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ABSTRACT

To study the Lombard reflex, more realistic databases
representing real world conditions need to be recorded and
analyzed. In this paper we 1) propose a procedure to record
Lombard data which provides a good approximation of realistic
conditions and 2) present a comparison between two sets of
experiments where subjects are in communication with a device
while listening to noise through open-ear headphones and
where subjects are reading a list. By studying acoustic correlates
of the Lombard reflex and performing off-line speaker-
independent recognition experiments it is shown that the
communication factor affects the Lombard reflex.

We also show evidence that several types of noise differing
mainly by their spectral tilt induce different acoustic changes.
This result reinforces the notion that it is difficult to separate the
speaker from the environment stressor (in this case the noise)
when studying the Lombard reflex.

1. INTRODUCTION

When speech is produced in noise there is a modification of
speech production leading to the Lombard reflex [1, 2, 3, 4]. To
elicit this reflex, several databases have been recorded while the
speakers listened to noise through headphones. Using such a
method, a great variability in the increase of vocal effort was
observed. This may come from the way databases are recorded.
Generally, they implicitly assume that the Lombard reflex is a
physiological effect. However, it seems that in the real world,
the magnitude of the response of the speakers is governed by
the desire to obtain intelligible communication [5, 6]. Even if
the speakers were asked to speak in such a way as to be
intelligible, there was no premium on intelligibility because the
speakers were reading a list. Thus, most current databases do
not place emphasis on communication, although this seems to
be an important factor to consider; as noted in [7], “The speaker
does not change his voice level to communicate better with
himself, but rather with others.” This premium on intelligibility
is not universally accepted, however; another hypothesis is that
increases in vocal intensity in noise are mainly mediated by an
automatic regulating device [8, 9]. Current databases emphasize
more an increase in vocal effort due to masking noise than a
modification of speech production to be more intelligible by
others. In this paper, we contrast the communication speaking

style with the reading speaking style and study 1) how several
acoustic correlates of the Lombard data recorded in the different
conditions vary and 2) how automatic speech recognition (ASR)
is influenced by these variations.

Another interesting question lies in the dependence of the
Lombard reflex on the type of environment or type of noise. It
is now well known that if the noise is stationary an adaptation
of the speaker over time to the noisy environment is likely to
occur. Several studies hinted that the frequency distribution of
the noise affects the Lombard reflex and shapes the acoustic
changes observed in the speech signal. In [2], it was found that
the type of noise influences vowel duration. In [10], it was
reported an increase of the speech energy in the frequency
bands where the noise energy is most important. These results
suggest that the Lombard reflex depends on the noise frequency
distribution. There is also evidence that the noise affects a
speaker not only physiologically but also psychologically [11].
Noise will induce different acoustic changes depending on how
speakers can cope with it. In fact, when studying the Lombard
reflex, it may be difficult to separate the speaker from the
environment stressor (in this case the noise). In the current
study we evaluate the effect of the noise spectral tilt on several
acoustic parameters and automatic speech recognition.

 In the following sections we present 1) the recording procedure
and a preliminary analysis of the data recorded, 2) shows how
recognition accuracy of a speaker-independent speech
recognizer is influenced by the Lombard speech variability and
3) briefly discuss our results. The Lombard reflex is very
difficult to characterize and furthermore it is very speaker-
dependent (e.g. [3]). Consequently, in this paper we will focus
on the differences in trend between speaking styles and how
recognition accuracy is affected more than on detailed
differences which often vary from speaker to speaker.

