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ABSTRACT

Cognitive load (CL) has been found to influence lan-
guage perception in many interesting ways, but its
role in production has not been explored. In this
paper, we look at how CL influences production
of tonal coarticulation in Mandarin Chinese. Since
coarticulation has been found to involve cognitive
planning, this is an especially appropriate domain
for investigating the influence of CL. Results indi-
cate that the overall effect of CL on coarticulation
was weak, but that anticipatory coarticulation of the
dissimilatory variety increased somewhat under CL
preceding a tone with a low f0 onset. These results
suggest that anticipatory raising, or ‘upstep’, may
involve a separate cognitive mechanism which is not
common to all types of tonal coarticulation.
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1. INTRODUCTION

Humans produce and perceive speech in many dif-
ferent environments from day to day, and are gen-
erally adept at normalizing for variation in the com-
munication channel [17, 13]. Contemporary theories
of language change posit that the relationship be-
tween variation produced by speakers and the ability
of listeners to contextualize such variation can be a
source of language change [16, 4]. When the listener
fails to compensate for variation and ‘misperceives’
one sound for another, they may interpret the mis-
perceived sound as intended by the speaker, eventu-
ally incorporating it into the phonological system.
An important objective of current work on sound
change is thus to identify possible sources of varia-
tion in speech in order to understand how these kinds
of variation might be interpreted by the listener.

The goal of the current study is to investigate a
new source of language variation: production ef-
fects induced by cognitive load. It has long been
recognized that the articulation of sounds in speech
production involves some level of advance cognitive
planning, typically hypothesized to involve the coor-
dination of a detailed motor plan [20] which is stored
within working memory [2, 1]. A striking finding

concerns processes of coarticulation, or the tendency
for one segment to influence a neighboring segment
in production: while such effects were previously
assumed to occur due to constraints on executing
a given motor program (i.e. to physiological con-
straints on the articulators in reaching distant pro-
duction targets), it has become clear that at least cer-
tain types of coarticulation are planned, likely rooted
within the motor program itself [24]. An additional
finding is that, while leftward ‘anticipatory’ coartic-
ulation is robustly found to decrease in conditions
where planning is inhibited, rightward ‘carryover’
coarticulation shows no such effects [24]. One of the
goals of the current study is thus to explore these dif-
ferent types of coarticulation under cognitive load.

1.1. The Role of Cognitive Load in Language

Within the linguistic literature, CL has mostly been
studied with respect to its role in speech percep-
tion. Findings indicate an increase in lexical bias
on phoneme identification where cognitive load is
higher [14], and a negative impact of cognitive load
on word recognition in synthetic speech [8]. Re-
lated work examining the influence of attention on
language perception shows that attentional distrac-
tion impedes listeners’ ability to rely on fine-grained
phonetic detail in word recognition [23], as well as
word reading tasks, where errors reflect more of a
word bias in distracted conditions [11]. An fMRI
study concluded that attention plays a modulatory
role in neuronal activation to speech sounds suggest-
ing attention aids in speech perception [12].

Little work has examined the relationship be-
tween CL and language production, and no study
that we know of has examined fine-grained phonetic
variation in speech as it relates to CL. Since motor
plans generated for speech are thought to be housed
within working memory, and under the assump-
tion that only a finite number of cognitive resources
are available for completing a set of memory-based
tasks (such as number recall and speaking) [6, 15,
18], a clear prediction is that performance on one or
both tasks will be affected once this limit is reached.
The present study investigates precisely this rela-
tionship by looking at the influence of cognitive load



on the production of tonal coarticulation in Man-
darin Chinese.

1.2. Tonal Coarticulation in Mandarin Chinese

The patterning of tonal coarticulation in Mandarin
makes it an ideal test case for theories of speech
planning and coarticulatory mechanisms. First off,
Mandarin exhibits both anticipatory and carryover
effects, though carryover effects have been found to
be the most robust. Secondly, while carryover ef-
fects are assimilatory in nature, anticipatory effects
are largely dissimilatory [25]. Recent work has fo-
cused on what the precise nature of dissimilatory
coarticulation is, since most theories of coarticula-
tion do not predict that it should exist. It has been
demonstrated that Mandarin tones tend to dissimi-
late more where the context tone and target tone dif-
fer categorically, possibly due to the existence of an
inhibitory mechanism which serves to maintain con-
trasts between phonological categories [22].

