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Abstract

Speaking in the presence of noise changes the characteristics of the speech produced

which is known as the Lombard effect. This effect is perceptually felt with an increase in

intensity of speaking. These changes in the characteristics of speech production is to en-

sure an intelligible communication in noisy environment. These changes also result in the

performance degradation of speech systems like speaker recognition, speech recognition,

etc. Human speech production mechanism is affected due to the Lombard effect, and is

reflected mainly in the excitation source. Previous studies have focussed mainly on the

changes in system level features. In our work, we examine the excitation source to study

its changes due to Lombard effect.

The excitation source features studied in this work are the instantaneous fundamental

frequency F0 (i.e., pitch), the strength of excitation at the instants of significant excita-

tion and a loudness measure reflecting the sharpness of the impulse-like excitation around

epochs. Another feature, called the normalized energy is used to study the articulation

variability of speech due to Lombard effect using the high variations of energy within an

utterance. Analysis is performed using the distributions of the features which are seen

to distinguish between normal speech and Lombard effect speech, and also to explain

the speaker-specific nature of Lombard effect. The extent of Lombard effect on speech

depends on the nature and intensity of the noise that causes the Lombard effect. Charac-

teristics of speech produced without a feedback and difference between loud speech and

Lombard effect speech are also studied using the excitation source features. Duration is

used to study the phonetic changes due to Lombard effect. Intelligibility due to Lombard

effect at a sentence level is studied and the mechanism of the Lombard effect is described

based on the analysis performed. This analysis is extended into an application where the
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imposters during speaker verification can be detected with the theory that speech pro-

duced under noise is different from that spoken under normal conditions. Further, the

performance of text-dependent speaker verification system due to Lombard effect is also

described.

Keywords: Lombard effect, fundamental frequency, strength of excitation, zero-frequency

resonator, loudness, intelligibility, speaker verification, imposter, playback speech
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Chapter 1

Introduction to Lombard Effect

Humans are the most powerful communicators. The best way of communication among

humans is through speech. The speech produced by a person depends on several factors,

which include the environment he/she is speaking and the auditory self-feedback of the

speech of his/her own voice. Adverse environment not only corrupts the speech signals

by additive noise, but they also affects the self-feedback of the speech of the person. Lack

of self-feedback also affects the articulatory movement in the speech production process,

resulting in speech which the listener perceives as not normal. The speaker tries to adjust

the articulatory and acoustic parameters to produce speech as intelligible as possible to

the listeners. This psychological effect on speaker for producing speech in the presence

of noise is termed as Lombard effect, which was first discovered by Etienne Lombard in

1911 [1]. The Lombard effect not only affects the intelligibility in speech communication,

but it also affects the performance of automatic speech and speaker recognition systems.

The Lombard effect on speech depends on the environment, speaker and the context of

speech communication. Lombard effect is caused due to hampering of self feedback and

not just speaking in the presence of noise. The self-feedback can be hampered by various

types of noises ranging from a low intensity air flow noise to a high intensity fighter-

cockpit noise. The resulting instability is compensated by modification of the speech

produced, which is termed as the Lombard effect speech. Analysis of Lombard effect

speech signal is based on time domain properties such as duration of voiced and unvoiced
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segments, and spectral domain properties such as spectral tilt and formants. The only

source parameter used extensively is the variation of the fundamental frequency (F0). On

the other hand, perceptually several factors are noticed like loudness, stress and intensity.

But very few attempts have been made in reporting the changes in the excitation source

information due to Lombard effect.

With increasing use of speech systems for several applications, it is essential to make

speech synthesis systems as natural as possible, and to incorporate robustness into speech

recognition and speaker recognition systems. It is also required to enhance the speech

and make it intelligible, independent of the environment. Since features extracted from

the Lombard effect speech are different from those obtained from the normal speech, the

affected features need to be compensated when using the speech systems designed for

normal speech. For this, modifications at the signal or parameter or feature levels have

to be performed by determining the level of compensation required. The first step in

developing the process of modification is the analysis of features of the Lombard effect

speech in relation to the normal speech. The noise signals are presented to the speaker

through earphones which do not allow any external sound to pass through them, and

also do not allow the presented noise signals to leak out. The Lombard effect speech is

recorded using a close speaking microphone. Hereafter, the noise which causes Lombard

effect is termed as external feedback,as speaking under the influence of speech of another

person also causes Lombard effect.

1.1 Issues addressed in this thesis

The main objective of the present study is to analyze the Lombard effect speech in terms

of the features of excitation source in speech production, when the speech is produced

under different types and levels of degradation. We use 3 types of noise at 3 different in-

tensities, which are pink noise at 70, 60, 50 dB, babble noise at 65, 55, 45 dB and factory

noise at 65, 55, 45 dB. We also examine several cases relating to Lombard effect, which

include external feedback through a single ear, no self-feedback and no effect case where

the speaker pretends that he is not under the influence of an external feedback. The differ-
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ence between loud speech and Lombard effect speech is examined. Changes in duration

and energy due to Lombard effect are also examined. Intelligibility of speech in noise is

also studied. Further the analysis of Lombard effect will be handful to describe the mech-

anism of Lombard effect. Another objective of the study is to improve the performance

of the speaker verification system by detecting imposters using the Lombard effect. In

the process, the performance of speaker verification system due to Lombard effect is also

observed.

1.2 Organization of the thesis

The evolution of ideas presented in this thesis is listed in Table 1.1. This thesis is orga-

nized as follows:

In Chapter 2, previous studies on Lombard effect are reviewed. These studies are

categorized into several parts which include mechanism of Lombard effect, characteristics

of Lombard effect speech, intelligibility of Lombard effect speech and performance of

speech systems due to Lombard effect.

In Chapter 3, extraction of the features which are used for the analysis of Lombard

effect speech are described. The features used are fundamental frequency, strength of

excitation , loudness measure which form the excitation source features apart from another

feature which is the normalized energy.

In Chapter 4, different cases of speech produced under different conditions are de-

scribed which are speaking under different types of noise at varying intensities, speaking

with a noise fed to a single ear while normal hearing with the other ear, speaking without

a self feedback, speaking in the presence of noise by pretending we are not affected by

Lombard effect. Finally difference between loud speech and Lombard effect speech are

also studied. Their characteristics are also described using the proposed excitation source

features.

In Chapter 5, analysis of Lombard effect speech is performed based on the proposed

features and also an additional feature which is the change in duration is used. Intelligi-
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Table 1.1: Evolution of ideas presented in the thesis

• Lombard effect affects the excitation source which is reflected in the excitation
source features.

• The extent of Lombard effect depends on the type and intensity of the external feed-
back. This can be analyzed based on the change in the excitation source features.

• Lombard effect also results in phonetic changes which are reflected in duration and
energy.

• Lombard effect speech in noise is more intelligible than normal speech in noise.

• Lombard effect speech as reference and test speech gives better results compared to
normal speech as both reference and test speech.

• An impersonator cannot mimic the Lombard effect speech of another speaker. Thus
Lombard effect can be used to avoid imposters.

bility and perception of Lombard effect speech is also studied. Finally, the mechanism of

the Lombard effect speech is discussed based on the analysis performed.

In Chapter 6, a text dependent speaker verification system is described and a method

is proposed using Lombard effect to detect imposters. The performance of Lombard effect

speech on speaker verification is also seen.

Chapter 7 presents the summary of the work, major contributions of the work and

outlines the directions for further research.
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Chapter 2

Lombard Effect - A Review

This chapter reviews some of the previous studies on Lombard effect. The major studies

are related to the analysis of Lombard effect at acoustic, phonetic and perception level.

A number of studies were also made on the compensation techniques on Lombard ef-

fect speech for improving the performance on speech systems. Section 2.1, reviews the

mechanism of Lombard effect as described by several researchers. In Section 2.2, char-

acteristics of Lombard effect speech are described . In Section 2.3, previous studies on

intelligibility of Lombard effect speech are discussed. In Section 2.4, few studies on psy-

chological effects caused due to the Lombard effect are described. In Section 2.5, we

review the performance degradation of speech systems due to Lombard effect and several

compensation methods used to improve the performance. In Section 2.6, importance for

analyzing the Lombard effect are addressed.

2.1 Mechanism of the Lombard effect

As a first step it is essential to study the cause of Lombard effect. The phenomenon is

claimed to be due to an automatic auditory regulating device [2][3][4]. It is also claimed

to be an emphasis on the speakers response to the listeners [5][6]. For few others, the

mechanism of the Lombard effect is viewed as a combination of both [7][8].

Auditory feedback is considered to be an element of the human speech production
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system [2]. It was suggested that the mechanism responsible for the Lombard effect is a

result of noise being introduced into the auditory feedback channel [3]. This is based on

the model proposed in [4] where the human communication mechanism is viewed as a

servosystem, a kind of self-regulatory feedback system. But this proposal is claimed to

be a misinterpretation of the Lombard effect. It was claimed to be dependent only on the

communication factor [6]. In adverse conditions, the speaker suffers from reduced intel-

ligibility. Thus the reason for exhibiting Lombard effect in such conditions is to ensure

intelligible communication by compensating for the reduced signal to noise ratio (snr).

Also the extent of compensatory strategies depends on how demanding the communica-

tive situation is [6]. The magnitude of responses may also be dependent on how much the

speaker feels responsible for the communication [9].

Thus the notion of auditory feedback control is claimed to be insufficient to describe

the phenomenon. It is widely accepted that a cause for Lombard effect is to ensure in-

telligible communication, but it has always been unclear whether to assume the human

auditory system as a servosystem.

2.2 Characteristics of Lombard effect speech

Several studies have been reported on the analysis of Lombard effect speech. Several

acoustic-phonetic analysis were performed in [10]. Some of the changes observed be-

tween normal speech and Lombard effect speech are:

• Increase in duration of vowels and decrease in duration of unvoiced sounds [10].

• Decrease in the spectral tilt with relatively more energy in the high frequency region

of the spectrum [10].

• Increase in pitch or the fundamental frequency (F0) and the first formant in some

vowels [8][11].

• Great lung volumes are used [12].
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• Migration of energy from low and high frequency to middle range for vowels, and

from low to high frequency for unvoiced stops and fricatives [13].

• Increase of the speech energy in the frequency bands with high noise energy was

observed [14].

• Deletion of certain phonemes like /t/, /p/ and /f/ occurring at the end of a word, and

aspiration after /m/ and /n/ increases. Certain vocabularies are more affected than

others by the increase of the vocal effort [7].

• It is accompanied by larger facial movements but these do not aid as much as its

sound changes [15].

The dependence of Lombard effect on gender and language were also reported [7].

Lombard effect speech of female speakers seem to be more intelligible than that of male

speakers, and it was the opposite for normal speech. The acoustic-phonetic characteris-

tics of Lombard effect speech in different languages were also studied [16][17]. Speech

produced by wearing oxygen mask was also studied [18]. An increase in the vowel du-

ration, fundamental frequency and total energy were reported along with the change in

formant center frequency. It was suggested that these results may be attributed to a com-

bination of the effective lengthening of the vocal tract and the restriction on freedom of

jaw movement provided by the oxygen mask.

2.3 Intelligibility of Lombard effect speech

Acoustic-phonetic differences between Lombard effect speech and normal speech seem to

have an effect on speech intelligibility. Intelligibility is commonly evaluated by presenting

words masked with noise to listeners for identification [19]. Similar studies on word

identification in noise have been performed [7][20][21][22][23]. The intelligibility of

speech was found to increase due to increase in the vocal effort due to Lombard effect,

and it was found to be nearly constant with increase in the intensity of feedback [21].