2. RECORDING OF A LOMBARD
DATABASE WHICH PLACES AN

EMPHASIS ON COMMUNICATION

To assess the influence of the communication factor on the
Lombard reflex and automatic speech recognition, we recorded
a database using a telephone containing a prototype of a
speaker-dependent automatic speech recognizer for voice dial-
ing. In all the experiments, the user’s speech was
simultaneously recorded on a digital audio tape (Panasonic SD-



DA10). For all the recording conditions,  subjects were wearing
open-ear headphones (Sennheiser HD 580), which, in the
experiments involving noise, were used to inject noise to the
subjects at 85 dB SPL. By using open-ear headphones the
subjects were able to hear the audio output from the multimedia
speakers without any sound attenuation. The subjects spoke into
the phone using the handset. The audio output from the
speakerphone was channeled to multi-media speakers during
recognition training and testing.  Subjects were allowed to
adjust the volume of the speakers. The volume was usually
higher when there was noise. 5 male and 5 female subjects were
recorded in 8 different scenarios: when reading a list of 50
phrases (comprised of first and/or last names) in quiet and with
3 different types of noise, differing mainly by their spectral tilt
(see Figure 1), and when talking to the voice dialing system
(which was trained with the list of 50 phrases in quiet) in quiet
and in the three noise conditions. The vocabulary was chosen to
include most of the American English phonemes. During the
experiments involving recognition, the subjects marked a score
sheet indicating if the recognizer was correct with its first,
second or third candidate. For the 8 different scenarios the
vocabulary was randomized and 5 phrases were added at the
beginning of the list to accustom the subject to the experiment.
The database was manually labeled at the phoneme level.

Figure 1: Noises used in the experiments. In the following
sections the noise will be referred to pinklvl, pinktilt and speech
from, respectively top to bottom in this figure. These noises
have been extracted from the NATO RSG 10 database [12].

3. SPEAKER-DEPENDENT
RECOGNITION RESULTS FOR THE

LIVE EXPERIMENTS

Figure 2 summarizes the recognition accuracy obtained during
the live experiments. As a dialogue manager presented the

subjects with up to three candidates, the top 3 recognition
results (meaning the right candidate was found among the top
three candidates proposed by the system) have been plotted. It
can be observed that recognition accuracy degrades a great deal
when subjects are speaking while listening to noise at 85 dB
SPL. There is a tendency to a decrease in recognition accuracy
when the noise spectral tilt increases. However, in our
experiments this difference is not significant. There is generally
much more errors for female subjects than male subjects for all
the conditions.

Figure 2: Live test recognition results in quiet environment and
while subjects are listening to noise at 85 dB SPL for a voice
dialing task.

4. ANALYSIS OF THE DATA RECORDED

We computed the signal to noise ratios (SNRs) on the data
obtained during the recognition part of the experiments by
averaging the variance of the energy in the speech and non-
speech parts of the recorded signals (see Figure 3).

Figure 3: SNR averaged over the whole vocabulary and all the
speakers for the different recorded conditions.

                    Pink noise (equal energy per 1/3-oct)

      White noise spectrally shaped (-6 dB/oct) from 250 Hz

      Speech noise (according to long term speech spectrum)

SNR variation according to noise type and speaking style
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In communication with the voice dialing device there is a clear
decrease of the SNR (up to 2 dB for the speech noise) as
compared to when the subjects were reading a list. This is a
very interesting result which supports the hypothesis that people
produce speech differently when they do not perform a task. It
also points out that studies of the Lombard reflex where data
has been recorded while subjects are reading a list do not
accurately represent the real conditions. Figure 4, which shows
the average phrase duration over the whole vocabulary for male
and female speakers, further emphasizes this point.

Figure 4: Average phrase duration over the whole vocabulary
and all the recorded speakers for the different recorded
conditions.

It is interesting to note that phrase duration decreases for all the
conditions when subjects are speaking to the recognition device
as compared to reading a list. This result is valid for both male
and female speakers. All the subjects involved in the
experiments exhibited this tendency. Moreover, duration tends
to increase with the noise spectral tilt.

We also extracted pitch information (with Entropics ESPS
tools) for all the vowels and diphtongs in the corpus (“ey”, “ih”,
“iy”, “ow”, “oy”, “uh”, “uw”). When encountered, the voiceless
parts of the segments were discarded. The pitch was computed
as an average pitch across the whole vowel. Figure 5 shows the
results for male and female speakers.

