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perceptually salience of speech to others (for example,
whispering in a library or in a formal or solemn setting). Highenergy whisper (also known as ‘stage whisper’) is produced in
order to be intelligible at a distance and is characterized by
greater pulmonic force and air flow. In this type of whisper,
the voice is still not produced with active vocal cord vibration
but occasional passive vibration can occur.
Studies of whispered speech have mainly concentrated
upon characterizing the vocal mechanisms of whisper
production (e.g., glottal configuration, [3; 4]) or examining the
perception of whisper [5]). The few studies that have
examined articulation have typically looked at the production
of segments (e.g., /p/, /b/ or single vowels). For example,
using an intra-oral pressure measure, Schwartz [6] found
significantly longer bilabial closure and significantly greater
whispered durations for /p/ and /b/ but not /m/. Using a
spectrographic analysis method Parnell et al [7] found that
closure and constriction durations for /t/, /s/, and /z/ were
significantly longer in whispered vowel environments
compared to voiced ones. Higashikawa et al [8] used a videobased analysis of reflective markers positioned on both the
upper and lower lip and to the protuberance of the mandible.
These authors found differences between lip movements for
bilabial plosives during normal and whispered speech. That is,
lip opening was significantly faster when whispering /b/
compared with whispering /p/ or non-whispered /b/. In
summary, it has been demonstrated that at least for some
segments, whispered production speech may have greater
duration and involve greater articulatory motion.
The current study examined high energy whisper (i.e., the
interlocutor was separated from the speaker by several meters
due to restriction imposed by the recording method). In this
regard we note that Solomon et al [2] showed that low-energy
and high-energy whispering could be differentiated by
supraglottal constriction and to lesser extent by vocal-fold
adjustments, (although individual differences tended to be
considerably larger than any systematic effects due to the type
of whisper). It also seems plausible, given their different
functional roles, that the degree of visual articulation will
differ between the two types of whisper.
To examine the articulator effects of whisper and
Lombard speech, we used active infrared optical tracking
(Optotrak) and measured articulatory motion from the lips and
jaw (movements directly related to speech articulation as in
Higashikawa et al [8]), as well as eyebrow and rigid head
motion. Also, we examined motion at the sentence (unlike [8])
rather than segment level. This was done to obtain a more
global impression of the effects of exaggeration on
articulation. We also examined speech production in quiet in
order to determine a baseline against which hyper-articulation
could be judged.

Abstract
When speaking in noise (Lombard speech) talkers exaggerate
their articulation compared to speaking in quiet. The current
study compared motion exaggeration in this speech style with
whispered speech by measuring talker’s lip and jaw, and
eyebrow and head motion. Four talkers uttered sentences in
quiet, noise or in whisper while their face and head
movements were recorded with optical tracking. The results
showed that both Lombard and whispered speech had
movements of greater duration and amplitude than speech in
quiet. For half the participants, whispered speech had greater
motion than Lombard, whereas the other half showed the
opposite pattern.
Index Terms: speech production, Lombard speech,
whispered speech, exaggeration

1. Introduction
Speech style can have a considerable impact on the way
that speech is articulated (e.g., hyper/hypo-articulation).
Changes and variability in speech articulation are of interest to
researchers from a range of disciplines (e.g., those researching
speech production and recognition, speaker states, speech
biometrics; multimodal speech, etc).
Exaggerated articulation is particularly interesting as it has
been proposed to make speech more intelligible [e.g., 1].
Speech exaggeration has been observed in a number of
different speech styles (e.g., clear speech, machine speech,
foreigner directed speech, Lombard speech). In this study, we
contrast a well-studied speech style that is known to produce
hyper-articulation (speaking in noise, Lombard speech) with a
less studied style that has also been suggested to exhibit hyperarticulation (whispering).
Comparing whispered and Lombard speech is interesting
because part of the exaggerated articulation of Lombard
speech may be simply due to speaking loudly, whereas for
whispered speech it may be due to a strategy to produce clear
visual speech. If this were the case, then whispered and
Lombard speech may show slightly different motion patterns.
For instance, exaggerated jaw and lip motion may be a
necessary concomitant of Lombard speech but this may not be
the case for eyebrow and head motion that are less directly
coupled to speech articulation (although see [9]).
Before describing the current study in more detail, it is
useful to note some aspects of whispered speech that were
considered in planning the current study. Whispered speech is
typically produced with an open glottis and without voicing.
Whispered speech has been classified into low and high
energy whisper [2]. Low-energy whisper is typically produced
in situations where interlocutors wish to maintain local
intelligibility but deliberately attempt to reduce the
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2.

2.5. Data processing

Method

Non-rigid facial and rigid head movement was extracted from
the raw marker positions. The data were recorded at a
sampling rate of 60Hz. To guard against the overrepresentation of particular marker configurations, a
movement threshold quantification procedure was employed
to keep only the frames that were sufficiently different.
Guided Principle Component Analysis (gPCA, see [11]) was
used to reduce the dimensionality of the data; this procedure
uses linear decomposition to constrain the PCA to motion
planes that are relevant to articulation using a priori defined
markers (jaw, lips, eyebrows).

2.1. Participants
Four people participated in the experiment (3 males, 1 female).
All were native speakers of English (one British, two
Australian and one American); ages ranged from 32 to 54
years.

