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Because of cost or convenience reasons, patients or elderly people would be hospitalized at home and
smart information systems would be needed in order to assist human operators. In this case, position
and physiologic sensors give already numerous informations, but there are few studies for sound use
in patient's habitation. However, sound classification and speech recognition may greatly increase the
versatility of such a system: this will be provided by detecting short sentences or words that could
characterize a distress situation for the patient. Analysis and classification of sounds emitted in
patient's habitation may be useful for patient's activity monitoring. GMMs and HMMs are well suited
for sound classification. Until now, GMMs are frequently used for sound classification in smart
rooms because of their low computational costs, but HMMs should allow a finer analysis: indeed the
use of 3 states HMMs should allow better performances by taking into account the variation of the
signal according to time. For this framework a new sound corpus was recorded in experimental
conditions. This corpus includes 8 sound classes useful for our application. The choice of needed
acoustical features and the two approaches are presented. Then an evaluation is made with the initial
corpus and with additional experimental noise. The obtained results are compared. At the end of this
framework a segmentation module is presented. This module has the ability of extracting isolated
sounds in a record by the means of a wavelet filtering method which allows the extraction in noisy
conditions.

Key words: Gaussian mixture model, hidden Markov model, background noise, sound classification
in smart rooms, Wavelet transform.

1. INTRODUCTION

It is well known that ageing is emerging as an important concern for European countries. In this
context the central challenge of health and long-term care policies is to provide full access to high-quality
services for all, while ensuring the financial sustainability of these services. Progress in aids and assistive
technologies might be a cost-effective way to support the supply of informal care and care provisions. In this
way speech analysis and sound classification can give interesting information by taking into account distress
calls from the patient and fall sounds. Therefore sound classification and speech analysis can give
information on the patient and may help the decision-making by the medical monitoring system [1].

The medical monitoring system, described in [1], uses two kinds of information. Information issued
from the medical sensors, the actimeter and door contacts are analysed in order to detect a difference in the
behaviour and state of the patient. Information given by the sound analysis system [2] may be analyzed in the
same manner but can also be used to detect critical or distress situation. It will be the case when a sentence
like “Help me”, “Doctor quickly” is recognized or when a scream, an object fall or a glass breaking is
classified.

The implementation of the sound analysis system must meet two different aims: the real-time ability of
the system, a good precision for speech recognition and sound classification. The real-time ability is
achieved if sounds and speech are detected on the flow and not missed. Concerning speech recognition and
sound classification, results may be known some seconds after the sound event but it is very important that

neither false nor missed alarm occurs. In this paper we will only discuss sound classification; Gaussian
Mixture Model (GMM) [3] and Hidden Markov Model (HMM) [4], [5], [6] based methods are often used in
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this area. The GMM method is easy to implement while the HMM method takes into account the shape of
the signal. For this framework, the ALIZE library was used as well for the GMM method and for the HMM
method.

1.1. Short Overview of the Sound Analysis System

The aim of our global project is to obtain useful sound information and to transmit it through network
to a medical supervising application in a medical centre. The habitat we used for experiments is a 30m’
apartment situated at the TIMC laboratory inside the Faculty of Medicine of Grenoble. It is equipped with
various sensors, especially microphones in every room (hall, toilet, shower-room, living-room) [1]. The
entire tele-monitoring system is composed of three computers, which exchange information through a local
network (see figure 1).

This system is designed for the surveillance of the elderly, convalescent persons or pregnant women.
Its main goal is to detect serious accidents or falls or faintness at any place of the apartment. Each time a
sound event is analysed, a message is sent to the Data Fusion PC, notifying occurrence time of detection,
most probable sound class or recognized sentence, localization of the emitting source. From this and from
other data obtained from localisation and physical sensors, the Data Fusion PC can send an alarm if
necessary.
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Figure 1. Medical tele-monitoring system.