Our first prediction, in line with previous work,
is that carryover coarticulation will be stronger than
anticipatory coarticulation overall. We also predict
that carryover coarticulation will be assimilatory
and anticipatory coarticulation dissimilatory. For
the role of CL, we anticipate one of four possible
outcomes. Under the hypothesis that both carry-
over assimilation and anticipatory dissimilation are
planned, we predict that both types of coarticulation
will be altered under CL. If, however, we hypothe-
size that only anticipatory coarticulation is planned,
we predict that only this variety will show effects
of CL. A third possibility is that both carryover and
anticipatory coarticulation are planned, but through
different mechanisms. In this case, we might see an
impact of CL on carryover coarticulation, while an-
ticipatory dissimilation remains intact. The fourth
possible outcome, of course, is that neither type of
coarticulation is influenced by CL.

2. METHOD

2.1. Participants

Eleven native Mandarin speakers (7 female) from
Mainland China participated in this study for either
$10 or course credit. Ages ranged from 19 to 45 and
all were affiliated with the University of Chicago.

2.2. Design

Stimuli were drawn from [25] and consisted of disyl-
labic forms containing the sequence /mama/ where
each syllable bore one of the four lexical tones

of Mandarin, the High-Level tone (T1), the Low-
Rising tone (T2) the Falling-Rising tone–or, as it is
also known for its overall low f0, the Low tone–(T3),
and the High-Falling tone (T4). All logically possi-
ble combinations of tones were used, for a total of
16 disyllabic forms. Though only one of these forms
was a real word (māmā means ‘mother’) participants
were asked to read all forms as naturally as possible.

Each disyllabic form was embedded four times
in three conditions. In the first condition (Control),
participants simply read the forms on the computer
screen. In the second condition (Mid CL), partici-
pants recalled three two-digit numbers while reading
the target word. Two-digit numbers were presented
one at a time, and displayed for 1000 ms each be-
fore the next number was presented. Immediately
after the numbers were presented, the target word
appeared in Simplified Chinese. After reading the
word on the screen, participants were asked to type
the numbers horizontally. The third condition (Se-
vere CL) was identical to the Mid condition, but par-
ticipants had to recall five two-digit numbers. Partic-
ipants encountered each combination of tones four
times per condition, for a total of 192 trials. The
study was carried out in four blocks using E-Prime
software, with one instance of each tonal combina-
tion per CL condition displayed per block in ran-
domized order. Words were recorded as uncom-
pressed .wav files using a Marantz PMD670 Profes-
sional Solid-State Recorder, digitized at a sampling
rate of 44.1K. Extraction of f0 contours was done us-
ing ProsodyPro, a Praat script [5] designed by [26].
Vocal pulses were corrected manually.

2.3. Coarticulation Measures

Since coarticulation is difficult to measure by sim-
ply comparing f0 trajectories, we adopt a method for
measuring coarticulation via tonal ‘deviation scores’
as inspired by [7]. This can be described as the
distance of the z-score log f0 of a syllable utter-
ance from the center of a speaker’s f0 space. As
f0 cues are most acoustically salient during the vo-
calic portion of the syllable, we took measurements
at 5 equidistant points from each vowel of a given
/mama/ sequence. For each position i under inves-
tigation (σ1 or σ2), we computed the centroid f0 of
the speaker’s tonal space. A similar calculation was
used to compute standard deviation. We then calcu-
lated z-scores based on the log-transformed values
of centroid and standard deviation values (1).

(1)
log f 0i

−mean(log f 0i)

sd(log f 0i)



3. RESULTS

Only those trials in which participants accurately re-
called all digits in the cognitive load task were in-
cluded. Since over 60% of trials in the Severe con-
dition resulted in inaccurate responses, this condi-
tion was deemed too difficult and was excluded from
analysis. An additional 9% from the Mid condition
was also excluded due to inaccurate recall. Trials
in which tone deviation scores reached more than 2
standard deviations from the mean f0 for more than
3 consecutive time points were excluded from anal-
ysis, amounting to an additional 4% of the total data.

