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1. Introduction 

The developments of technological progress allow the generalization of digital technology 
in the medicine area, not only the transmission of images, audio streams, but also the 
information that accompany them. Many medical specialties can take advantage of the 
opportunity offered by these new communication tools which allow the information share 
between medical staff. The practice of medicine takes a new meaning by the development 
and diffusion of Information and Communication Technologies (ICT). In the health field, 
unlike other economic sectors, the technical progress is not necessarily generating 
productivity gains but generate more safety and comfort for patients. 
 
Another fact is that the population age increases in all societies throughout the world. In 
Europe, for example, the life expectancy for men is about 71 years and for women about 79 
years. For North America the life expectancy, currently is about 75 for men and 81 for 
womeni. Moreover, the elderly prefer to preserve their independence, autonomy and way of 
life living at home the longest time possible. The number of medical specialists decreases 
with respect to the increasing number of elderly fact that allowed the development of 
technological systems to assure the safety (telemedicine applications).  
 
The elderly living at home are in most of the cases (concerning Western and Central Europe 
and North America) living alone and with an increased risk of accidents. In France, about 
4.5 % of men and 8.9% of women aged of 65+ years has an everyday life accidentii. Between 
these everyday life accidents, the most important part is represented by the domestic 
accidents; about 61% (same source) and 54% of them take place inside the house. In France, 
annually, 2 millions of elderly falls take place, which represent the source of 10 000 deathsiii. 
Between 30% and 55% of falls cause bruises and only 3% to 13% of falls are the causes of 
serious injuries such as fractures, dislocation of a joint, or wounds. Apart from physical 
injury and hospitalization, a fall can cause a shock (especially if the person cannot recover 
only after the fall). This condition can seriously affect the senior psychology, he might looses 
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the confidence in his abilities and can result in a limitation of daily activities and, 
consequently, in a decrease of the life quality.  
 
In order to improve the quality of life of elderly several applications has been developed: 
home telemonitoring in order to detect distress situations and audio-video transmission in 
order to allow specialists to diagnose patient at distance. 
 
This chapter describe a medical remote monitoring solution allowing the elderly people to 
live at home in safety. 

 
2. Telemedecine applications 

The term ”telemedicine” appears in a dictionary of the French language for the first time in 
the early 1980’s, the prefix ”tele” denoting ”far away”. Thus, telemedicine literally means 
remote medicine and is described as ”part of medicine, which uses telecommunication 
transmission of medical information (images, reports, records, etc.) in order to obtain remote 
diagnosis, a specialist opinion, continuous monitoring of a patient, a therapeutic decision.” 
Using a misnomer, one readily associates the telemedicine to the generic term ”health 
telematics”. This term has been defined by the World Health Organization in 1997 and 
”refers to the activities, services and systems related to health, performed remotely using 
information technology and communication needs for global promotion of health, care and 
control of epidemics, management and research for health.” 
 
The interest of telemedicine is far from being proved and is not without stimulating 
reflection, particularly in the areas ethical, legal and economic. The main telemedicine 
applications are: 

 Telediagnostic = The application which allow a medical specialist to analyze a 
patient at distance and to have access to different medical analysis concerning the 
patient. A specific case can be if a specialist is at the same place with the patient but 
need a second opinion from another one. 

 Telesurgery = technical system allowing a surgery at distance for spatial or 
military applications. Also in this category we can have the distant operation of a 
complex system like an echograph or the augmented reality in order to help the 
medicine in the framework of a surgery. 

 Telemonitoring = an automatic system which survey some physiological 
parameters in order to monitor a disease evolution and/or to detect a distress 
situation.  

 Tele-learning = teleconferencing systems allowing medical staff to exchange on 
medical information. 

 
Among the main telemedicine applications, telediagnostic and telemonitoring are more 
investigated solutions. The telediagnostic allows medical specialist to consult the elderly 
through audio video link in order to avoid unnecessary travel for both patient and medical 
staff. Several systems were currently developed between hospital and nursing home, or 
between medical staff and a mobile unit. The main challenges are the audio-video quality, 

 

the possibility to transmit also other medical data (ECG, medical records) and data security. 
In order to guarantee a good audio-video quality a high bandwidth network is needed.  
 
The medical remote monitoring or telemonitoring can prevent or reduce the consequences 
of accidents at home for elderly people or chronic disease persons. The increase of aging 
population in Europe involves more people living alone at home with an increased risk of 
home accidents or falls. The remote monitoring aims to detect automatically a distress 
situation (fall or faintness) in order to provide safety living to elderly people. 
 