The sound analysis system has been divided in four modules as shown in figure 2. The first module is
the detection module in charge of extraction of audio events from the signal flow. Extracted signals are then
transmitted to the segmentation stage, which switches them to the classification module in case of life sounds
or to the RAPHAEL recognition module [2] in case of speech. At the end, the obtained information will be
sent to the data fusion system, which will respond to the question: “Is the patient in a normal or a distress
situation?”’

[ Sound Event Detection )

[ Speecl/Sound Segmentation )

( Sound Classification ] [ Speech Recognition )

Data Fusion System
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Figure 2. Sound analysis system.
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2. GMM AND HMM METHODS

GMM and HMM methods are well suited for sound classification [8], [9]. HMM-based methods are
used in the acoustical stage of speech recognition systems, prosodic analysis [10] and isolated word
recognition [11]. The implementation of these two methods in this framework uses the ALIZE library [3]. It
was necessary to add some specific extensions for our application.

2.1. Gaussian Mixture Models - GMMs

The classification with a GMM-based method supposes that the acoustical parameter repartition for a
sound class may be modelled with a sum of Gaussian distributions. This method evolves in two steps: a
training step and a classification step, as shown in figure 3. The acoustic pre-processing stage in charge of
feature extraction will be described in subsection 4.1.

During the training step and for each sound class the characteristics of each Gaussian model are
estimated, the number of these models N will be discussed later in subsection 4.2. Parameters of the

Gaussian distribution m (1<m < N) are for the sound class k (1< k <8): the likelihood 7z, , the mean

. . . -1 . el 1. .
vector 4, . and the inverse covariance matrix X, = . During the initialisation step, these parameters are

initialized by the mean of the arbitrary partition of the training corpus in N equal sized parts. This step is
followed by a second step including 12 iterations of the EM algorithm (Expectation Maximisation) on 20%
of the corpus (randomly drawn). The last step is made of 12 iterations of the EM algorithm on the full
corpus.

In the classification step the likelihood of each frame of the signal is calculated for each sound class

(see equation 1). A frame is a vector of d acoustical features. The global likelihood p(X |(Dk) for one class is

the geometrical average of the likelihood of the n frames as expressed in equation 2, and the signal belongs
to the class for which the likelihood is maximal.
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Figure 3. Block diagram of the GMM and HMM methods: training and classification.
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2.2. HMM Classification of Sounds

In the context of audio signal encoding, the input signal can be decomposed into “transient”, “tonal”
and “residual” components as described by Daudet in [12]. We choose then to use 5 states HMM as shown in
figure 4, the states q0 and g4 corresponding to the silent part at the beginning and at the end of the signal.
There is no transition possibility from q0 to g4 because they represent the same state. The states q1, q2 and
g3 are related to the three components of the signal. A transition is possible from each state qi to a state qj if j
is greater than or equal to i, except for the transition from q0 to q4. For any sound, some of the 3 states may
be empty. Pjj denotes the transitional probabilities from the state qi to the state qj.

Figure 4. HMM state transitions.

An example is given in Figure 5 in the case of a scream; it is the result of the training stage described in
section 2.3. The first state q0 has a very short duration and is not visible because of the scale of the figure.
The state q1 is short and made of the establishing part of the signal. The state q2 is corresponding to the
highest energy part and q3 to the decreasing energy part. During q3 resonant frequencies are decreasing too.
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Figure 5. HMM states of a scream.

The classification step uses a Viterbi algorithm [13] to estimate the class k& of a sound X between m
models M ;, a sound being represented by a sequence of vectors of n components X | The first member of
equation 3 can be simplified because of the equal probability of each sound class.

k = argmaxp(X|Mj)P(Mj) = argmaxp(X‘Mj),OSj<m 3)
J j

The probabilities are estimated by using a Viterbi method. The Viterbi algorithm is a forward
probability method of best path estimation. For simplification all the sums are replaced by a maximum

function, and then the estimated probability for the best partial path g/ from initial state g, to the state ¢,,

after emission of the p first vectors X/ of X must be expressed by Equation 4,
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plal, Xt M) = mEXp(q,f"l|M_,) plgl™ X7 M), 0< p<n )
where ;(qi,X r |M ;) denotes the probability of the partial path from the state g, to the state g, of the model