3.1. Model and Predictors

For each tone condition, deviation scores were ana-
lyzed using linear mixed effects models (lme4 pack-
age [3] for R statistical software [19]). Five fixed
variables were examined: TIME (normalized), DU-
RATION (of target syllable), TRIAL, CONTEXT, and
LOAD. TIME, DURATION and TRIAL were all
treated as continuous variables, and were centered to
avoid collinearity effects. CONTEXT, which refers
to the the f0 range of the context tone, was coded
as a categorical variable with two levels, High and
Low. For carryover coarticulation, High contexts en-
compassed T1 and T2, which both have high f0 off-
sets, and Low contexts encompassed T3 and T4. For
anticipatory coarticulation, High contexts included
T1 and T4, which both have high onsets, and Low
contexts included T2 and T3. LOAD was treated as
a categorical variable with two levels, Control and
Cognitive Load (CL–formerly ‘Mid’). Both CON-
TEXT and LOAD were sum coded.

Individual models were run for each target tone
beginning with a maximal model consisting of fixed
effects TRIAL, DURATION, CONTEXT, TIME, and
LOAD, with two-way interactions between CON-
TEXT and TIME, between LOAD and TIME, and be-
tween LOAD and CONTEXT, as well as a three-way
interaction between LOAD, CONTEXT, and TIME.
TIME was analyzed using growth-curve analysis; the
effect of such a model is to describe the change in
either slope (if linear) or curvature (if quadratic) in
the trend attributable to one level or another of a
categorial variable. If a parameter increases signif-
icantly with time, its linear coefficient will be posi-
tive. Where a parameter exhibits significant uniform
curvature with time, its quadratic coefficient will be
positive if concave, and negative if convex. Only one
of these two parameters (that with the larger absolute
coefficient) will be reported for each tone. Random
effects structure of the models consisted of a random
intercept for Subject, and random slopes for TRIAL,

DURATION, CONTEXT, TIME and LOAD.

Comparisons were done between nested models
using the car package for R to evaluate model fit;
results from the optimal model for each target tone
are reported. Calculations of p-values are based on
the Kenward-Roger degrees of freedom approxima-
tion, calculated using the R package pbkrtest [10].
For lack of space, we will discuss terms of interest
collectively for the four carryover models, and then
the four anticipatory models.

3.2. Carryover Coarticulation

As expected, carryover coarticulation was ro-
bust, as indicated by strong effects of CONTEXT

for all target tones. Larger effects were found
for T2 (β=0.59373, t=10.398, p<0.001) and T4
(β=0.56417, t=7.752, p<0.001), the two contour
tones, and smaller effects found for T1 (β=0.43575,
t=5.846, p<0.001) and T3 (β=0.47206, t=5.264,
p<0.001). For all target tones, higher deviation
scores were found in High contexts, and lower devi-
ation scores were found in Low contexts, indicating
assimilation (Figure 1). An effect of TIME was also
found for all target tones, with stronger effects of
the quadratic parameter found for T2 (β=1.06197,
t=16.080, p<0.001) and T4 (β=-0.97292, t=-10.985,
p<0.001) and stronger effects of the linear param-
eter found for T1 (β=0.46322, t=3.316, p<0.001)
and T3 (β=-3.53930, t=-15.845, p<0.001). Interac-
tions between CONTEXT and TIME were also found
for all target tones, with larger effects found for
the linear parameter for all. Effects were strongest
for T1 (β=-0.62576, t=-4.506, p<0.001) and T2
(β=-0.65563, t=-5.571, p<0.001), and smaller for
T3 (β=-0.63723, t=-2.884, p<0.01) and T4 (β=-
0.45237, t=-2.885, p<0.01). Generally, assimila-
tory effects of both contexts were found to dissipate
over time. No effect of LOAD was found for any
target tone. None of the two-way interactions nor
the three-way interaction between LOAD, CONTEXT

and TIME showed any significant effects.