Beyond a certain level of the vocal effort, the intelligibility was found to decrease [24],
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especially when the speech becomes shouted speech. In the case of shouted speech, it was

found that the increase in the vocal effort increases the energy and decreases the phonetic

information [25]. It was also reported that the type of masking noise and the gender of the

speakers are also crucial to the difference in intelligibility of speech produced in noise-

free and in noisy conditions [14]. Multi-talker noise is found to degrade the intelligibility

of English digit vocabulary more than white noise. Also female Lombard effect speech is

more intelligible than male Lombard effect speech [7]. It seems that breathiness decreases

the intelligibility of speech and when producing speech in a noisy background, female

speakers tend to decrease the breathiness in their productions more than male speakers.

Intelligibility of speech was also associated with speaking rate [26]. In [27] the effect

of four levels of aircraft noise (about 100 dB, 106 dB, 114 dB, 122 dB) on speaking rate

in a passage read by 48 male American English speakers was reported. It was found that

the higher the noise level was, the slower was the speaking rate. The mean speaking rate

dropped successively from 183.2 to 165.4 (words per minute). Study on intelligibility of

foreign accented speech produced in noise was also reported [28]. The effects of cafeteria

noise on the perception of English sentences produced by groups of native speakers of

Mandarin and of English were examined. The findings suggested that the cafeteria noise

did degrade the intelligibility of the sentences overall, but the sentences spoken by Man-

darin speakers were less intelligible than those of the English speakers in both noise-free

and noisy conditions.

2.4 Psychological effects due to Lombard effect

Lombard effect results in psychological effect on several people under the influence of

external feedback under various conditions. It was reported that both vocal rate and inten-

sity were affected by the rooms in which the recording was made [29]. Phrases were read

slowly in large rooms than in small ones, and among the large rooms, the rate was slower

in live rooms than in dead rooms due to effects of the delayed feedback and reverberation.

It was observed that a speaker speaks with high intensity in open air conditions than in

close rooms. Lombard effect in case of choral singers is also studied [30]. Choral singers
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experience reduced feedback due to the sound of other singers upon their own voice. Thus

the people in choruses sing at a louder level. Trained soloists can control this effect but

it has been suggested that after a concert they might speaker more louder in noisy sur-

rounding as in after-concert parties. Lombard effect on people playing instruments such

as guitar is also studied [31].

Lombard effect is also studied to affect the vocalizations of animals. Beluga whales in

the St. Lawrence River estuary adjust their whale song so it can be heard against shipping

noise [32]. Great tits in Leiden sing with a higher frequency than do those in quieter

area to overcome the masking effect of the low frequency background noise pollution

of cities [33]. Other animals those vocalizations were effected due to Lombard effect are

Budgerigars [34], Cats [35], Chickens [36], Common marmosets [37], Cottontop tamarins

[38], Japanese quail [39], Nightingales [40], Rhesus Macaques [41], Squirrel monkey [42]

and Zebra finches [43]

2.5 Lombard effect on speech systems

Degradation in the performance of speech recognition system and speaker recognition

system due to Lombard effect are reported in [44][45]. The speaker recognition sys-

tem performance with Lombard effect was 48% with mismatched training and 99% with

matched training. The performance of the system was good when both the training and

testing data was of the same condition. The performance degradation caused by the Lom-

bard effect on speech recognition systems was seen to be more than that caused by noise

[46]. The degradation was caused due to significant change in the acoustic features due

to Lombard effect. Several compensation methods have been proposed to improve the

robustness of speech systems. In [47], the Mel-frequency cepstral coefficient (MFCC)

features for Lombard effect speech were compensated by modifying the mel scale to im-

prove the performance of a verification system. In [48], the performance of perceptual

speaker recognition using Lombard effect speech was reported. It was concluded that

speaker recognition was better in the case of Lombard effect speech compared to normal

speech.
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Isolated word recognition experiments in a car environment was performed at three

different engine speeds of 0, 90, 130 kph. An improvement in the performance was ob-

tained with a combination of speech enhancement and spectral slope compensation [49].

In [50], robust front-end filter banks were used to improve the performance of recogni-

tion of the Lombard effect speech. A linear transformation of the linear prediction (LP)

cepstral features was suggested with applications to dynamic time warping (DTW) based

speech recognition in [51]. The variations due to Lombard effect were estimated and

compensated using multiple linear transformations in [52]. A morphological constrained

feature enhancement with adaptive cepstral compensation was used for speech recogni-

tion in noisy conditions [53]. In [54], time derivatives of cepstral coefficients have been

used to improve noisy Lombard speech recognition. A 2-stage recognition system is pro-

posed in [55], with one stage as a style classifier, and the other stage as a recognizer.

The recognition uses perceptual linear prediction (PLP) features for normal speech and

repartitioned frequency cepstral coefficients (RFCC) - linear prediction coefficient (LPC)

features in case of Lombard effect speech. In [56], a method was proposed for speech

recognition by integrating audio and visual information by training using hidden Markov

model (HMM) and using Viterbi algorithm for decoding. The recognizer was tested using

Lombard effect speech. Visual information also seem to detect the Lombard effect.

2.6 Importance of analysis of Lombard effect

Analyzing Lombard effect is helpful in several ways:

• Since it is not always possible to have a silent environment, speech is spoken under

noisy conditions resulting in Lombard effect. Lombard effect speech degrades the

performance of speech systems and therefore it is necessary to analyze the char-

acteristics of Lombard effect to develop a compensation for better performance of

speech systems.

• Since Lombard effect is more intelligible than normal speech in the presence of

noise, adapting the characteristics of Lombard effect to normal speech will increase
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the intelligibility of normal speech. This has applications in public places which are

noisy like a railway station where the announcements are make by a speaker who is

generally in a silent environment and the listeners are in noisy environment.

• Analysis of Lombard effect can also be used in several forensic cases like estimating

the environment condition under which a given speech is spoken by a person, etc.

• Since Lombard effect changes the characteristics of speech and is speaker depen-

dent, it can be used to detect imposters in speaker verification systems as proposed

in this thesis.
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Chapter 3

Features for Analysis of Lombard Effect

Speech

Speech is caused due to the time varying excitation of the time varying vocal tract sys-

tem. These excitations initiate the production of speech which is manipulated by the vocal

tract system. These excitation source features are obtained by removing the effects of the

vocal-tract system on the speech signal. This time varying excitation changes by a greater

extent under the influence of an external feedback. In this chapter, the excitation features

used in the analysis of the Lombard effect speech are discussed along with another fea-

ture called normalized energy. Three excitation source features are considered, namely,

instantaneous F0 (pitch), strength of excitation at the epochs and a measure of loudness.

3.1 Fundamental frequency

The fundamental frequency (F0) of speech is extracted by a recently proposed method

[57], [58] using the zero-frequency filter, which was first reported in [59]. During the

production of voiced speech, the excitation to the vocal-tract system can be approximated

by a sequence of impulses of varying strengths. These impulse-like excitations result

in discontinuity which is spread uniformly across the frequency range including zero-

frequency. Filtering the speech signal using a zero-frequency resonator emphasizes the
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Fig. 3.1: Illustration of deriving filtered signal from speech signal. (a) A segment of speech
signal taken from continuous speech. (b) output of cascade of two 0 Hz resonators. (c)
Filtered signal obtained after mean subtraction.

characteristics of excitation. The output of the zero-frequency resonator is not affected

by the characteristics of the vocal-tract system since it has resonances at much higher

frequencies.

A zero-frequency resonator is an all-pole system with two poles on the positive real

axis in the z-plane. We use a cascade of two ideal zero-frequency resonators to character-

ize the discontinuities due to impulse-like excitation in voiced speech. A cascade of two

zero-frequency resonators provides sharper cut-off to reduce the effect of resonances of

the vocal-tract system. Filtering a speech signal twice through a zero-frequency resonator

results in an output that grows/decays as a polynomial function of time. Fig. 3.1(b) shows

the output of filtering process for a segment of speech signal shown in Fig. 3.1(a). The

characteristics of discontinuities can be highlighted by subtracting the local mean com-

puted over a small window. A window size of about one to two times the average pitch

period is adequate for local mean subtraction. The resulting mean subtracted signal is
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shown in Fig. 3.1(c) for the filtered output shown in Fig. 3.1(b). This mean subtracted

signal is termed as the zero-frequency filter signal or merely the filtered signal. The fol-

lowing steps are involved in processing the speech signal to derive the filtered signal:

1. The speech signal s[n] is differenced to remove any slowly varying component

introduced by the recording device.

x[n] = s[n] − s[n − 1] (3.1)

2. Pass the differenced speech signal x[n] through a cascade of two ideal zero-frequency

(digital) resonators. That is

y0[n] = −

4∑
k=1

aky0[n − k] + x[n], (3.2)

where a1 = −4, a2 = 6, a3 = −4 and a4 = 1. The resulting signal y0[n] grows

approximately as a polynomial function of time.

3. The average pitch period is computed using the autocorrelation function of 30 ms

segments of x[n].

4. Remove the trend in y0[n] by subtracting the local mean computed over the average

pitch period, at each sample. The resulting signal

y[n] = y0[n] −
1

2N + 1

N∑
m=−N

y0[n + m] (3.3)

is the zero-frequency filtered signal. Here 2N+1 corresponds to the number of samples

in the window used for mean subtraction. The choice of the window size is not critical as

long as it is in the range of one to two pitch periods.

The filtered signal clearly shows sharper zero crossings around the epoch locations.

The sharper zero crossings can either be positive-to-negative zero crossings (PNZC) or

negative-to-positive zero crossings (NPZC) depending on the polarity of the signal (typ-

ically introduced by recording devices). In Fig. 3.1(c), the NPZCs are sharper than the
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Fig. 3.2: F0 contours for (a) normal speech, and (b) Lombard effect speech, for an utterance
of the sentence, “Regular attendance is seldom required”.

PNZCs, and hence indicate the epoch locations. The polarity of the sharper zero crossings

can be automatically determined by comparing the slopes of the filtered signal around the

PNZCs and the NPZCs over the entire duration of the utterance.

The interval between the two adjacent epochs is the pitch period. The reciprocal of

the pitch period gives the fundamental frequency (F0). Fig. 3.2 shows the F0 contour

for normal speech and the Lombard effect speech. We can see an increase in F0 for

the Lombard effect speech compared to the normal speech. The average fundamental

frequency for these normal and Lombard effect speech utterances are 135 Hz and 169 Hz,

respectively.

3.2 Strength of excitation

Strength of excitation (α) is measured as the slope at the positive zero-crossings at epoch

locations in the zero-frequency filtered signal. It gives an idea of the amplitude of the

equivalent impulse-like excitation [60]. It was also shown that the strength of excita-

tion is proportional to the actual strength of excitation observed from EGG signal. But

the strength at an epoch may not give an indication of the sharpness of the impulse, as
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Fig. 3.3: α contours for (a) normal speech, and (b) Lombard effect speech, for an utterance
of the sentence, “Regular attendance is seldom required”.

the sharpness of the impulse depends on the relative amplitudes of the excitation signal

samples around the impulse. Fig. 3.3 shows the strength of excitation contour for nor-

mal speech and Lombard effect speech. We can see that the strength of excitation, as

measured by the slope of the zero-frequency filtered signal at each epoch, was found to

decrease for Lombard effect speech compared to normal speech. Though the vocal tract

system is known to release large amount of acoustic energy in the case of Lombard effect

speech compared to normal speech, the strength of excitation is found to decrease. Thus

the strength of excitation need not depend on the acoustic energy released by the vocal

tract.