M, X “the first (p —1) vectors of X, x”the p™ vector of X, X/ the sequence of the p first vectors of

X, g% the state ¢ when the (p—1)" components is reached. Considering the equal probability of each

sound class, the equation can be written as in equation 5.
pla), X¢ M) = mgX[;(q,f XM )P g M )] plg,) )
The probabilities of each vector are evaluated through Gaussian models, each state ¢ or g, being
modelled by a GMM in conjunction with the probability of transition. The probability P(X |M ;) is then
estimated for each model M ;using equation 6.
p(XM)) = pla;, X]
The signal belongs to the sound class g associated to the model M for which the probability has the highest

M j) Where g, denotes the final state. 6)

value.

2.3. HMM Training and Automatic Labelling
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Figure 6. HMM Training and Automatic Labelling System.

The global HMM training and automatic labelling system is presented in figure 6. The most used
method for HMM training is the Baum-Welch algorithm [13], as it is not available in the ALIZE library we
have developed a HMM training system using the Viterbi algorithm. This system, described in figure 6,
requires an indexed starting corpus. Thus a short part, around 10%, of the corpus was manually indexed by
examining the spectrogram of each sound; indexing marks refer to HMM state transitions. Training is
performed for each sound class separately.

At the beginning of the first stage, segmentation data are used in order to extract the 5 states q0...q4
from the initialisation corpus. Then, the acoustic pre-processing step is initiated and produces for all the
sound classes the corresponding acoustical features. It is then possible to obtain a GMM model for the 5
states of all the classes. The same method as in section 2.1 is used. The Viterbi algorithm is then applied on
the entire corpus using these GMM models. The output of this algorithm is the best path across each sound
wave and then, for each frame of the sound wave, the corresponding HMM state. Indexation data for the full
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corpus and probabilities of transition are then extracted from these outputs. From the second pass, the same
process is started again but GMM models may then be evaluated from the full corpus.

After n iterations of the process the convergence is reached if the indexation data remains quite
constant. This requires between 20 and 50 steps. At the end of the final training step, the indexation values
for the initial indexed corpus have changed because of the optimisation process.

3. SOUND DATABASE

Each sound produced in an apartment is characteristic for a normal patient’s activity (door slap, dishes,
etc.), a possible distress situation (object fall, scream, etc.) or a patient’s physiology (cough, etc.). Sounds
related to the patient’s physiology are not yet taken into account because of the difficulty in recording such
sounds.

Therefore a new corpus, adapted to this framework, was recorded; this corpus is made of 8 everyday
sound classes related to two categories:

e Normal sounds related to a usual activity,

e Critical sounds related to the possibility of a distress situation for the patient and thus giving
very important information to be sent to the remote monitoring system.

A small share of the corpus consists of sounds extracted from a preceding corpus recorded at the time
of former studies [7]. New sounds have been recorded in the CLIPS laboratory using omni-directional
wireless microphones (SENNHEISER eW500). Some sounds were obtained from the Web [18]. Some
characteristics of this corpus are given in table 1. Each sound is recorded in one file; the sampling rate is 16
kHz. Because of the use of an HMM classifier, each file begins and ends with a silence part of minimal
duration 32 ms. The average SNR of the corpus is +27 dB.

With this corpus we have generated a noised corpus with 4 levels of signal to noise ratio (SNR = +8
dB, +17 dB, +22 dB, +26 dB). The noise was recorded in an apartment. The original corpus and the noised
corpus have been used for the classification tests.

