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Abstract: Listeners integrate acoustic and contextual cues during word
recognition. However, experiments investigating this integration disrupt
natural cue correlations. It was investigated whether changes in correla-
tional structure affect listeners’ relative cue weightings. Two groups of
participants engaged in a word recognition task. In one group, acoustic
(voice onset time) and contextual (lexical bias) cues followed natural
correlations; in the other, cues were uncorrelated. When cues were
correlated, cue weights were stable throughout the experiment; when
cues were uncorrelated, contextual cues were down-weighted. Listeners
thus can re-weight cues based on their statistical structure. Studies fail-
ing to account for re-weighting risk over/under-estimating cue
importance.
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1. Introduction

During spoken word recognition, listeners integrate acoustic and contextual cues in
order to infer the intended message. For example, multiple acoustic properties affect
the recognition of voicing in English word-initial stops (e.g., “ban” vs “pan”), includ-
ing the voice onset time (VOT) and fundamental frequency of the stop, as well as the
duration of the following vowel (Lisker and Abramson, 1967). Recognition is also
affected by lexical context (e.g., listeners would be more likely to hear pan after
“frying,” cf. Ganong, 1980; Kalikow et al., 1977). The integration of acoustic and con-
textual cues is a key feature of models of speech perception (e.g., McClelland and
Elman, 1986; Norris and McQueen, 2008; Oden and Massaro, 1978). How cue integra-
tion proceeds—including questions about what determines the weights of different
cues, and whether certain types of cues are considered at all—has been an important
theme in this literature.

Typical paradigms in this line of research present participants with speech stimuli
that are manipulated to fall along a multi-dimensional continuum between two linguistic
categories. For example, participants might hear stimuli along a two-dimensional
ban–pan continuum, varying in VOT and fundamental frequency. The relationship
between the cue values and participants’ categorization decisions are then used to esti-
mate whether, and how strongly, listeners weight the different cues. Here we revisit a
common—though often implicit—assumption, that cue weights are static. We show that
this assumption is not always warranted and can affect the estimation of cue weights.

In particular, we are interested in understanding how atypical covariations
between acoustic and contextual cues affect how listeners weight them during integra-
tion. In natural speech, cues are often correlated (e.g., Kingston and Diehl, 1994).
However, in perception experiments it is not uncommon to decorrelate the distribu-
tions of cues in order to disentangle the effects of the different cues. Decorrelation
introduces conflict between the two cues. If listeners are sensitive to these conflicts, this
may lead to listeners re-weighting them. Such re-weighting has been observed for the
integration of multiple acoustic cues: decorrelating or reversing the natural correlation
between two acoustic cues can cause listeners to substantially down-weight one of the
cues compared to when natural cue correlations are preserved (Idemaru and Holt,
2011; Schertz et al., 2016). Whether similar re-weighting occurs also for the integration
of acoustic cues with non-acoustic context is an open question. Here we investigate
how the presence or absence of typical correlations between acoustic and subsequent
lexical cues effect their integration over the course of an experiment. We focus on this
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particular example because it has played a critical role in research on the limits of
information maintenance and integration during speech perception (e.g., Burchill et al.,
2018; Connine et al., 1991; McMurray et al., 2009; Szostak and Pitt, 2013; for reviews,
see Christiansen and Chater, 2016; Dahan, 2010). Research on this question has typi-
cally presented participants with acoustic and contextual cues that were decorrelated.
As we show here, this risks substantially under-estimating the effect of subsequent
lexical context on spoken word recognition.

We present a web-based categorization experiment in which listeners hear
sentences that contain an acoustic cue (here, VOT) to a target word and subsequent
lexical context to the target. Between participants, we manipulate the correlation
between the two cues [Fig. 1(B)]: in the high conflict group the two cues are completely
uncorrelated (as in previous research); in the low conflict group, however, the two cues
are correlated and thus tend to support the same categorization decision. We compare
the weighting of the two cues and changes therein across the experiment, across the
two participant groups. Other than the manipulation of cue conflict, the design, materi-
als, and procedure of the present study closely follows the classic paradigm of Connine
et al. (1991), also employed in many subsequent studies.

2. Methods

2.1 Participants

A total of 120 participants were recruited from Amazon Mechanical Turk (60 each for
the two between-participant conditions). The experiment took approximately 30 min to
complete and participants were rewarded $3.00 ($6.00/h prorated). Web-based crowd-
sourcing paradigms have successfully been used to replicate lab-based experiments on
speech perception (e.g., Liu and Jaeger, 2018; Xie et al., 2018).

2.2 Materials

Figure 1(A) shows the general experimental paradigm. We constructed 40 sentence
pairs like the following, where the subsequent lexical context biased towards either /t/
(a) or /d/ (b):

(a) When the ?ent in the forest was well camouflaged, we began our hike. (tent-biasing
lexical context).