3.3 Measures of Loudness

Here we consider two measures of loudness: loudness due to glottal excitation and per-

ceived loudness
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3.3.1 Loudness due to glottal excitation

A measure (η) of loudness is derived from the Hilbert envelope of the linear prediction

(LP) residual as proposed in [61]. It indicates the sharpness of the impulse, which con-

tributes to the perception of loudness. The LP residual e[n] is obtained using a 10th order

LP analysis on each 30 ms frame of speech signal with a frame shift of 10 ms. The Hilbert

Envelope r[n] of the LP residual is given by

r[n] =

√
e2[n] + e2

H[n], (3.4)

where eH[n] denotes the Hilbert transform of e[n]. The Hilbert transform eH[n] is given

by

eH[n] = IFT(EH(ω)), (3.5)

where IFT denotes the inverse Fourier transform, and EH(ω) is given by [62]

EH(ω) =

 + jE(ω), ω ≤ 0

− jE(ω), ω > 0.
(3.6)

Here E(ω) denotes the Fourier transform of the signal e[n]. The η is measured as

the ratio of the standard deviation (σ) and the mean (µ) of the Hilbert Envelope in the 3

ms region around each epoch. Fig. 3.4(c) shows the Hilbert envelope of the LP residual

(Fig. 3.4(b)) of the speech signal shown in Fig. 3.4(a) whose η contour is illustrated in

Fig. 3.4(d). The peaks in the Hilbert envelope around the epoch locations are sharper in

the case of loud speech. Figs. 3.5 (a), (b) and (c) show segments of the Hilbert Envelope

around the peaks at the instants of significant excitation (epochs), which are superimposed

for the cases of normal, Lombard effect and loud speech, respectively. Peaks are sharper in

case of loud speech compared to Lombard effect speech. Fig. 3.6 (b) shows the η contour

of the speech signal shown in the Fig. 3.6 (a). The regions corresponding to the high

values of η are the loud regions in the speech signal. It was also seen that those regions

correspond to vowel regions. The measure (η) of loudness represents the loudness due to

glottal excitation (actual loudness) and not the perceived loudness. Loudness is perceived
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Fig. 3.4: (a) Segment of speech signal, (b) 10th order LP residual, (c) Hilbert envelope of the
LP residual, and (d) η contour extracted from the Hilbert envelope.
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Fig. 3.5: Superimposed segments of Hilbert envelope of the LP residual around the epochs
for (a) normal speech, (b) Lombard effect speech, and (c) loud speech.

higher in the case of Lombard effect speech, but this is not reflected well in the loudness

due to glottal excitation. This measure of loudness is different for different sound units in

a speech signal.

3.3.2 Perceived loudness

Since the loudness is perceived higher in case of Lombard effect speech compared to

normal speech, we propose a measure of perceived loudness (β) to capture this effect.
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Fig. 3.6: (a) Speech signal, (b) η contour of the speech signal.

Perceptual loudness depends not only on the sharpness of the peaks in the Hilbert Enve-

lope around the epoch, but also on the fundamental frequency (F0). Since Lombard effect

increase the fundamental frequency, Lombard effect speech is perceived to be louder. The

β measure is a product of intrinsic loudness (η) and F0.

β = η × F0. (3.7)

Fig. 3.7 shows the β contour of normal speech and for Lombard effect speech. An

increase in the perceived loudness is seen for the Lombard effect speech. The increase

in the perceived loudness seems to be different for different sound units. Stressed vowels

show a greater increase in the loudness. The increase in the loudness for Lombard ef-

fect speech is also different for different speakers. Thus it might be a speaker-dependent

property. The increase in loudness is found to be significant in the vowel regions.

3.4 Normalized energy

Given a normalized speech signal, framewise energy is calculated with a framesize of 10

ms and a frameshift of 3 ms. Selection of framesize and frameshift is not critical. Energy
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is then normalized so that the maximum energy maps to 0 dB, to obtain the normalized

energy (γ). Figs. 3.8(a) and 3.8(b) show the γ contours of normal speech and the Lombard

effect speech, respectively. Lombard effect results in the articulation variability in speech

which is reflected in the variations of the normalized energy. It can be seen that there are

large variations in normalized energy in the case of Lombard effect speech compared to

normal speech which is due to the decrease in the consonant to vowel energy ratio due

to Lombard effect which was reported in [10]. There is a significant increase in energy

in vowel regions compared to other regions. The mean value is not considered here as it

is normalized and thus we only consider the variations for discriminating Lombard effect

speech from normal speech.

3.5 Summary

In this chapter, we have described three excitation source features which are fundamental

frequency (F0), strength of excitation (α) and a perceived loudness measure (β) along with

another feature which is the normalized frequency (γ). We have described the extraction

of each of the features. F0, α are extracted using the zero-frequency filter, β is extracted

from the peaks in the Hilbert envelope and γ is directly extracted from the speech signal.

We have also shown the change in the features due to Lombard effect.
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Chapter 4

Studies on Different Cases of Lombard

Effect

In this chapter we study the behavior of speech produced by affecting the self feedback

in several ways. Self feedback of our speech determines the characteristics of our speech.

These characteristics are affected by hampering our self feedback. The Lombard effect

due to external feedback as measured by the three features and their distributions can

vary over a wide range depending on the type and level of the external feedback. It was

reported that the Lombard effect speech depends on the type and intensity of feedback

[63]. Here we study the extent of Lombard effect for various cases as follows:

1. Different types of feedback.

2. Different intensity levels of feedback.

3. External feedback only through a single ear (SEF).

4. Ears closed (no feedback case (NF)).

5. Lombard effect when a speaker is asked to speak normally pretending he is not

under the influence of external feedback (no-effect case (NE)).

6. Lombard effect speech vs loud speech
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Speech of a person can be modified by three methods:

1. Voluntary modification

2. Hampering feedback

3. Emotion

We do not study speech due to different emotions. Loud speech and no-effect case

stated above are voluntary. The other cases deal with the modification of speech due

to hampering of feedback. Before we study each of the above cases in terms of the

features of excitation, we describe the method of data collection. Section 4.1 describes

the procedure for data collection of Lombard effect speech. Section 4.2 describes the

Lombard effect for different intensities of external feedback. Section 4.3 describes the

Lombard effect for different types of external feedback. In Section 4.4, Lombard effect

due to external feedback through single ear is described. In Section 4.5, speech produced

without a self-feedback is described. Section 4.6 describes the Lombard effect when a

speaker is asked to control his speech in presence of an external feedback. In Section 4.7,

difference between Lombard effect speech and loud speech are described. Summary of

this chapter is presented in Section 4.8. Change in normalized energy is not considered

here as its distributions do not show significant evidence.

4.1 Data Collection

Speech was collected from 18 male speakers in the age group of 21-24 years. Recording

was done in a single session, within a time interval of a few minutes for each speaker.

Five sentences were chosen from the TIMIT database [64], and the speakers were asked

to speak them three times each, under normal conditions. The noise signals are presented

to the speaker through earphones, which do not allow any external sound to pass through

them, and also do not allow the presented noise signals to leak out. The Lombard effect

speech is recorded using a close speaking microphone. External feedback of 3 noise types

and 3 intensity levels are considered: (a) pink noise (PN) at 70, 60, 50 dB, (b) babble noise
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(BN) at 65, 55, 45 dB, and (c) factory noise (FN) at 65, 55, 45 dB. The noises were taken

from the NOISEX-92 database [65]. The noises were amplified to obtain the required

intensity levels, and the speaker was asked to speak under the following conditions:

1. 3 noise types at 3 intensity levels played through the earphones.

2. External feedback (PN-70 dB) through a single ear.

3. Ears closed.

4. Speaker was instructed to speak normally under the influence of external feedback

(PN-70 dB).

5. Loud speech

The speaker was asked to repeat each of the five sentences three times in the case of

PN-70, BN-65, FN-65, and in case of their loud speech, as these cases are emphasized

in our work. For the remaining cases each of the five sentences are spoken only once.

Speakers were not informed about the Lombard effect phenomenon, to avoid any bias in

their anticipation of speech. The durations of the utterances ranged from 1 second to 4

seconds. The speech signals were sampled at 8 kHz.

Now we describe the procedure used to amplify the noise to the required level. Since

the magnitude of a signal is estimated with respect to some reference noise, we use the

noise in the environment under which data recording is done, as the reference noise. We

consider the speech produced under the reference noise as the normal speech. The noise

signal which are to be amplified to the required level are taken from the the NOISEX

database which is specified above. Let E0 be the energy of the reference noise, E1 be the

initial energy of the required noise. The intensity (I) of this required noise is given by

I = 10 log10

(
E1

E0

)
. (4.1)
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If the desired intensity of the noise is I′, then the noise need to be amplified by k times. If

E′1 denotes the energy of the amplified noise, then

E′1 = k2E1. (4.2)

Thus we know the value of I, I′, E1 and E0 and we need to find k. By solving the equations

we get

k = 10
1
2

(
I′
I −1

)(
log10

E1
E0

)
. (4.3)

Thus the noise signals are amplified by the factor k. Precautions need to be taken such

that the signal doesn’t get clipped. Thus the maximum amplification factor possible is the

level of the noise above which it gets clipped.

4.2 Lombard effect for different intensities of external

feedback

In general the F0 and β increase, and the α decreases, with increase in the intensity of the

feedback. The extent of Lombard effect is seen to decrease with decrease in the intensity

of the external feedback. Fig. 4.1 shows the distribution of F0, α and β for Lombard

effect speech produced under an external feedback of pink noise at intensities 70, 60 and

50 dB for 3 different speakers. Figure shows the speaker specific nature of Lombard

effect. Another observation is that the Lombard effect speech at 60 dB is more closer

to the Lombard effect speech at 50 dB than the Lombard effect speech at 70 dB for the

same type of noise. This can also be seen from the mean standard deviation values of the

features as shown in Table 4.1. Thus Lombard effect decreases rapidly with decrease in

the intensity of the feedback.
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Fig. 4.1: Distribution of F0, α and β for Lombard effect speech with pink noise as external
feedback of intensities 70 dB (solid lines, 60 dB (dashed lines) and 50 dB (dash-dotted lines)
for 3 speakers.

Table 4.1: Mean (µ) and standard deviation (σ) of the excitation features and standard devia-
tion for Lombard effect speech under different external feedbacks at different intensities

Feature PN-70 PN-60 PN-50 BN-65 BN-55 BN-45 FN-65 FN-55 FN-45

F0
µ 165.52 160.79 156.45 164.94 159.78 155.83 168.44 160.71 156.88
σ 20.13 19.87 19.78 20.91 19.91 19.88 21.11 20.36 20.09

α
µ 8.41 9.37 11.42 8.34 10.66 12.48 8.03 9.77 12.99
σ 3.02 3.78 4.34 3.27 4.28 4.86 3.13 3.79 4.94

F0
µ 120.21 116.43 113.86 120.74 115.38 113.12 121.21 115.69 113.03
σ 31.61 31.24 30.66 32.11 30.76 30.74 32.39 31.03 30.79

γ σ 9.40 9.14 8.99 9.33 8.84 8.67 9.15 8.87 8.79
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Fig. 4.2: Distribution of F0, α and β for Lombard effect speech with external feedback as
pink noise-70 dB (solid lines), babble noise-65 dB (dashed lines) and factory noise-65 dB
(dash-dotted lines) for 3 speakers.