Table 1. Everyday sound corpus

Class of Sound Former Corpus New Records Internet Number of Files gf;:‘(?oggé?gs

Dishes Sounds 45% 50% 5% 363 606

Door Lock - 100% - 507 390

Door Slap 40% 60% - 372 1022

Glass Breaking 40% 50% 10% 118 269

Object Falls - 100% - 128 1039

Ringing Phone 15% 70% 15% 319 991

Screams 80% - 20% 102 432

Step Sounds 10% 60% 30% 76 86

Entire Corpus 29% 61% 10% 1985 276

Some examples of sounds are shown in figure 7. The spectra are very different but in each case high
frequency components must be taken into account. In case of the door slap sound, there are two parts: in the
first part sound is like a decreasing white noise, in the second part some resonant frequencies are important.
The synthetic ringing bell is constituted of discrete and regularly spaced frequencies. The scream is very
similar to voice signal with a high number of harmonics. Resonant frequencies are important during all the
dishes sound, impact between a cup and a saucer.
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Door Slap Ringing Bell Scream Dishes Key Lock
Sound

Figure 7. Some examples of sounds with the corresponding sonograms

4. FEATURES AND MODEL SELECTION

GMM and HMM classification methods are not performed directly on the signal, but use extracted
acoustical parameters which are synthetic representations of the time signal. Analysis window width for each
frame was set to 16 ms with an overlap of 8 ms. For a sampling rate of 16 kHz the analysis window is
composed of 2° samples, an integer power of two being required by Fast Fourier Transform analysis. This
width is a compromise between the time precision of state transitions and with frequency analysis
constraints. A great number of the signals being as short as 86 ms, it might be impossible to use a wider
analysis frame.

4.1. Features

Acoustical parameters classically used in speech/speaker recognition are: MFCC (Mel Frequency
Cepstral Coefficients), LFCC (Linear Frequency Cepstral Coefficient) and LPC (Linear Predictive
Coefficients). MFCC are frequently used in speech recognition because of their characteristics that are very
similar to human hearing mainly thanks to the logarithmic Mel frequency scale.

H

Linear Scale (LFCC) MEL Scale (MFCC)
Figure 8. LFCC and MEL Triangular Filter Response

As discussed in section 3, the bandwidth of sound signals is very large and includes frequently high
frequency components. The computing steps for the LFCC and MFCC parameters are: pre-emphasis and
windowing; FFT of the analysis frame signal; triangular filtering; logarithmic calculus of the filtered
coefficients and inverse cosine transform. The inverse cosine transform is obtained according to equation 6.
As shown in figure 8, the bandwidth is constant over the spectrum for LFCC but larger in high frequencies
for MFCC because of MEL logarithmic scale. In our study, it is important to use components allowing an
equal sensitivity over the full bandwidth as allowed by LFCC. All the 24 coefficients are considered in order
to take into account the full bandwidth.
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j ,0<n<M (6)

Normalized energy is not used as additional parameter, this parameter being too dependent of
experimental recording conditions. Derivatives of first (“delta”) and second order (“delta-delta”) of LFCC
parameters are preferred. The total amount of used parameters is then 72.

4.2. Number of Models in the Case of the GMM-based Method

The Bayesian Information Criterion (BIC) is used in this paper in order to determine the optimal
number of Gaussian models [14]. This criterion is well suited for Gaussian mixture as proved by Roeder and
Wassermann [15]. BIC criterion selects the model trough the maximization of integrated likelihood (1).

BIC,, = =-2L,x + V,xIn(n) (7)
where Lmx is logarithmic maximum of likelihood, equal to log f(x m,K,g) (f is the integrated

likelihood), m is the model and K the component number of the model, Vmx is the number of free
parameters of the m model and » is the number of frames. The minimum value of BIC indicates the best
model.
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Figure 9. BIC Coefficient Evolution for the 8 sound classes, GMM Evaluation with 24 LFCC features in conjunction with
derivatives of first and second order.