2.2. Materials
10 sentences selected from the 1965 revised list of
phonetically balanced sentences (Harvard Sentences, [10]).

2.3. Apparatus
Two Northern Digital Optotrak machines were used to
record the movement data. The configuration of the markers
on the face and head rig is shown in Figure 1.

Figure 2: The location of the 24 optical sensors
on the face (the size of the sensors have been
exaggerated for clarity). Four additional sensors were
positioned on a head-rig to measure rigid movements
around the centre of rotation.
For the current study we report the following gPCA
components. Direct speech articulation: Jaw: Jaw Opening;
Jaw Protrusion; Mouth: Lip Opening; Lip Rounding. Indirect
articulation: Eyebrow: Eyebrow Raising; Eyebrow Pinching.
Head translation: Forward / Backwards; Up / Down.

Figure 1: The layout of the capture session. The
participant whose head and face movement were
recorded sat in an adjustable chair facing a
“conversational partner” who stood behind the two
NDI Optotrak 3020 machines.

2.4. Procedure
Each session began with the placement of the movement
sensors (see Figure 1) during which time participants were
asked to memorize the ten sentences to be spoken. Each
participant was recorded individually in a session that lasted
approximately 90 minutes. Participants were seated in an
adjustable dentist chair in a quiet room and were asked to say
aloud ten sentences (one at a time) to a person who was
directly facing them at a distance of approximately 2.5 meters
(See Figure 1). The participant then repeated the ten sentences.
This basic procedure was repeated several times, once for
each speech mode (in quiet, whispered, Lombard). Lombard
speech was induced by participants speaking while hearing
multi-talker babble through a set of ear phones (at
approximately 80 dB SPL, a similar level to [1]). For
whispering, participants were instructed to whisper the
sentences at a level judged loud enough for the conversational
partner to hear.

Figure 3: An example of two time series showing
the contribution of a guided principle Component
(here Lip opening) for speech ‘in quiet’ and ‘in noise’.
Also shown is the DTW between them (the vertical axis
represents cm, left scale in noise condition).
In order to quantify the degree of hyper-articulation of the
production component we used Dynamic Time Warping
(DTW) [12]. Dynamic time warping (DTW) is a procedure
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between the speech type and participant was significant, t =
4.564, p < 0.05.

that provides a measure of comparison between series of data
points (inherent distance or warping cost). For example, DTW
can expand or compress one time series to resemble another
one and by summing the distances of individually aligned
elements an inherent distance between the two can be
computed (Figure 3).
We compared the warping cost of time-series of the
contribution of the gPCs over each utterance for the speech in
quiet condition compared to either the Lombard or the
whispered speech conditions. Note that these time-series were
mean-centered to avoid the effect of off-sets.
In order to have an index of the power of the contribution
of a PC, we used the standard deviation of the mean-centered
time-series.

3. Results
Figure 4 shows the mean inherent distance scores (warping
costs) for whispered or Lombard speech compared with
speech produced in quiet for the following motion types: jaw
(opening and protrusion) and lips (opening and rounding), as
well as eyebrow (up-down and pinched) and rigid head motion
(forward–back and up-down).

Figure 5: Mean inherent distance for all motion types
as a function of speech type and participant. Error
bars show Standard error.
Figure 6 shows a comparison of distance scores (relative
to quiet speech) for whisper and Lombard speech broken down
by eyebrow and head motion and jaw and lip motion. Across
each individual participant, the pattern of motion for the jaw
and lips (motion closely related to speech articulation) was
similar to the pattern for the eyebrows and head. This was the
case even though there was variability across participants as to
whether Lombard speech had more motion than whispered
speech or vice-versa.

Figure 4: Mean inherent distance scores (warping cost
in arbitrary units) for the different motion types as a
function of speech type. Error bars show Standard
error.
It is clear from the magnitudes (and error bars) of the
warping cost scores that both the whisper and Lombard speech
motion curves differed from those for speech in quiet (the
baseline against which the distance scores were determined).
The warping cost scores were analyzed using a linear
mixed model (LMM) analysis (random-intercept) using the
LmerTest package to approximate degrees of freedom [13].
This analysis indicated that the effect of speech type (whisper
vs. Lombard) was significant, F(1,626) = 9.877, p < 0.01. This
effect was not significant if random slopes were included in
the model, indicating a possible interaction effect with
participants (although [14] have also argued that maximal
models can be unduly conservative).

Figure 6: Mean inherent distance scores for Lombard
minus whispered speech (negative means larger warping costs
for whispered speech) for Eyebrow and Head motion (black)
and Jaw and lip motion (grey) for the participants (1 – 4)
To determine whether there was a difference in the amount
of the contribution of the gPCs, the standard deviation of the
mean-centred time-series was calculated as a measure of the
PC contribution. This value represents the amount to which
the PC score deviated around the mean (which represents the
initial configuration). The data for each of the motion PCs are
shown in Figure 7.

Figure 5 shows the average warping cost scores for all
motion types as a function of participants. As can be seen in
the figure, there was considerable variation across participants
in terms of whether there was more motion in articulating
whispered speech or Lombard speech. Indeed, the interaction
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face motion [16] to auditory-visual speech biometric systems,
where whisper may be a useful speech style to use as
hyperarticulation may be more distinctive.
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