4.3 Lombard effect for different types of external feed-

back

The influence of self-feedback due to different types of external feedback is different. It

was stated in [14] that the frequency distribution of the noise affects the Lombard effect

and shape the acoustic changes observed in the speech signal. But this observation is not

reflected perceptually. The frequency distribution of the noise affects the characteristics

of the speech signal, although it is not felt perceptually. The changes in the features due

to different types of feedback are different, and are dependent on the speaker. Fig. 4.2

shows the distribution of F0, α and β for Lombard effect speech produced under an ex-

ternal feedback of pink noise at 70 dB, babble noise at 65 dB and factory noise at 65

dB. The distributions seen in the figure are close, but from the small deviations, we can
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Fig. 4.3: Distribution of F0 for normal speech (dotted lines), Lombard effect speech with low
intensity feedback (dash-dotted lines), Lombard effect speech with high intensity feedback
(solid lines) for 2 cases of feedback: (a) noise, and (b) normal speech.
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Fig. 4.4: Distribution of α for normal speech (dotted lines), Lombard effect speech with low
intensity feedback (dash-dotted lines), Lombard effect speech with high intensity feedback
(solid lines) for 2 cases of feedback: (a) Noise, and (b) Normal speech.

see that factory noise has affected the speech production more than pink noise and babble

noise. This can also be seen from the mean and standard deviation values of the excitation

features for the speech produced due to different types of noise in Table 4.1. It is difficult

to differentiate the effect caused by pink noise and babble noise, though babble noise has

shown to affect slightly more. Previous studies have reported that multi-speaker noise

degrades the intelligibility more than the white Gaussian noise does for digit vocabulary

[7].

In another experiment, speech of a person is recorded under the influence of (a) white
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noise, (b) normal speech spoken by another person [66]. The task of this experiment is to

study Lombard effect in presence of speech of another speaker instead of noise. Figs. 4.3

and 4.4 show distributions of F0 and α, respectively, for two types of feedback: (a)

white noise and (b) normal speech, for 3 cases: (1) Speech under silent conditions. (2)

Speech with low intensity of feedback. (3) Speech with high intensity of feedback. We

find an increase in F0 and a decrease in α with the increase in intensity of the external

feedback signal. Another observation is that the distribution of the α (i.e., width of the

spread) decreases with increase in the intensity level of the external feedback signal. The

distribution of the α is also more for the case of normal speech as external feedback,

when compared with the same intensity white noise as external feedback. This shows that

Lombard effect under noisy conditions is more than that under the influence of another

speakers voice.

4.4 Lombard effect due to external feedback through a

single ear

Another case is the study of Lombard effect when the feedback is received by a person

only through a single ear. Since binaural hearing is required for a person to speak nor-

mally, it is interesting to study the Lombard effect when the feedback is received by a

person only through a single ear, and with normal hearing from the other ear. Fig. 4.5

shows the distribution of F0, α and β for normal speech, speech with single ear feedback,

Lombard effect speech with pink noise-70 dB for 3 speakers. Lombard effect is seen to

reduce to a large extent by restricting the external feedback only through a single ear.

Lombard effect due to single ear feedback was close to normal speech in case of speaker

C compared to speakers A and B. The Lombard effect seems to be not significant in this

case, as can be seen through the mean and standard deviation values of the features in

comparison with the mean values for normal speech in Table 4.2.

29



100 120 140 160 180 200
0

0.1

0.2

0.3

0.4

0.5

0.6

F
0

N
F

Speaker A

0 10 20 30 40 50
0

0.1

0.2

0.3

0.4

0.5

0.6

α

N
F

0 50 100 150 200
0

0.1

0.2

0.3

0.4

β

N
F

100 120 140 160 180 200 220
0

0.1

0.2

0.3

0.4

F
0

N
F

Speaker B

0 5 10 15 20 25
0

0.1

0.2

0.3

0.4

0.5

α

N
F

0 50 100 150 200 250
0

0.05

0.1

0.15

0.2

0.25

0.3

β

N
F

100 150 200 250
0

0.1

0.2

0.3

0.4

0.5

F
0

N
F

Speaker C

0 5 10 15 20 25 30 35
0

0.1

0.2

0.3

0.4

0.5

α

N
F

0 50 100 150 200 250 300
0

0.1

0.2

0.3

0.4

β

N
F

Fig. 4.5: Distribution of F0, α and β for normal speech (solid lines), speech with single ear
feedback with pink noise-70 dB (dashed lines) and Lombard effect speech with pink noise-70
dB (dash-dotted lines) for 3 speakers.

Table 4.2: Mean (µ) and standard deviation (σ) of the excitation features and standard devia-
tion of normalized energy for various cases of Lombard effect

Feature Normal SEF NF NE

F0
µ 143.41 149.01 151.52 148.10
σ 17.34 18.29 20.63 20.27

α
µ 21.29 17.04 17.96 14.85
σ 7.56 6.15 5.67 6.62

β
µ 105.23 106.36 107.97 107.99
σ 28.69 29.05 29.37 30.09

γ σ 8.09 8.45 8.25 8.55
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4.5 No feedback case

In this case, earphones are fixed to the speaker which will mask the self feedback from

reaching the speaker. No external feedback is presented to the speaker. By blocking

the ears, the self feedback is not hampered as it is still perceived by the speaker through

bone conduction. Thus the speech produced is not changed by a large factor. In this

case the speaker doesn’t have an idea of his normal speech as he can perceive his own

speech only through the internal vibrations in his bones. In the process he/she adjusts

his/her speech so as to perceive it as better as possible. It is found that depending on

the feedback through bone conduction, few speakers even spoke softer than their normal

speech. This is not a case of Lombard effect as sufficient self feedback is still present

and no external feedback is presented to the speaker. Fig. 4.6 shows the distributions of

the excitation features for normal speech, no-feedback speech and Lombard effect speech

(under an external feedback of pink noise-70 dB) for 3 speakers. Speaker C has shown

a considerable increase in loudness where as the change in features in case of speakers

A and B is minimum. Speaker A has even shown a decrease in loudness. The change in

the mean and standard deviation of the excitation features are not significant in this case

compared to normal speech as seen in the Table 4.2.

We perceive our own speech by two conduction mechanisms which are air conduc-

tion and bone conduction. Speech through air conduction has high frequencies and that

through bone conduction has low frequencies. Air conduction dominates bone conduc-

tion in the speech perception mechanism. Thus if the self feedback through air conduction

is hampered our perception of speech is reduced there by forcing the speech production

mechanism to modify the speech. Bone conduction has a minimum role in this case. If

the air conduction is blocked by closing our ears, the perception of our self feedback is

completely dependent on bone conduction. Signal-to-noise ratio (snr) value is high in

case of bone conduction speech as it is not hampered by any external feedback.

Speech produced is guided by the environment we are in. By blocking our ears,

the speech produced is no longer dependent on the environment. Thus, theoretically

speech spoken by blocking the ears should be the actual normal speech of the person as it
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Fig. 4.6: Distribution of F0, α and β for normal speech (solid lines), no-feedback speech
(dashed lines) and Lombard effect speech with pink noise-70 dB (dash-dotted lines) for 3
speakers.

avoids any external feedback from hampering the self feedback through bone conduction.

Speech produced in this case is completely speaker dependent. Experiments have shown

that soft speech of a person is perceived much better by himself when he closes his ears

than normal hearing. With ears closed, the perceptual quality of the self feedback is seen

to decrease with increase in the intensity of his speech. The intelligibility of the perceived

speech is seen to decrease with increase in vocal intensity, when the ears are closed. The

reason why we close our ears in public places when we are speaking on a phone is not

only to hear the other person clearly but also to protect our self feedback from getting

hampered.
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Fig. 4.7: Distribution of F0, α and β for normal speech (solid lines), no-effect speech (dashed
lines) and Lombard effect speech with pink noise-70 dB (dash-dotted lines) for 3 speakers.

4.6 Lombard effect for no effect case

In another experiment, the speaker is asked to maintain normal speech, even though he/she

is under the influence of an external feedback. The speech produced in this case is vol-

untary. When a person tries to maintain his normal speech, when he hears his own voice

after a certain delay (like an echo), an increase in duration was observed [67]. The results

in Table 4.2 shows that the person cannot speak normally under the influence of external

feedback. He can modify his speech and bring it closer to his speech under normal condi-

tions, but he cannot completely attain his normal speech. The extent to which he can get

close to his normal speech is seen to differ from speaker to speaker.

From Fig. 4.7, we can see that speakers A and C are able to get their speech in presence

of noise close to their normal speech but in case of speaker B, he has spoken softer than

his normal speech. Thus the speaker doesn’t have an idea about his speech under normal
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Fig. 4.8: Scatter plots of (a) durations of normal speech vs durations of Lombard effect
speech, (b) durations of normal speech vs durations of loud speech, and (c) durations of
Lombard effect speech vs durations of loud speech.

conditions and will only try to speak softer, which can even cause him to speak softer

than his normal speech. It was reported in [68] that the changes due to Lombard effect

can be controlled by instructing a person to speak as they would in silence. But this is

contradicted in our study. For perfectly controlling our speech in presence of an external

feedback, the speaker has to train himself extensively. With change in the environment,

normal speech is affected. These characteristics might be helpful in forensic cases, or in

some speech systems where a person might try to speak normally even under the influence

of a feedback to cheat the system.

4.7 Lombard effect speech vs loud speech

So far we have studied the characteristics of the Lombard effect speech in comparison

with normal speech. It is interesting to study how the Lombard effect speech differs from

the loud speech, as the Lombard effect speech is also perceived to be loud. Loud speech

is a self controlled phenomenon, whereas the Lombard effect speech depends on external

feedback. There are several common features for both loud and Lombard effect speech.

Both of them show an increase in F0 and β, and decrease in α.

Loud speech is a controlled process where the person controls his vocal effort to pro-

duce speech as loud as he desires. The Lombard effect speech is also a loud speech, where

the vocal effort is increased involuntarily. In the case of the Lombard effect speech a per-
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Fig. 4.9: Distribution of F0, α and β for (a) normal speech (solid lines), (b) loud speech (dashed
lines), (c) Lombard effect speech with pink noise-70 dB as feedback (dash-dotted lines) for 3
speakers.

son applies an involuntary stress on his speech. Normally the speaker is not aware of the

extent of increase of their vocal effort. The increase in the vocal effort for loud speech

was seen to differ from speaker to speaker. Loud speech is not as loud as the Lombard

effect speech with a feedback of high intensity sound. Instead, loud speech was closer to

Lombard effect speech when the feedback is of low intensity.

Loud speech was produced by two methods. Some speakers increased their speak-

ing rate, as increasing the speaking rate seems to be a method to produce louder speech,

thereby reducing the duration of utterance. Some others increased their vocal effort inde-

pendent of the speaking rate. This increase in loudness is speaker dependent, which was

reported in [61]. From Fig. 3.5 we have already seen that the peaks in the Hilbert envelope

are sharper in case of loud speech compared to Lombard effect speech. Since loud speech

is voluntary, it varies over a long range and it is difficult to distinguish loud speech from
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Lombard effect speech directly. Fig. 4.8 (a), (b) and (c) show the scatter plots of dura-

tions of normal speech versus durations of Lombard effect speech, durations of normal

speech versus durations of loud speech and durations of Lombard effect speech versus

durations of loud speech, respectively. The external feedback for Lombard effect speech

was pink noise at 70 dB. The points below the diagonal indicate that absicca is more than

the ordinate, the points above indicate that ordinate is more than the absicca, and points

on the diagonal indicate that the absicca and ordinate are equal. We can see that duration

of loud speech is less than that of normal speech in many cases, indicating an increase in

speaking rate. In other cases, the vocal effort is increased to increase the loudness. It is

evident from Fig. 4.8 (c) that the duration of the Lombard effect speech is more than that

of the loud speech for the same speaker. This represents a significant property that the

duration of the Lombard effect speech of a speaker is greater than his loud speech. The

direction of change in the excitation source features for both Lombard effect speech and

loud speech with respect to normal speech is the same, whereas the direction of change in

duration need not be the same.