(b) When the ?ent in the fender was well camouflaged, we sold the car. (dent-biasing lex-
ical context).

Each sentence pair had identical pre-target material and always consisted of a
preposition plus the word “the.” Across the 40 pairs, the distance between the “?”-
sound and the first biasing lexical cue (shown in italics above) varied from 3 to 9 sylla-
bles.1 We manipulated the ?-sound to vary between /t/ and /d/ by manipulating its
VOT (see supplementary material for stimulus creation procedure).2 We chose six
VOT values based on previous studies using the same stimuli and paradigm in our lab
(Bushong and Jaeger, 2017). The resulting VOT steps were 10, 30, 35, 40, 50, and
85 ms.

Between subjects, we manipulated the level of cue conflict between VOT and
subsequent lexical context. The high conflict group was exposed to more conflict
between VOT and lexical context: tent- and dent-biasing contexts were equally likely
to occur regardless of VOT. By contrast, in the low conflict group, VOT and context
covaried in a naturalistic way such that context was more likely to occur with VOT
steps that were biased in the same direction. This is illustrated in Fig. 1(B).

Fig. 1. Experimental design. (A) General experimental paradigm. (B) Between-participant manipulation of the
correlation (and thus conflict) between the two cues.
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2.3 Procedure

Participants were instructed to listen to the sentence and report whether they heard the
word “tent” or “dent.” Participants had to listen to the entire sentence, ensuring that
they had a chance to process the lexical context before making a decision. To keep the
length of the experiment manageable, each participant was exposed to 14 of the 40
sentence frames [the same as in Bushong and Jaeger (2017)]. Each sentence frame was
repeated 12 times [6 times for each of the 2 contexts, with VOT distributions as shown
in Fig. 1(B)] for a total of 168 trials. So as to maximize statistical power, we balanced
how often each sentence frame was used across participants.

2.4 Analysis

Following our previous work (Bicknell et al., in review; Bushong and Jaeger, 2017),
we excluded participants who showed no significant effect of VOT on their categoriza-
tion responses, suggesting that they did not understand the task or had poor audio
equipment. This was determined by fitting a logistic regression (Jaeger, 2008) predict-
ing tent-responses from VOT for each individual participant. This exclusion criterion
resulted in the removal of 14 subjects from analysis: 9 (15%) from the high conflict
group and 5 (8%) from the low conflict group. Including these participants did not
change the pattern of results.

Unlike in previous work, we are interested in analyzing changes in the weight-
ing of cues across the experiment, and compare these changes as a function of group.
We thus employ a generalized additive mixed model (GAMM; Lin and Zhang, 1999)
to detect possible non-linear changes in cue weights across trials. Specifically, we used
the bam function of the mgcv library (Wood, 2011) in R (R Core Team, 2016).

We predicted tent-responses as a linear function of VOT (z-scored), lexical
context (sum-coded; 1¼ tent-biasing vs -1¼ dent-biasing), group (sum-coded; 1¼ high
conflict vs -1¼ low conflict), and each of their two-way interactions. We included
smoothed terms aimed at investigating non-linear effects over the course of the experi-
ment: a smooth of trial (centered and log-transformed); the interaction between the
trial smooth and VOT; the three-way interaction between the trial smooth, VOT, and
group; and the three-way interaction between the trial smooth, lexical context, and
group. Since available GAMM implementations do not accommodate three-way inter-
actions between a smooth and two categorical predictors, we created a dummy-coded
context-group variable (with 2� 2¼ 4 levels for the combinations of context and
group). The interaction between the trial smooth and this context-group variable cap-
tures the three-way interaction.3

3. Results

Figure 2 shows the overall proportion of tent-responses averaged across the experiment
for both groups. In line with Fig. 2, the GAMM analysis found parametric effects of
both VOT (b̂ ¼ 2:35; z ¼ 23:44; p < 0:001) and lexical context (b̂ ¼ 0:51; z ¼ 8:01;
p < 0:001). The interaction between conflict group and lexical context was significant,
such that the context effect was smaller in the high conflict group (b̂ ¼ �0:4;
z ¼ �9:25; p < 0:001). There was also an interaction between group and VOT: on aver-
age (across trials), the effect of VOT was larger in the high conflict group (b̂ ¼ 0:13;
z ¼ 3:07; p ¼ 0:002).4 There was no main effect of group (p¼ 0.27).