Table 2. Correspondence between number and class of sounds

Number Class of Sounds Duration Number Class of Sounds Duration
Cl1 Door Slap 6 min 20 s C5 Screams 3min 30 s
C2 Glass Breaking 2min 53 s C6 Object Falls 2min 13 s
C3 Ringing Phone Smin 17 s C7 Dishes Sounds 3min40s
C4 Step Sounds 44 s Cc9 Door Lock 11minls

The BIC criterion has been used first for the sound class and for the speech class in noiseless
conditions, for 4, 5... and 24 Gaussian models in case of 24 LFCC parameters in conjunction with
derivatives of first and second order. The results of the figure 9 are given for a number of Gaussian models
between 4 and 24 in case of C1, C3, C7, C9 sound classes (subplot a) and C2, C4, C5, C6 sound classes
(subplot b). According to the BIC criterion, performances will be optimal when the log-likelihood of the
observations, given the GMMs, is minimal. As it appears on these 8 curves, the optimal Gaussian number is
different for each sound class. In subplot a, the criterion is minimal between 12 and 20 models for the bell
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ringing class (C3), the records of this class are very heterogeneous (old style bells, synthesised bells...).
Curves are very flat for C1, C7 and C9 but increase below 16 models. In subplot b, curves are slowly
increasing except for step sounds (C4), so a number of 12 Gaussian models seem to be acceptable. The C4
class could be neglected because these sounds are very low level and not often detected in the real
environment. We have decided to use 12 Gaussian models, which may be a good compromise between
classification performances and calculus consumption (real time constraints).

4.3. Number of Models in the Case of the HMM-based Method

Since the likelihood of one frame of signal is evaluated using GMMSs, the number of models may be
chosen in the same conditions with the BIC criterion. In figure 10 and for the sound classes C5 (screams) and
C7 (dishes) the BIC coefficient is represented as function of the Gaussian number for the three states q1, q2
and q3.

The curve shapes are not very different as the preceding related to GMM configuration. We then chose
the same number of Gaussian for HMM evaluation.
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Figure 10. BIC Coefficient Evolution for C5 and C7 sound classes, states q1, q2 and q3, 24 LFCC features.

5. CLASSIFICATION EVALUATION

Training is made with original sounds but testing is made with original sounds and sounds mixed with
experimental noise at 4 different SNR levels. The tests use a “cross validation protocol”, training is achieved
with 90% of the original sound corpus and each of the 10% remaining files is evaluated at these 4 SNR
levels and for the original sounds.

The sound classification performances are evaluated through the Classification Error Rate (CER),
which represents the ratio between badly classified sounds and the total number of sounds to be classified.
The number of Gaussian is fixed to 12 for the GMM-based method and for the HMM-based method. The
sampling rate is 16 kHz, the bandwidth is then 8 kHz. The analysis window width is 16 ms with an overlap
of 8 ms. Results are shown in table 3.

We can observe that in all cases (except at SNR = +17 dB) results are the best for the HMM-based
method against the GMM-based method, even if the differential / acceleration coefficients are used for the
GMM-based method and not for the HMM-based method. We can conclude that HMMs allow a finer
analysis by taking into account the temporal shape of the signal. Then the use of 3 states HMMs allows
better performances.

Best results are reached by the use of 24 LFCC parameters with derivatives of first and second order
and the HMM-based method. The Classification Error Rate is 1.7% for the original corpus and below 6% at
SNR = +22 dB. These values are good according to former results [2] and other results in the literature [16],

[17].
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Table 3. Classification Error Rate (%)

SNR 24 LFCC  only 24 LFCCand A - AA
[dB] GMM HMM GMM HMM
Original 6.3 3.1 44 1.7
26 9.3 5.9 7.3 42
22 13 6.6 10.4 5.7
17 21.3 16.3 15.1 9.7
8 36.6 29.8 43.8 28.3

6. HMM SOUND SEGMENTATION

The proposed global sound recognition system is composed of two modules: the first is the
segmentation system and the second is the HMM classification system yet presented. A segmentation system
must be able to detect the beginning and the end of each isolated sound in a flow and that may be achieved
by the way of a HMM segmentation model with only one class of sounds. This class includes all the sounds
of the previous classes. HMM state transitions are shown in figure 11. A possible transition has been added
from g4 to q0 which are actually the same state (the “silent” state).

Figure 11. HMM State Transitions for Segmentation.