Fig. 4.9 shows the distributions of the features for normal speech, loud speech and

Lombard effect speech (under a feedback of pink noise at 70db) for 3 speakers. We can

see that the increase in loudness varies from speaker to speaker in their corresponding

loud speech. In case of speaker C, the change in the features for his loud speech is more

than that of his Lombard effect speech, which is not the trend in case of speakers A and

B. Thus a person can have his/her loudness of their loud speech more/less compared to

their Lombard effect speech, but the duration of his/her loud speech is always less than

the duration of his/her Lombard effect speech.

4.8 Summary

In this chapter, we have described the method of data collection and also discussed specch

produced under various conditions using the proposed excitation source features. The

various conditions involve speech under various types and intensities of external feedack,

speech with external feedback only through a single ear, speech without feedback, speech
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produced in the presence of external feedback when the person pretends he is not under

the influence of external feedback. Finally we have addressed the difference between

Lombard efefct speech and loud speech. The main contributions in this chapter involve the

study of speech produced without self-feedback, speech produced under different types

of external feedback and differentiating Lombard efefct speech from loud speech.
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Chapter 5

Analysis of Lombard Effect Speech

In this chapter, analysis of Lombard effect speech is performed based on the proposed fea-

tures and also based on the change in duration. Analyzing Lombard effect speech enables

us to study the speaker specific nature of Lombard effect and also to study the affect of

feedback on the human speech production. Analysis is also performed on the perception

of Lombard effect speech using the intelligibility factor. Finally the mechanism of Lom-

bard effect is described based on the analysis. In Section 5.1, Lombard effect speech is

analyzed based on the proposed features. In Section 5.2, duration analysis is performed.

Section 5.3 discusses the intelligibility of Lombard effect speech. Section 5.4 describes

the mechanism of Lombard effect speech. Summary of the chapter is presented in 5.5.

5.1 Feature analysis

In this section, we use the proposed features described in Chapter 3, to analyze their

changes due to Lombard effect for all the speakers in the database.

5.1.1 Distribution of features in Lombard effect speech

Apart from the changes in the proposed features, the distributions of the features are also

important in the characterization of Lombard effect speech relative to normal speech.
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Fig. 5.1: Distributions of (a) F0, (b) α, (c) β, and (d) γ, for normal speech (solid lines) and
Lombard effect speech (dashed lines). (NF=Normalized frequency)

Fig. 5.1 shows the distributions of the features, F0, α, β and γ, for both normal speech

and Lombard effect speech. We can see that the distributions of F0 and β have higher

mean and spread, whereas α has the opposite trend for Lombard effect speech. In case of

the distribution of γ, we can see that Lombard effect speech has more lower normalized

energy frames and less higher normalized energy frames than for the normal speech. Thus

the distribution of normalized energy is another feature which can differentiate Lombard

effect speech from normal speech. This observation can be used for voice conversion of

Lombard effect speech to normal speech, by adjusting the relative energies of the sound

units. It may also be useful for feature compensation of Lombard effect speech for a

better performance of speech systems. These distributions reflect the variations seen in

the contours of the features shown in Figs. 3.2, 3.3, 3.7 and 3.8.

The variations in the features in Lombard effect speech are due to sudden changes in

the features, especially in the vowel regions. Thus the variations in a given Lombard effect
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speech signal is dependent on the text and also on the articulation of the speaker. The

deviations of the feature contours in Lombard effect speech relative to the normal speech

is generally high in the consonant-vowel transition regions. The amount of deviation can

be measured by the standard deviation of the feature contour for a given speech signal.

This deviation is another feature which can be used to differentiate the Lombard effect

speech from normal speech.

5.1.2 Variation of features across speakers

The Lombard effect was found to be different for different speakers. Fig. 5.2 shows the

distribution of F0, α, β and γ of normal speech and Lombard effect speech (under pink

noise at intensity 70db) for 3 different speakers. The distributions of the features do dis-

criminate between normal speech and Lombard effect speech. The degree of separation

between the features indicates the extent of Lombard effect. The degree of discrimina-

tion between features is less in the case of Speaker B, compared to Speakers A and C,

indicating that the Lombard effect on Speaker B is less compared to speakers A and C.

The distribution of the excitation features also indicate the range of variations in speech

that a speaker can produce. The reason for the differences among speakers is due to inter-

speaker variability, since the increase of intensity from normal to Lombard effect speech

varies from speaker to speaker. The inter-speaker variability may also be due to different

hearing conditions of the speaker.

The extent of Lombard effect is measured as the separation between the distributions.

This separation depends on the mean and standard deviation of the distributions of the

features. The distributions of the features can be approximated by a Gaussian probability

density function. Here we use a distance measure to approximate the separation between

the distributions. The Kullback-Leibler (KL) divergence [69] is used to measure the devi-

ation between two distributions. The KL divergence between two sets X andY described

by univariate Gaussian probability density functions is measured as [54]
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Fig. 5.2: Distribution of F0, α, β and γ for normal speech (solid line), Lombard effect
speech (dashed line) with pink noise of intensity 70dB as external feedback for 3 speakers.
(NF=Normalized frequency)
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where µX, µY represent the means and σX, σY represent the standard deviations of
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Fig. 5.3: Illustration of variation of the features F0, α, β and γ. The plots (a), (b), (c) and (d)
correspond to variations of the features F0, α, β and γ for intra class comparisons, respectively.
The plots (e), (f), (g) and (h) correspond to variations of the features F0, α, β and γ for inter-
class comparisons, respectively.

the sets X and Y, respectively. The absolute value of the difference between the mean

values |µX − µY| is computed. In this study we consider the samples in the sets X and

Y as the values of the features F0, α, β and γ. We consider the Lombard effect speech

produced as a result of an external feedback of pink noise at 70 dB, babble noise at 65

dB and factory noise at 65 dB. We have data of five sentences from each of 18 speakers,

with each sentence spoken three times under normal conditions and under the above three

Lombard effect conditions. We consider the following two cases: (a) When the features

in both the sets X and Y are derived from normal speech. (b) When the features in

both the sets X and Y are derived from Lombard effect speech. Both the cases represent

intra-class comparisons. In both the cases dKL(X,Y) and |µX − µY| are small. Inter-

class comparisons are those where the values of the features in X and Y are derived

from the normal speech and Lombard effect speech, respectively. In this case dKL(X,Y)

and |µX − µY| are expected to be larger than in the case of intra-class comparisons. The

ordered pair (|µX − µY|, dKL(X,Y)) is used to discriminate between normal and Lombard

effect speech of a given speaker, as described below.

Let N denote the set of values of instantaneous F0 for a given speaker, derived from
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15 (5 sentences × 3 repetitions) utterances of normal speech. Let us consider a single

sentence with 3 repetitions. Let N∞, N∈ and N3 denote three distant subsets of N , such

that the values of instantaneous F0 in each subset is derived from the 3 repetitions of

the sentence. For the same speaker and sentence, let P1 (B1, F1), P2 (B2, F2) and P3

(B3, F3) denote the set of values of instantaneous F0 for the speech produced under the

influence of Lombard effect with an external feedback of pink noise at 70dB (babble

noise at 65dB, factory noise at 65dB) for the 3 repetitions of the sentence. For each

speaker, sentence and an external feedback, the following ordered pairs are computed:

a) (|µNi − µN j |, dKL(Ni,N j)) for i=1, 2, 3, j=1, 2, 3, i < j. (b) (|µPi − µP j |, dKL(Pi,P j))

for i=1, 2, 3, j=1, 2, 3, i < k. (c) (|µNi − µP j |, dKL(Ni,P j)) for i=1, 2, 3, j=1, 2, 3.

The ordered pairs in (a) and (b) correspond to intra-class comparisons, while those in (c)

correspond to inter-class comparisons. Thus, for a specific speaker, a specific sentence

and a specific external feedback case, 6 points (3 normal + 3 Lombard) are computed due

to intra-class and 9 points are computed due to inter-class comparisons. Generalizing this

to all the 3 external feedbacks we get 12 points (3 normal + 3 × 3 Lombard) of intra-class

comparisons and 27 points (9 × 3) of inter-class comparisons. Thus for all the 5 sentences

we get 60 intra-class comparison points and 135 inter-class comparison points. Note that

dKL(X,Y) = dKL(Y,X). We perform the same procedure to the features α, β and γ.

Each ordered pair can be plotted in a two-dimensional plane. Fig. 5.3 (a), (b), (c) and

(d) show the intra-class points, and Figs. 5.3 (e), (f), (g) and (h) show the inter-class points

of the features F0, α, β and γ, respectively. The intra-class points are clustered closer to

the origin compared to the inter-class points, which moved farther from the origin. Thus

the divergence obtained by comparing normal speech and Lombard effect speech is high.

This indicates that the distributions of the features does help in distinguishing normal

speech and Lombard effect speech. Among all the four features, the spread in α is more

due to Lombard effect. The points in intra-class comparisons which are away from the

origin are due to high intra-speaker variability.
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5.1.3 Perceptual Evaluation using loudness

Perceptual evaluation was carried out by conducting subjective test with 10 listeners in

the age group of 21-23 years. Experiments were carried out in a laboratory environment.

Two speech files, a normal speech and a Lombard effect speech of the same sentence

spoken by the same person were played to the subjects through headphones. The listeners

were asked to choose the louder of the two. If they perceive the pair as equally loud, they

were asked to choose the option “can’t say”.

Fig. 5.4 shows the distribution of perception evaluation results for four speakers. The

results for these four speakers were selected here to illustrate the variety of responses

that can be obtained in perceptual studies on Lombard effect speech. Row 5 in Fig. 5.4

show the results of perceptual evaluation. We can see that the loudness of normal speech

and Lombard effect speech was perceived to be similar (can’t say (CS) response) in the

cases of speaker A and speaker B. For speaker C, the perception results are varied, indi-

cating that the Lombard effect may be small. For speaker D all the subjects perceived the

Lombard effect speech as loud.

These observations can also be interpreted in terms of the distributions of the pa-

rameters. The distribution of F0 and β are distinctly different for Lombard effect speech

compared to that for normal speech for Speaker D which is also reflected in the perception

results. In case of speakers A, B and C, there is no significant difference in the distribu-

tion of F0 and β. This is again reflected in the perceptual results where the listeners had

failed to recognize Lombard effect speech. The strength of excitation (α) at epochs is

lower for Lombard effect speech compared to normal speech for all the speakers. α can

differentiate between normal speech and Lombard effect speech even though the F0 and

β are not distinctly different. This is reflected mainly in case of speakers B and C. Thus α

is an important feature which can distinguish between normal speech and Lombard effect

speech even though perceived loudness (β) fails to differentiate both. Note that α gives

only the amplitude of the impulse-like excitation at each epoch, and it need not necessar-

ily indicate loudness. The loudness is due to sharpness of the impulse-like behavior in

excitation around the epochs, and it is better represented by the parameter β.
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Fig. 5.4: Distribution of F0, α, β, γ and perceptual evaluation results for normal speech (solid
lines) and Lombard effect speech (dash-dotted lines) for 4 speakers. (NS=normal speech,
LS=Lombard effect speech, CS=can’t say, NF=Normalized frequency).

5.2 Duration analysis

Apart from the excitation features and system features, Lombard effect also causes changes

in the individual sound units. The significant changes are in the duration. Some studies

reported increase in the duration of vowels and decrease in the duration of stops, fricatives

and silence regions [70]. Here we examine the change in the duration and the relative en-

ergy in case of nasals and fricatives. We also analyze the change in duration at a sentence
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level for all the cases described.