The pitch follows the same tendencies as the other parameters
studied. As it has already been reported there is a pitch increase
when the subjects are producing speech in noise. This result
applies both when subjects are in a communication situation or
are reading a list. When the noise spectral tilt increases, the
pitch tends to decrease. The difference in pitch between the
different conditions was noticeable to a linguist who listened to
all the speech files.

Figure 5: Averaged pitch values (in Hz) for all the vowels of
the corpus and male and female speakers for all the recorded
conditions.

5. OFF-LINE SPEAKER-INDEPENDENT
RECOGNITION EXPERIMENTS

To evaluate how the acoustic changes reported in the previous
section influence speaker-independent recognition we
embedded the 50 words of the vocabulary in a larger vocabulary
of 662 phrases (to emphasize the differences) and performed
speaker-independent recognition experiments with an HMM-
based flexible vocabulary recognizer using context-dependent
models obtained after state-based decision tree clustering. One
transcription per word was used. The experiments were run with
three beam sizes: 0 for full search, 1.00 E-84 for a large beam,
and 1.00 E-44 for a medium size beam. Results averaged over
the 10 speakers are plotted in Figure 6.

Figure 6: Speaker-independent recognition results across the
conditions for the 50 phrases embedded in a 662 phrase
vocabulary.

It is interesting to note that, in quiet, recognition accuracy is
improved when subjects are talking to the device as compared
to reading a list. One possible hypothesis is that the emphasis on
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communication may help the user to speak more clearly. When
subjects are reading a list, as noise spectral tilt increases
recognition accuracy also increases. This phenomenon is less
obvious when subjects are speaking to the voice recognition
device.

At the recognition level, we observed that the type of noise
affect speakers differently. This is especially true when subjects
are in communication with the recognition device.

6. DISCUSSION

The above results highlight a very important point: it is very
important to study data representing realistic conditions. The
Lombard reflex is induced by noise. However, the modification
of speech production in presence of noise is strongly influenced
by the desire of the speakers to communicate. We presented
results supporting very clearly that there is a definite influence
of the communication factor on several acoustic correlates of
the Lombard reflex and automatic speech recognition. The
frequency distribution of the noise (in this study the noise
spectral tilt) is also a factor to consider when studying the
Lombard reflex. While the incidence of the noise on the
Lombard reflex may be marginal for some acoustic correlates,
we found that the influence of the noise spectral tilt on the user
speech can be seen at the recognition level. As recognition
accuracy is a global measure, the fact that acoustic changes
occurring in the different noise conditions translate at the
recognition level suggests that these differences are significant.
New insights about the Lombard reflex have to be gained by
studying databases when subjects are in communication with a
device or performing a task. This will bring us closer from our
final goal which is to improve speech recognition in noise. As
speech recognition technology is progressing it is possible, as
shown in this paper, to use the speech recognizers that we
develop to record realistic data. When reading a list, users tend
to over emphasize the changes in speech production, without
directing these changes towards a specific goal. This creates an
artificial situation.

7. CONCLUSIONS

In this paper we presented a procedure to record a Lombard
database in realistic conditions using an automatic speech
recognizer in the context of a voice dialing task. Different types
of noise differing mainly by their spectral tilt were studied. The
recorded data was analyzed and further off-line speech
recognition experiments were performed.

When comparing data between subjects reading a list or in
communication with a speech recognition device, SNRs and
acoustic correlates of the Lombard reflex, such as duration and
pitch, are affected by the communication factor. Speaker-
independent recognition experiments performed off-line
confirmed this hypothesis.

The noise type is another factor that influences the Lombard
reflex. The variability observed between subjects seems to
indicate that depending on the subjects and how they can cope
with the type of noise, the Lombard reflex is been affected. The
results obtained in this paper support this hypothesis.

Future studies will concentrate on a more detailed analysis of
the data recorded and on the use of this data to benchmark new
robust algorithms for dealing with the Lombard reflex.
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