We now turn to changes across the experiment. For the low conflict group,
the probability of tent-responses in tent-biasing contexts declined significantly through-
out the experiment (reference smooth: edf¼ 3.93, v2¼ 16.544, p¼ 0.003); tent-responses
in the dent-biasing context followed the same pattern (difference smooth: p¼ 0.57).
For the high conflict group, tent-responses in tent-biasing contexts did not differ from
those in the low conflict group, declining across trials (difference smooth: p¼ 0.2).
Critically though, tent-responses in the dent-biasing context exhibited a different pat-
tern, such that tent-responses increased over trials (edf ¼ 1, v2 ¼ 4.69, p¼ 0.03). As
shown in Fig. 3, participants in the high conflict group—the design used in most previ-
ous studies—did not exhibit a context effect throughout most of the experiment.
Neither the two-way interaction between trial and VOT, nor the three-way interaction
between trial, VOT and group were significant (ps > 0.19, see Fig. 4).

4. Discussion

Replicating previous work, we found that VOT and subsequent lexical context together
influenced participants’ categorization decisions, suggesting that listeners integrate these
two cues (e.g., Bushong and Jaeger, 2017; Connine et al., 1991; Szostak and Pitt,
2013). Of primary interest to the present study, the relative weightings of the two cues
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changed when we manipulated their correlational structure. When VOT and lexical
context were completely decorrelated and thus frequently in conflict (as in previous
work) the effect of lexical context cues on categorization decisions decreased signifi-
cantly through the experiment. When the two cues were correlated (as they would be
in natural language), the effect of lexical context cues on categorization judgments
remained unchanged over the course of the experiment. Figure 3 suggests that these
changes occurred rather rapidly, within the first third of the experiment. This suggests
that listeners were able to re-weight lexical context as soon as they observed more
evidence about the correlational structure.

Decorrelating the two cues also changed the effect of VOT. Participants who
were exposed to decorrelated cues had steeper categorization curves, suggesting a
higher relative weighting of VOT as compared to participants in the naturalistic condi-
tion. The GAMM analysis found no significant change in this effect over the course of
the experiment. This is somewhat puzzling as it would suggest the difference is present
from the start of the experiment, and thus prior to exposure to our manipulation. One
possibility is that we did not have enough power to detect such an effect, or the change
occurred so rapidly that we could not detect it with our analysis method. Another
potential explanation is that different participants had slightly different a priori weight-
ings of VOT and lexical context because of different prior linguistic experience.

The present study has important methodological implications. It is not uncom-
mon that studies on the integration of contextual and acoustic information intentionally
decorrelate the cues in the input presented to participants. The present results suggest
that this type of design—corresponding to our high conflict group—systematically under-
estimates the effect of contextual cues on spoken word recognition. This has serious con-
sequences for studies where theoretical arguments hinge on whether context affects cate-
gorization (as is the case in, e.g., Connine et al., 1991; Szostak and Pitt, 2013).
Specifically, the present results suggest that subsequent context might be a more impor-
tant cue in spoken word recognition than previously suggested.

The present findings further suggest that listeners are able to dynamically
re-weight acoustic and contextual cues, perhaps reflecting adaptation to the cues’ cur-
rent statistical structure. Regardless of the specific mechanism, our results resemble

Fig. 2. Proportion of tent-responses by VOT, context, and group, averaged across the experiment. Error bars
are bootstrapped 95% confidence intervals (CIs) over subject means.

Fig. 3. Effect of lexical context across trials for each conflict group, as determined by GAMM analysis. Bands
are 95% GAMM-derived CIs. Predictions were computed at the average VOT value. The wide CIs for the
beginning of the experiments are a consequence of log-transforming trial (fewer observations enter those CIs).
The estimated variance of participants’ responses did not vary across trials (Figures S1 and S2 in the supplemen-
tary material) (footnote 2).
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those of previous work on multiple acoustic cues. These studies might also hold the
key to why we observe relative down-weighting of contextual instead of acoustic cues:
in English, for example, VOT is the most reliable cue for categorizing voicing while
other cues like F0 and vowel length are less reliable and listeners typically weight VOT
higher in their categorization judgments than other cues (Francis et al., 2008; Idemaru
and Holt, 2011; Toscano and McMurray, 2010). In studies of acoustic cue re-
weighting, the less reliable cue is the one that tends to be down-weighted in cases of
cue conflict (i.e., F0 is down-weighted when it conflicts with VOT; Idemaru and Holt,
2011). Our results thus could suggest that under certain conditions, listeners consider
lexical context less a priori reliable than acoustic cues in spoken word recognition.
We note, however, that the acoustic cue tested here corresponds to the primary (most
reliable) cue to voicing. Further work is needed to address how listeners estimate these
relative reliabilities for different (potentially less reliable) acoustic cues and in different
situations (e.g., speaker accent; Schertz and Hawthorne, 2018).
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