5.2.1 Duration and relative energy of nasals and fricatives

Durations of the nasals and fricatives were found to decrease for Lombard effect speech

compared to normal speech. Their relative energies were also seen to decrease compared

to other voiced parts for Lombard effect speech. Figs. 5.5(a) and (b) show normal speech

signal and its normalized energy for the word “companions”, and Figs. 5.5(c) and (d)

show Lombard effect speech and its normalized energy, respectively for the same word.

We can see that the relative energy for the nasals /m/, /n/ and fricative /s/ decrease in the

case of Lombard effect speech compared to normal speech. An analysis on loudness has

shown that increase in loudness for nasals due to Lombard effect is less than the increase

in loudness for other voiced sound units.

5.2.2 Duration of sentence

The change in durations of sentences in the case of Lombard effect speech depends on the

sound units in the given text, and also on the speaker. Thus the duration change is speech

and speaker dependent. The part of speech which is important in speech communication,

from the talker and listener point of view, is stressed more by increasing the loudness and

duration. In the part that is not so significant, the speaker may even try to rush through

it. Since the durations of vowels increase and that of nasals, stops, fricatives and silence

regions decrease, the overall change in duration depends on the number and nature of the

different sound units in a given sentence. The change also depends on the articulation

of the speaker. It was found that the duration of a sentence increases due to Lombard

effect in most of the cases. This is contrary to the observations reported in [63], where the

average duration of a sentence was found to decrease due to Lombard effect. It might be

because there are very few silence regions in the sentences chosen in our case, whereas

in [63] it was reported that the decrease in duration was mainly due to decrease in the

silence regions. Thus the duration depends on the sound units and the silence regions in

the sentence.

46



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
−1

0

1
kaa m pae n iy n s

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

−40

−20

0

M
ag

ni
tu

de
 (

dB
)

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
−1

0

1
kaa m pae n iy n s

(c)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

−40

−20

0

M
ag

ni
tu

de
 (

dB
)

(d)

Time (s)

Fig. 5.5: (a) normal speech, (b) normalized energy of the normal speech, (c) Lombard effect
speech, (d) normalized energy of the Lombard effect speech, for the utterance, “companions”.

The regions of a given speech signal can be classified into 3 parts:

• Voiced regions

• Unvoiced regions

• Silence regions

The percentage of voiced speech is calculated by performing voiced/nonvoiced seg-

mentation using the method proposed in [71]. Voiced speech is produced when the vocal

folds are vibrated continuously due to the glottal excitation. In the absence of vocal fold

vibration, the vocal tract system is considered to be excited by random noise, which forms

the unvoiced speech. The energy of the random noise excitation is distributed both in time
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and frequency domains, where as the energy of an impulse is distributed uniformly in the

frequency domain. As a result, the filtered signal exhibits significantly lower amplitude

for random excitation compared to the impulse-like excitation. Fig. 5.6(b) shows the zero-

frequency filtered signal of the speech signal shown in Fig. 5.6(a). Fig. 5.6(c) shows the

energy of the zero-frequency filtered signal. It can be seen that the energy of the zero-

frequency filtered signal is high in the voiced regions compared to non-voiced regions.

The binary voiced-nonvoiced signal is computed as

dvnv[n] =

 1, if yz f r[n] > 0.5

0, otherwise,
(5.2)

where yz f r[n] = 1 − e(−10×vz f r[n]). Fig. 5.6(d) shows the voiced, nonvoiced regions of the

speech signal shown in Fig. 5.6(a).

The percentage of voiced speech was found to increase due to external feedback.

Table 5.1 shows the percentage duration of voiced regions for 5 speakers for the sentence

“I know Sir John will go, though he was sure it would rain cats and dogs” for normal

speech and Lombard effect speech. We can see that there is increase in the percentage

duration of the voiced region in the case of Lombard effect speech which varies from

speaker to speaker. The percentage decrease in the duration of the nonvoiced region is

generally more than the percentage increase in the duration of the voiced region.

Table 5.1: Percentage duration of voiced region for normal speech and Lombard effect speech
for the utterance ‘I know Sir John will go, though he was sure it would rain cats and dogs’ for
5 speakers.

Normal speech Lombard effect speech
Voiced Voiced

Speaker 1 84 89.67
Speaker 2 85.35 89
Speaker 3 73 86.5
Speaker 4 77.7 86
Speaker 5 75.77 77.9

Duration and percentage of voiced speech are measured for different cases of external

feedback for different utterances. Table 5.2 shows the durations and percentage voiced

speech for the utterance of a sentence under different conditions. We can see that the
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Fig. 5.6: Illustration of voiced-nonvoiced segmentation of a speech signal using zero fre-
quency filter. (a) Segment of a speech signal, (b) zero frequency filtered signal, (c) energy of
the zero frequency filtered signal, and (d) binary voiced-nonvoiced signal.

percentage of voiced speech decreases with decrease in intensity of feedback. Another

interesting observation is that the percentage of voiced speech decreases even for no-

feedback case. An increase in the duration for the no-effect case signifies that the speaker

reduces his speaking rate while pretending that he is not under the influence of an external

feedback, which might be one useful factor to detect such cases. In the case of loud speech

the duration is less, and the percentage voiced region is more than that for normal speech.

It was reported in [21] that in the presence of noise the speaker tends to reduce his

speaking rate and increase the duration of the utterance. But this is not necessarily true

always, as the duration of an utterance depends on several other factors.

49



Table 5.2: Duration and percentage voiced speech for the utterance ‘They remained life-
long friends and companions’ in different speaking conditions for all the 18 speakers in the
database

Condition Duration % Voiced
Normal 1.97 83.9
PN-70 2.02 88
PN-60 2.02 85.6
PN-50 2.01 84.5
BN-65 2.02 87.2
BN-55 2.00 86
BN-45 1.99 83.1
FN-65 2.04 87
FN-55 2.02 84.5
FN-45 1.95 84.4

SEF (PN-70) 1.98 83.1
NF 1.99 83.3

NE (PN-70) 2.02 83.2
Loud 1.93 85.9

5.3 Intelligibility and perception of Lombard effect speech

Intelligibility of speech refers to the accuracy with which a normal listener can under-

stand a spoken word or phrase. Speech intelligibility is reduced due to noise (i.e., low

signal to noise ratio). In noisy environment, for effective communication, the speaker

tends to increase his intensity of speaking, so as to increase the signal to noise ratio, thus

maintaining the intelligibility. The speaker increases his vocal effort (loudness) to main-

tain intelligibility of his speech under noisy conditions. It was reported in [29] that, for

the same signal to noise ratio, isolated words or continuous speech produced in noise are

more intelligible than speech produced in quiet. Normal connected speech can be under-

stood even if some of the syllables are unintelligible, as the listener can still deduce the

meaning from the context of the sentence. It was reported in [72] that word intelligibility

is higher in a sentence context than in an individual form. The duration of content words

are prolonged to a greater degree in noise than function words [73]. This ensures that

intelligibility is not lost even though the utterance is a word or a short phrase. Changes in

duration and energy at sentence and sound unit levels ensure that the intelligibility is not

reduced due to additional noise. A person increases the signal to noise ratio, duration of
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certain sound units like the vowels, so that the utterance spoken is understood well. Since,

Lombard effect speech is more intelligible than the speech under normal conditions, the

changes in the features due to Lombard effect can be estimated as a cause for the increase

in intelligibility. Note that change in features above a certain level reduces intelligibility,

where the speech corresponds to shouted speech.

Thus Lombard effect speech is perceived to be louder than the normal speech so as

to preserve the intelligibility even under noisy conditions. Another common perceptual

observation in differentiating normal speech and Lombard effect speech is that in normal

speech we observe that the person reduces his loudness at the end of the utterance in many

cases, whereas under the influence of Lombard effect, the level of loudness is maintained

throughout the utterance. The relative energy at the end of the sentence is seen to be

low for normal speech in most of the cases. Speech produced highly depends on the

environment which can be explained by the intelligibility factor. We increase the intensity

of speaking in the presence of noise. In the presence of an echo, we tend to decrease the

intensity of speaking and also speech rate. The reason is intelligibility. With increase

in intensity of speaking in noise, we are increasing the intelligibility, with the same in

reverberant environment we are decreasing the intelligibility.

Several evaluation tests were performed to show that the intelligibility of Lombard

effect is more than that of normal speech in presence of noise. The vocabulary generally

used were digits [8], confusable words [7]. But in a real time environment, it is essential

to study the intelligibility using a spoken utterance. It is also essential to study intelligi-

bility under different noisy conditions. Utterances from various speakers were randomly

selected and a set is formed which contains two utterances each of speech added to PN-70,

BN-65, FN-65, 2 utterances each of Lombard effect speech produced under the external

feedback of PN-70, BN-65, FN-65 added to the respective noises. Thus a set contains 12

utterances. All the random selected utterances are taken from the database. A listener is

alloted a set and asked to recognize what is spoken by the speaker. Intelligibility is then

calculated as the percentage of sentence recognized correctly. The number of utterances

are limited so as to avoid the listener in getting familiar with the utterances as the total

unique text sentences are only five.
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Table 5.3: Intelligibility (in %) of normal speech and Lombard effect speech under different
types of noise

Speaking condition
Noise Normal PN-70 BN-65 FN-65
PN-70 59.72 87.61 - -
BN-65 53.17 - 80.82 -
FN-65 42.27 - - 75.35

The goal of the perceptual evaluation is to find the effect of noise on speech intelligi-

bility and also to characterize the intelligibility of speech produced under different types

of noise. Table 5.3 shows the intelligibility of speech under different conditions. These

conditions are classified into two types:

• Normal speech added to different types of noise.

• Lombard effect speech added to noise under which it is produced.

We do not consider the other case of Lombard effect speech added to noise under

which it is not produced, as the changes in intelligibility due to this is minimum and

it requires a large database and a large number of listener tests to accurately study this

effect. We can clearly see that intelligibility affected by factory noise is more than that

of pink noise and babble noise and pink noise is shown to affect the least. Though the

intelligibility of Lombard effect speech in noise is high, it is still not close to 100%. The

reason for this depends on the method of data collection which will be discussed in the

next section.

5.4 Mechanism of Lombard effect

In this section we describe the mechanism of Lombard effect from the experiments per-

formed. Firstly we need to understand the recording procedure during data collection.

Recording procedure is important as it will be used to describe the mechanism of Lom-

bard effect. The speaker is given a set of sentences written on a paper and is asked to

speak them by looking at the paper. Thus the speaker is communicating with himself
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(self-communication) and not with others i.e., a self-regulatory feedback system. But

from the analysis we have found that the intelligibility of this Lombard effect speech is

more than that of normal speech in the presence of noise which was previously explained

as a reason for effective communication. But in our case, the speaker has spoken in self-

communication mode and not in effective communication mode. Thus hampering of the

self feedback does result in Lombard effect irrespective of the mode of communication.

For simplicity we refer the self-communication mode (self-regulatory feedback system)

as private loop and effective communication mode as public loop.

Another inference from the analysis of Lombard effect in our case (which is the private

loop), is the speaker dependence. Large range of variations between normal speech and

Lombard effect speech of various speakers can be observed from Fig. 5.2. Few speakers

have shown high variations and few have shown less variations. Since increase in intel-

ligibility of the Lombard effect speech depends on the change in the features, increase in

intelligibility is not the same for all speakers. In public loop, the speaker will ensure in-

telligible communication and in private loop, the speaker exhibits Lombard effect whose

extent depends on the speaker. Since Lombard effect speech is produced in private loop

in our case, high intelligibility is not ensured, due to which the intelligibility of Lombard

effect speech is not close to 100%.