Training is operated in the same conditions as in subsection 2.3 but with a unique model over the
complete corpus after a bootstrap step using a short labelled part of the corpus. The number of Gaussian
mixtures is 4; a greater value is not needed because we must only make the distinction between silence and
one of the 3 sound states. We recorded in real conditions a dedicated corpus in our laboratory using the same
omni-directional wireless microphones (SENNHEISER eW500). This test corpus is made of 10 sound wave
files; so each wave file contains a sequence of about 10 sounds of all the sound classes except step sounds.
The total duration of the corpus is 9 minutes. It contains 129 sounds and the average SNR is +28 dB.

Table 4. Classification Results (Number of files)

Cl C2 C3 C5 C6 C7 C9
Classified as C1 8
Classified as C2 7
Classified as C3 14
Classified as C5 25
Classified as C6 1 13
Classified as C7 4 41
Classified as C9 15

All the 129 sounds are correctly detected; there is no missed or false sound detection. The results
after the classification step are given in table 4.
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We can notice that one door slap sound is classified as object fall and that 4 glass breaking sounds
are classified as dishes sounds. This is due to the great similarity between these sounds, because they are
produced in a similar manner. An impact between a cup and a saucer is not very different of an impact
between a cup and the floor even if the cup is broken at the end. So the recognition error rate is 3.9%.

Segmentation results are very poor in noise conditions. So we studied an algorithm of noise
reduction in the parts of the signal corresponding to the silent part. In order to avoid the degradation of the
sound signal with filtering artefacts, we try not to modify this part; indeed the noise is not stationary and not
known at any moment in time. The proposed method supposes that at least one frame of signal containing
only noise may be isolated at any moment before the sound signal; these frames of noise will be used as
reference.

— ] | __ _g| Maximum 9 Wavelet Coefficients
DWT Detection Maximal Noised Values
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Figure 12. Wavelet Noise Reduction.

The Discrete Wavelet Transform (DWT) of each frame of noise is calculated on 256 sample
windows; wavelets are distributed over 9 wavelet coefficients. For each coefficient level, the maximal
absolute value is memorised. The processing of the signal to be segmented is described in figure 12; it is
operated frame after frame. During the first step, the absolute value of each wavelet is compared to the
memorised threshold at the corresponding level value; the number of wavelets below the threshold is #n. An
attenuation coefficient is then evaluated as function of n; this coefficient is linearly decreasing between 1.0
(n=129) and 0.2 (n = 256). Inverse DWT is then operated after applying the same attenuation over all of the
wavelets. This system is at this time in the course of evaluation and only the first results are available. The
final results should be presented at the time of the conference.

7. CONCLUSION

In this paper we have presented a comparison between two methods for sound classification in the
framework of a medical remote monitoring application. Analysis and classification of sounds emitted in
patient's habitation may be useful for patient's activity monitoring. An adapted sound corpus was recorded in
experimental conditions and used for evaluation purpose; this corpus includes 8 sound classes that are useful
for this application. GMM-based methods are frequently used for sound classification in smart rooms
because of their low calculus consumption, but HMM-based methods should allow a finer analysis: indeed
the use of 3 states HMMs should allow better performances by taking into account the temporal shape of the
signal.

The two approaches are presented, as well as the needed acoustical features. Then, an evaluation is
made with the initial corpus and with additional experimental noise in order to compare these two methods.
In the same noise conditions, HMM results are always the best. Best results are achieved with the original
corpus (SNR = +28 dB), the Classification Error Rate is below 2%. At +17 dB, the CER is below 10% with
24 LFCC parameters and their derivatives of first and second order. However, the time consumption is very
important in the case of the HMM algorithm and its implementation in a real-time system will involve to
greatly optimize the algorithm and to use fast processors.

At the end, a segmentation module is presented. This module is able to extract isolated sounds in a
record by the means of a wavelet filtering method which allows the extraction in noisy conditions. We are
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working to add the possibility of speech segmentation in order to extract at once speech and sounds from a
wave record.
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