3.3. Anticipatory Coarticulation

Effects of anticipatory coarticulation were overall
much weaker, as expected. In fact, a main effect of
CONTEXT was not found for any target tone. Signif-
icant effects of TIME were found for the linear pa-
rameter for T3 (β=-1.41770, t=-7.695, p<0.001) and
for the quadratic parameter for both T2 (β=0.83408,
t=17.136, p<0.001) and T4 (β=-0.69512, t=-13.066,
p<0.001), but no effects were found for T1. No
effect was found for the interaction between CON-
TEXT and TIME. A main effect of LOAD was



found for T2 (β=-0.07555, t=-2.348, p<0.05), but
no other tone. Of primary interest, a significant ef-
fect emerged for the interaction between LOAD and
CONTEXT for T1 (β=-0.03039, t=-2.204, p<0.05),
and a marginal effect for T3 (β=0.03721, t=1.731,
p=0.08). In both cases, anticipatory raising before a
Low context was increased under CL (Figure 2). No
effect for the two-way interaction between LOAD

and TIME nor the three-way interaction between
LOAD, CONTEXT and TIME was found.

Figure 1: Carryover coart. by context and tone.
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Figure 2: Anticipatory coart. by context and tone.
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4. DISCUSSION

Our first finding, that carryover coarticulation
showed no effect of CL, is in line with previous work
indicating a lack of advance planning for carryover
coarticulation [24], and is also consistent with Tar-
get Approximation models which see carryover ef-
fects as resulting from articulatory inertia in approx-
imating tonal targets [27]. For anticipatory coartic-
ulation, we found increased dissimilation on T1 and
T3 where they preceded tones with low f0 onsets.
That these melodies were the most affected is strik-
ing given that such patterns of ‘upstep’–or ‘down-
step’, depending on one’s perspective–are common

crosslinguistically, possibly attributed to speakers’
overcompensation for declination, which serves to
lower f0 over the course of an utterance [25]. While
downstep typically raises a high tone before a low
tone, low tone downstep is also attested [21]. Man-
darin also has a sandhi process of pre-low raising
where T3 is produced with a rise before another T3.

It is interesting that CL served to increase antici-
pation, as previous work has suggested that interfer-
ing with speech planning should lead to a decrease
in coarticulation. This leads us to posit a link be-
tween the commonness of processes such as down-
step and the observed influence of cognitive load:
if such processes serve a specific linguistic function
(e.g. to enhance perceptibility of tonal contrasts), it
may be that a dedicated cognitive mechanism serves
to bolster them even when CL is high. For exam-
ple, it could be that the articulatory apparatus is di-
rected to selectively overcompensate when cognitive
resources for speech production are depleted and
fine-grained phonetic distinctions are vulnerable. A
recent model which may serve to explain this mech-
anism is Tilsen’s ‘field model’ of speech production
which posits that contrasts are maintained through
the targeted excitation and inhibition of regions of
the speech planning space (e.g. vowel space, tone
space, etc.) [22]. Though the model was originally
proposed to explain dissimilation patterns between
contrastive vowels, a similar mechanism could be
extended to other contrast maximization processes.

Effects of CL on contour Tones 2 and 4 were more
mixed. For T2, a main effect of LOAD was found in
the anticipatory environment only, suggesting that
CL may serve to influence tone production in more
general ways beyond coarticulation. It is possible
that the more complicated gestural composition of
this tone led to its being more affected by cognitive
load [9]. It is unclear to us why this tone should have
been more affected in σ2 position, though we note
the effect of LOAD also approached significance for
T2 in the carryover context (p=0.13). As for T4, pre-
vious work has shown it to be the most resistant to
coarticulatory effects[25]; thus, it is not entirely sur-
prising that no contextual effects (CL-related or oth-
erwise) were found of this tone.

5. CONCLUSION

We have shown that CL shows a modest influence on
some types of tonal coarticulation, namely anticipa-
tory raising before Low f0 contexts. Such findings
suggest that the process of upstep/downstep may
serve an important linguistic function crosslinguis-
tically in the maintenance of tonal contrasts.
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