It is commonly seen that during description of Lombard effect speech data, the mode

of recording (private loop or public loop) is not mentioned. Thus it is necessary to con-

sider the process of Lombard effect speech data collection for drawing inferences from the

analysis of the data. The following are the inferences of Lombard effect speech produced

under private loop and public loop:

• Lombard effect is found both in private loop and public loop.

• Lombard effect in private loop is highly speaker dependent.

• Intelligibility is always ensured in public loop.

• Intelligibility is not always ensured in private loop.
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5.5 Summary

In this chapter, we have analyzed Lombard effect speech using the proposed features and

also duration. Variation of the features across speakers due to Lombard effect is stud-

ied using the KL-divergence between the distributions which shows the speaker specific

nature of Lombard effect. Perceptual evaluation of loudness for normal speech and Lom-

bard effect speech is performed. Perceived loudness of Lombard effect speech is seen to

be higher than that of normal speech. Intelligibility tests were also performed to show

that Lombard effect speech is more intelligible than normal speech and also to study the

intelligibility under various environment conditions. Based on the analysis performed,

the mechanism of Lombard effect is described.
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Chapter 6

Imposter Detection in Speaker

Verification System Using Lombard

Effect

Speaker recognition is the task of recognizing a person by a machine from the characteris-

tics of his/her speech. Speaker recognition can be classified into two categories: Speaker

identification and speaker verification. Speaker identification is the task of recognizing a

person from a given list of persons whose speech characteristics are already stored by the

system. Speaker identification becomes complex if the number of persons in the list is

high. Speaker verification is the process of accepting or rejecting the claim of the speaker.

Thus the complexity of speaker verification does not depend on the number of persons

enrolled in the system. Speaker verification is further classified into three categories:

• Text-dependent: Text used for verification is the same as the text used during en-

rollment of the speaker.

• Text-independent: Text used for verification is independent of the text used during

enrollment.

• Text-prompting: Here the system prompts a text to be spoken by the speaker during

verification.
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Fig. 6.1: Block diagram to show the process of enrollment phase.

In this chapter, we describe the text-dependent speaker verification system, its per-

formance due to Lombard effect, types of imposter attacks and a method is proposed to

detect imposters to improve the performance of the speaker verification system. In Sec-

tion 6.1, we describe the text-dependent speaker verification system used. In Section 6.2,

the performance of speaker verification using Lombard effect speech is discussed. Section

6.3 describes the types of imposter attacks. Section 6.4 shows the performance of speaker

verification system due to imposter attacks. In Section 6.5, a method is proposed using

Lombard effect to detect imposters using speaker verification. In Section 6.6, presents the

summary of the chapter.

6.1 Text-dependent speaker verification system

A speaker recognition system consists of two modules: Enrollment and testing. In case of

speaker verification system, the testing phase can also be called as verification phase. In

the enrollment phase a person is registered into the system, his speech is recorded and a

number of features are extracted and stored in the system to form a voice print or model or

template which uniquely represents the speaker. Fig. 6.1 shows the process of enrollment.

During verification phase, speech of the speaker is recorded and the features extracted are

compared with the voice print of the claimed speaker who is already enrolled. Finally a

binary decision (accept or reject) is made. Fig. 6.2 shows the process of verification. The

following are the steps performed in the text-dependent speaker verification system:
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Fig. 6.2: Block diagram to show the process of verification phase.

6.1.1 Preprocessing

Preprocessing step consists of two steps: Preemphasis and segmentation. In the preem-

phasis step the speech signal is passed through a first-order FIR filter, to spectrally filter

the signal. Preemphasis is necessary because, in the spectrum of a human speech signal,

the energy in the signal decreases as the frequency increases. Preemphasis increases the

energy in parts of the signal by an amount inversely proportional to its frequency. Thus,

as the frequency increases, pre-emphasis raises the energy of the speech signal by an in-

creasing amount. This process therefore serves to flatten the signal so that the resulting

spectrum consists of formants of similar heights. The preemphasis system used here is

the fixed first-order system:

H(z) = 1 − z−1. (6.1)

This is equivalent to differentiating the speech signal which is given by

s̃(n) = s(n) − s(n − 1), (6.2)

where s(n) is the original speech signal, s̃(n) is the speech signal obtained after preempha-

sis. The next step involves segmenting the speech signal into voiced, nonvoiced regions.

The reason behind this is to consider only the voiced regions which has high speaker
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information and to omit silence regions which do not have any speaker information and

unvoiced regions in which the speaker information is very low.

6.1.2 Feature Extraction

In this step features are extracted which form the voice print of the speaker. We use two

different features.

• Mel-frequency cepstral coefficients (MFCC)

• Linear prediction cepstral coefficients (LPCC)

Mel-frequency cepstral coefficients

Mel-frequency cepstral coefficients (MFCC) is a robust feature used commonly for speaker

verification [74]. It is a representation of a short-term power spectrum of a sound based on

a linear cosine transform of a log power spectrum on a nonlinear mel scale of frequency.

The advantage of considering mel frequency cepstrum over normal cepstrum is that in

a mel frequency cepstrum, the frequency bands are equally spaced on a mel scale which

approximates the human auditory system’s response more closely than the linearly spaced

frequency bands used in the normal cepstrum. A frame size of 20 ms and a frame shift

of 10 ms is taken. 20 triangular bandpass filters were used. The MFCC are computed as

follows:

MFCCi =

20∑
k=1

Xkcos[i(k − 1/2)π/20], i = 1, 2, ...M, (6.3)

where M is the number of cepstral coefficients and Xk, k=1,2,...,20 represents the log-

energy output of the kth filter. The size of the feature vector is 13. Cepstral mean subtrac-

tion is used to reduce channel variation [75].
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Linear prediction cepstral coefficients

Linear prediction coefficients (LPCC) are obtained by linear prediction analysis of speech

signal which predicts a given speech sample at time instant n as a linear weighted sum of

the previous p samples and the predicted sample is given by [76][77]

ŝ(n) =

p∑
k=1

aks(n − k), (6.4)

where s(n) is the speech sample at time n, and ak, k = 1, 2, .....p, is the set of predictor

coefficients. The prediction error e(n) is defined as

e(n) = s(n) − ŝ(n − 1). (6.5)

The mean square of the prediction error over an analysis frame of N samples is given by

E =

N−1∑
n=0

e2(n). (6.6)

Minimizing E with respect to the set of predictor coefficients ak results in a set of p normal

equations. The set of predictor coefficients is obtained by solving the p normal equations.

p is taken as 13 in our case.

Linear prediction cepstral coefficients were obtained from the linear prediction coef-

ficients (ak) directly as [78]

LPCCi = ai +

i−1∑
k=1

k − i
i

LPCCi−kak, i = 1, 2, ...., 13. (6.7)

6.1.3 Pattern Matching

After obtaining the sequence of features for the enrolled speech and verification speech,

the task is to match the sequences. Since the time intervals of the enrolled speech and

verification speech varies, the number of feature vectors varies. We need to match the

similarity of two feature vector sequences which differ in time. Euclidean distance is
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used to estimate the difference between the features. The Euclidean distance between the

reference feature vector of frame i and test feature vector of frame j is given by

p∑
n=1

(ri(n) − t j(n))2, (6.8)

where p is the length of the feature vector, ri is the reference feature vector of frame i and

t j is the test feature vector of frame j. We use the dynamic time warping (DTW) algorithm

to align the samples of the two signals. A matching score is then obtained which indicates

the similarity between the two speech signals. Lesser the score, more is the similarity

between the signals. Matching score is zero for two identical signals.

6.1.4 Decision Logic

Based on the matching score obtained we need to make a decision which is binary, i.e.,

accept or reject. A threshold is used to make a binary decision. If the matching score is

below a threshold, the decision is accept, else reject. Threshold is decided based on the

equal error rate (EER). To explain EER we define two terms:

• Missed detection rate (MDR): It is the rate of false rejection.

• False alarm rate (FAR): It is rate of false acceptance.

EER is the rate at which both MDR and FAR are equal. The threshold at the point where

MDR and FAR are equal is taken as the threshold of the system for decision making with

the most optimal results.

6.1.5 Results

Data described in Chapter 4 is used for verification. A speech sample of a person is taken

as reference speech and another speech sample of the same speaker and same utterance

is taken as verification speech for a genuine speaker testing and a speech sample of a
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Fig. 6.3: DET curves indicating the performance of speaker verification based on MFCC for
the three conditions normal-normal, Lombard-Lombard and normal-Lombard.

different speaker of the same utterance is taken as verification speech for imposter testing.

Three sets of experiments were performed for speaker verification:

• Normal speech as both reference and test speech.

• Lombard effect speech as both reference and test speech.

• Normal speech as reference speech and Lombard effect speech as test speech (or

vice-versa).

The performance of speaker verification for the above 3 cases is indicated in the de-

tection error tradeoff (DET) curves in Fig. 6.3 for MFCC as the feature and Fig. 6.4 for

LPCC as the feature.
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Fig. 6.4: DET curves indicating the performance of speaker verification based on LPCC for
the three conditions normal-normal, Lombard-Lombard and normal-Lombard.

Table 6.1: EER (in %) for speaker verification using MFCC under different conditions.

Test Reference
Normal Lombard

Normal 4.1 17.5
Lombard 17.5 1.8

Table 6.1, 6.2 shows the equal error rate (ERR) for the speaker verification system

using MFCC and LPCC as feature vectors, respectively for the matched conditions and

unmatched conditions. We can draw two inferences from the results:

• LPCC perform better than MFCC in the text-dependent speaker verification system.

• In matched conditions (i.e., the condition of reference speech is the same as that of
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Table 6.2: EER (in %) for speaker verification using LPCC under different conditions.

Test Reference
Normal Lombard

Normal 3.1 13
Lombard 13 1.2

test speech), Lombard effect speech as both reference and test speech has shown

better performance compared to normal speech as both reference and test speech.

Note that the performance is always low under mismatched conditions.

6.2 Speaker verification using Lombard effect speech

The reason for the better performance of speaker verification in case of Lombard effect

speech as both reference and test speech is due to the change in the feature vector from

frame to frame, which is less in case of Lombard effect speech. This shows that the intra-

speaker variability is less in case of Lombard effect speech compared to normal speech.

Figs. 6.5 (a), (b), (c), 6.6 (a), (b), (c), show the speech signal, spectrogram of the MFCC

feature vectors and the change in the MFCC feature vectors from frame to frame for

normal speech and Lombard effect speech, respectively. The change in the feature vector

from frame to frame is measured as the Euclidean distance between the successive frames.

This change in the feature vector determines the change in the variability of the speech of

the speaker.

Fig. 6.7 shows the distribution of the change in features from frame to frame shown in

Figs. 6.5 (c) and 6.6 (c). We can see that the change is less between most of the successive

frames in case of Lombard effect speech compared to normal speech. Thus the intra-

speaker variability can vary over a large scale for a normal speech of a person, but his/her

Lombard effect speech will show less intra-speaker variability. A similar observation can

be found out even by taking LPCC as the feature vectors. The idea of the less change in

the feature vectors between the successive frames evolved from the spectrogram of the

feature vectors which shows less variations across the speech in case of Lombard effect

speech compared to normal speech.
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Fig. 6.5: (a) Speech signal, (b) spectrogram of the MFCC feature vectors of the speech signal,
(c) change in the MFCC feature vectors from frame to frame.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
−1

0

1

(a)

M
F

C
C

(b)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

3
6
9

12

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0
1
2
3

Time (s)

δ 
M

F
C

C

(c)

Fig. 6.6: (a) Lombard effect speech signal, (b) spectrogram of the MFCC feature vectors of
the speech signal, (c) change in the MFCC feature vectors from frame to frame.

