictions are all only regarding
the noise model, or in other words, differences in the literal interpretation rate in sentences
under various constructions are a result of differences in the likelihood of noise operations. In
fact, this is only one of the factors affecting how people interpret implausible sentences: the
other one being the prior, including a meaning prior and a structural prior (Liu et al., 2020;
Poliak et al., 2023; Poppels & Levy, 2016). For example, it is possible that the difference in
literal interpretation rate in Active/Passive sentences and in Transitive/Intransitive sentences
are at least partially due to differences in structural frequency, causing a difference in the
prior term. To further investigate the effect of prior, including the structural frequency within
a syntactic alternation, future studies shall gather the frequency of both constructions for each
main verb in the experimental material in a corpus, as well as the plausibility norming data
from participants.

In conclusion, this work demonstrates that similar to English speakers, Mandarin speak-
ers also interpret implausible sentences in a rational approach, integrating both the likelihood
of various ways of corruption and their world knowledge. Compared with English speak-
ers, Mandarin speakers tend to make more inference when hearing an implausible sentence,
possibly due to the additional cues they rely on when interpreting sentences.
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Notes

1 There is actually some uncertainty as to the correct analysis of sentences like (6b) and
(6d). One anonymous reviewer suggested they could be analyzed as either serial-verb
constructions or double-object dative constructions, whereas another reviewer suggested
that they could be prepositional phrase dative constructions. For consistency, we will
treat sentences like (6b) and (6d) as serial-verb constructions.

2 Anitem is a group of sentences that share the same nouns and verbs but vary in construc-
tion and plausibility. For example, all four sentences in (1) are considered from the same
item.

3 We thank two anonymous reviewers for their suggestions regarding this topic.
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4 An anonymous reviewer pointed out that sentence length could also be a potential expla-
nation to our results, since among our stimuli, DO/serial sentences are on average longer
than transitive/intransitive sentences, which are in turn longer than active/passive sen-
tences on average, and the literal interpretation rate also decreases in this order (Fig. 1).
To investigate sentence length as a potential factor, we reran all the analyses listed in
Table 2, except this time we included stimulus length as an additional fixed effect and
added by-participant and by-item random slopes for sentence length. We found the results
in Table 3 stayed largely the same, except the difference among active/passive sentences
is no longer significant (» MCMC = 0.074). In addition, we found sentence length
does not have a significant effect on participants’ literal interpretation rate (p. MCMCs
> (0.103). However, it is still possible that sentence length may also have an impact:
as sentences become longer and longer, the likelihood that there will be at least one
noise operation happening increases. When we designed our stimuli, we did not intend
to investigate how sentence length affects a comprehender’s sentence interpretation, and,
therefore, the sentence length in our study heavily covaries with sentence plausibility,
construction, and alternations.
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