64



0 0.5 1 1.5 2 2.5 3 3.5
0

0.2

0.4

0.6

0.8

δ MFCC

N
or

m
al

iz
ed

 F
re

qu
en

cy

Fig. 6.7: Distribution of change in the feature vectors between successive frames for normal
speech (solid lines) and Lombard effect speech (dashed lines).

This better performance of speaker verification system using Lombard effect speech

as both reference and test speech also draws inroads to use of the Lombard effect in the

future for robust speaker verification.

6.3 Types of imposter attacks

Imposters are the intruders who claim the identity of genuine speakers and try to gain

access to the system. Such cases must be considered more than the case of rejecting a

genuine speaker. We can classify the imposters into two categories:

a. Impersonation

b. Playback attack
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6.3.1 Impersonation

Impersonation is the process of mimicking a person using the speaker-specific nature of

his/her voice to gain access to the speaker verification system. The person who mimics

other person is called an impersonator. An impersonator claims himself as a genuine

speaker who is already registered in the system and mimics his voice to gain access to the

system.

6.3.2 Playback attack

Playback attack is a situation where an intruder obtains the recording of a genuine speaker

and plays it by claiming himself as that genuine speaker. With advancement in technology,

recording and playing speech have become on easy process using the playback devices. In

[79], various factors affecting the performance of playback attack detection were studied.

In [80] a playback attack detector was proposed to avoid playback attacks on the speaker

verification system. Here it was assumed that the data recorded while enrolling and ver-

ifying was stored in the system each time and that the intruder possesses the recording

which is stored in the system. But the process becomes complex with more and more data

stored in the system. Also it might be a case where the intruder might have a recording

which is not stored in the system. An other case might occur where the genuine speaker

might get rejected due to intra-speaker variability.

Playback speech is exposed to the environment more than once, while normal speech

is exposed only once. By repeated exposure to the environment, the quality of playback

speech degrades. If x[n] is the actual speech, r[n] is the random noise in the environment,

h[n] is the impulse response of the playback device,

y[n] = (x[n] + r[n]) ∗ h[n], (6.9)

where y[n] is the playback speech signal. If we consider a noise-free environment, then r

can be neglected. Playback speech consists of the characteristics of the playback device,

as it is influenced by the impulse response of the playback device. The characteristics
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of the speech signal are modified due to every playback which causes degradation of the

speech signal. After a number of repeated playbacks, the characteristics of speech and

the speaker are completely lost and what remains is the response of the playback device.

Fig. 6.8 (a),(b) shows the direct speech signal and its spectrogram, Fig. 6.8 (c),(d) shows

the playback speech signal and its spectrogram obtained after playing the speech signal

once and Fig. 6.8 (e),(f) shows the playback speech signal and its spectrogram obtained

after repeatedly playing the speech signal 15 times. We can see the frequency band in

Fig. 6.8 (f) which indicates the frequency response of the playback device which is left

after repeatedly playing the speech signal 15 times.

Thus it is quite evident that the acceptance of the playback speech depends on the

quality of the playback speech. This will be discussed in the next section.

6.4 Performance of the system due to imposters

We have already described the two types of imposters. Here we consider all the false

acceptance cases as imposter attacks. From Tables 6.1 and 6.2, we have seen an equal

error rate of 4.1% and 3.1% with normal speech as both reference and testing using the

m f cc′s and lpcc′s, respectively as feature vectors. This error also corresponds to the false

alarm rate (FAR) where an imposter is successful in breaking into the system. In [81], it

was shown that it is possible to identify and imitate another speaker’s voice and speech

behavior by a professional impersonator. In [82] a professional impersonator was used to

imitate a person to gain access to the system. Due to the difficulty of getting a speaker

who can mimic another person, we do not consider the case of trained impersonation.

Playback data was collected by playing all the samples of the normal speech which

was discussed in Chapter 4 by a playback device. This playback data is tested on the

speaker verification system. The acceptance rate was seen to be 15%. Thus the playback

attacks do result in the degradation of the performance of speaker verification system

though it is not to a large extent. The acceptance of the playback speech depends on the

quality of playback speech which in turn depends on the quality of the playback device

and the nature of the environment. With a high quality playback device, imposter attacks
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can be more successful. Thus we require a method to handle imposters to increase the

robustness of the speaker verification system.

6.5 Imposter detection using Lombard effect

Since Lombard effect changes the characteristics of the speech of a person, we can use

this theory to detect imposters in speaker verification system. Firstly we assume that

Lombard effect speech of the speaker is stored in the system during enrollment. Since

this is a speaker verification scenario, the speaker is assumed to speak in private loop

(self communication). We also make an assumption that the impersonator cannot mimic

the Lombard effect speech of the person as he needs to further inherit the characteristics

of Lombard effect speech of that real person as Lombard effect is speaker dependent in

private loop. The speaker is asked to speak the text during verification. If the speaker

is accepted by the system, the system then proceeds to imposter checking step. Here an

artificial environment is created with noise and the speaker is asked to speak the same

text. The system then checks for the change in features due to Lombard effect and accepts

the speaker if the change in the features correspond to the speaker.

In case of playback attack we assure a better performance of the system due to two

reasons:

• The recorded speech of the Lombard effect speech of the genuine speaker may not

be available with the imposter.

• Even though the impostor has the recorded speech of the Lombard effect speech of

the genuine speaker, since the performance of the system by verifying with play-

back speech is only 15%, the performance further degrades due to the second step.

After the imposter checking step, the MDR is bound to increase and that of FAR is bound

to decrease. Also false acceptance cases are to be considered more threatful than false

rejection cases in real time. Table 6.3 shows the MDR and FAR of the system after

passing it through imposter checking step. We can see that the decrease in FAR is more
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Table 6.3: MDR and FAR (in %) for speaker verification after imposter checking in case of
MFCC and LPCC.

MFCC LPCC
MDR 5.1 4.6
FAR 0.3 0.2

than the increase in MDR. Thus the performance of the speaker verification has improved

after the imposter detection step. Now for obtaining the performance of playback speech,

Lombard effect speech is played back using the playback device and the performance is

viewed. The final acceptance rate of the playback speech was found to be 3% after the

testing step which was 15% initially. Thus the performance of the system is better after

imposter testing.

6.6 Summary

In this chapter, we have presented the performance of a text-dependent speaker verifi-

cation system and have proposed a method to detect imposters using Lombard effect.

The feature vectors used in the system are linear prediction cepstral coefficients (LPCC)

and mel-frequency cepstral coefficients (MFCC). LPCC were seen to perform better than

MFCC. Performance of speaker verification is studied under both matched conditions and

mismatched conditions of reference speech and test speech. The two conditions of speech

considered are normal speech and Lombard effect speech. Lombard effect speech is seen

to perform better compared to noemal speech under matched conditions which is due to

less speaker variability of Lombard effect speech in an utterance. Finally a method is

proposed to detect imposters during speaker verification using Lombard effect. Imposters

are divided into two groups (a) Impersonation, (b) Playback attacks. The performance

of he system due to imposter attacks is discussed. It is difficult to mimic the Lombard

effect speech of a person and we assume that the imposter do not have the Lombard effect

speech of the person. Thus by creating an artificial environment which causes Lombard

effect, we can check for the characteristics of Lombard effect which is speaker-dependent

and thus detect imposters.
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Chapter 7

Summary and Conclusions

7.1 Summary of the work

The main contributions in this thesis centered around analyzing the Lombard effect speech

to study the characteristics of Lombard effect mainly in terms of the excitation source

features. We have described the excitation source features, (a) fundamental frequency

(F0), (b) strength of excitation (α), (c) perceived loudness (β), to study the characteristics

of Lombard effect. Fundamental frequency and strength of excitation are obtained from

the zero-frequency filter and loudness is obtained from the Hilbert envelope of the linear

prediction (LP) residual. Studies have clearly shown that the impulse-like excitation is

affected due to Lombard effect. Fundamental frequency (F0) and perceived loudness (β)

tend to increase and the strength of excitation (γ) tends to decrease due to Lombard effect.

A significant increase in energy is found in a few regions like the vowel regions compared

to other regions due to which the number of frames with low normalized energy are more

and high normalized energy are less in the case of Lombard effect speech compared to

normal speech.

The speaker-specific nature of the Lombard effect is illustrated using the distributions

of the features. Dependence of Lombard effect on the type and intensity of feedback are

studied. Relative energy in the case of nasals and fricatives was found to decrease. The

change in duration of a sentence due to Lombard effect depends on the sound units in the
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sentence. A decrease in the rate of speech is observed when a person tries to maintain his

normal speech in the presence of noise. The changes in the duration of an utterance were

analyzed to differentiate Lombard effect speech and loud speech. The direction of change

in the features for Lombard effect speech and loud speech are same. But this is not true

in the case of duration. A given Lombard effect speech is defined with respect to the type

and intensity of the external feedback, whereas loud speech is a controlled phenomenon.

Intelligibility of Lombard effect speech in noise is seen to be more than that of normal

speech in noise. Intelligibility tests were performed at a sentence level. Lombard effect

speech in factory noise is seen to be less intelligible compared to pink noise and babble

noise. The mechanism of Lombard effect is studied using the analysis performed. Two

cases should be considered to describe the mechanism of Lombard effect: private loop

(self-communication), public loop (effective communication). In public loop, it is quite

evident that the speaker increases his vocal effort based on the external feedback, whereas

in private loop, the extent of Lombard effect depends on the speaker. A person cannot

escape from the Lombard effect when his self feedback is hampered. He can only change

the extent of Lombard effect. Lombard effect speech produced due to public loop is

always intelligible while Lombard effect speech produced due to private loop need not be

intelligible compared to normal speech.

The performance of text-dependent speaker verification in both matched conditions

and mismatched conditions are noted. Mel-frequency cepstral coefficients (MFCC) and

linear prediction cepstral coefficients (LPCC) are taken as feature vectors. LPCC’s were

found to perform better than MFCC’s. Performance was the system was better when both

reference and test speech correspond to Lombard effect speech. Imposters are classified

into two types: Impersonators and playback attacks. The degradation in the performance

of the speaker verification system due to imposters in seen and a method to detect im-

posters is proposed using Lombard effect.
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7.2 Major contributions of the work

The important contribution of the work reported in this thesis is the analysis of Lom-

bard effect speech using the excitation source information. This is analyzed based on the

change in the excitation source features due to Lombard effect. The major contributions

of this thesis are:

• Analysis of Lombard effect speech using the excitation source features.

• Study on Lombard effect due to different types and intensities of external feedback.

• Studying the characteristics of speech produced without feedback.

• Differentiating Lombard effect speech and loud speech.

• Change in duration due to Lombard effect.

• Intelligibility of Lombard effect speech and normal speech in noisy conditions.

• Describing the mechanism of Lombard effect based on the analysis performed.

• Performance of speaker verification using Lombard effect speech as both reference

and test speech.

• Method to detect imposters during speaker verification using Lombard effect.

7.3 Directions for future work

• Since the intelligibility of Lombard effect speech is seen to be high, synthesis of

Lombard effect speech has significance in applications like spoken dialog systems

where the listener expects to hear an intelligible speech which also depends on the

environment he is in.

• Since it is not possible to maintain a silent environment always, the performance of

speech and speaker recognition systems will be effected. The analysis done in this
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work may help us to model the Lombard effect speech and build some compensation

to transform it to normal speech.

• Lombard effect speech as both reference and test speech can be used in speaker

verification system for a better performance.

• The method proposed to detect imposters is not perfect and needs to be generalized

for a better performance to build a robust speaker verification system. Since speech

produced varies with the changes in the type and level of external feedback, we

need to model the change in speech due to change in the type and intensity of noise.

This can be used further to improve the method.
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