The medical remote monitoring consists in establishing a remote monitoring system of one 
or more patients by one or more health professionals (physician, nursing...). This monitoring 
is mainly based on the use of telecommunication technology (ie the continuous analysis of 
patient medical parameters of any kind: respiratory, cardiac, and so on...). This technique is 
used in the development of hospitalizations at home, ie where the patient is medically 
monitored at home, especially in cases of elderly people. In addition, this method avoids 
unnecessary hospitalizations, increasing thus the patient comfort and security. The main 
aim of remote monitoring systems is to detect or to prevent a distress situation using 
different types of sensors. 
 
In order to improve the quality of life of elderly several research teams have developed a 
number of systems for medical remote monitoring. These systems are based on the 
deployment of several sensors in the elderly home in order to detect critical situations. 
However, there are few reliable systems capable of detecting automatically distress 
situations using more or less non intrusive sensors. Monitoring the activities of elderly 
people at home with position sensors allows the detection of a distress situation through the 
circadian rhythms (Bellego et al., 2006). However, this method involves important data 
bases and an adaptation to the monitored person (Binh et al., 2008). Other studies monitor 
the person activity through the use of different household appliances (like oven or 
refrigerator) (Moncrieff et al., 2005). More and more applications use embedded systems, 
like smart mobile phones, to process data and to send it trough 3G networks (Bairacharya et 
al., 2008). In order to detect falls, several wearable sensors was developed using 
accelerometers (Marschollek et al., 2008), magnetic sensors (Fleury et al., 2007) or data fusion 
with smart home sensors (Bang et al., 2008).  
 
There are many projects which develop medical remote monitoring system for elderly 
people or for chronic disease patient like TelePat projectiv which was aimed at the 
realization of a service of remote support in residence for people suffering of cardiac 
pathologies (Lacombe et al., 2004). Other National projects like RESIDE-HIS and DESDHISv 
have developed different modality to monitor like infra-red sensor, wearable accelerometer 
sensor and sound analysis. At European level (FP6) several projects has investigated the 
domain of combination of smart home technologies with remote monitoring like SOPRANO 
project which aims at the design of a system for the assistance of the old people in the 
everyday life for a better comfort and safety (Wolf et al., 2008).  
 
Consequently, devices of the ambient intelligence are connected continuously to a center of 
external services as in the project EMERGEvi. This last aims by the behavior observation 
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people at home with position sensors allows the detection of a distress situation through the 
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bases and an adaptation to the monitored person (Binh et al., 2008). Other studies monitor 
the person activity through the use of different household appliances (like oven or 
refrigerator) (Moncrieff et al., 2005). More and more applications use embedded systems, 
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There are many projects which develop medical remote monitoring system for elderly 
people or for chronic disease patient like TelePat projectiv which was aimed at the 
realization of a service of remote support in residence for people suffering of cardiac 
pathologies (Lacombe et al., 2004). Other National projects like RESIDE-HIS and DESDHISv 
have developed different modality to monitor like infra-red sensor, wearable accelerometer 
sensor and sound analysis. At European level (FP6) several projects has investigated the 
domain of combination of smart home technologies with remote monitoring like SOPRANO 
project which aims at the design of a system for the assistance of the old people in the 
everyday life for a better comfort and safety (Wolf et al., 2008).  
 
Consequently, devices of the ambient intelligence are connected continuously to a center of 
external services as in the project EMERGEvi. This last aims by the behavior observation 



Biomedical Engineering4

 

through holistic approach at detecting anomalies, an alarm is sent in the case of fall, 
faintness or another emergency. 
 
Three institutions (TELECOM & Management SudParis, INSERM U558 and ESIGETEL) 
have already developed a medical remote monitoring modality in order to detect falls or 
faintness. The TELECOM & Management SudParis has developed a mobile device which 
detects the falls, measures the person pulse, movement and position and is equipped with 
panic button (Baldinger et al., 2004). The ESIGETEL has developed a system which can 
recognize abnormal sounds (screams, object falls, glass breaking, etc.) or distress expressions 
(Help!, A doctor please! etc.) (Istrate et al., 2008).  
 
Each remote monitoring modality, individually, present cases of missed detections and/or 
false alarms but the fusion of several modalities can increase the system reliability and allow 
a fault tolerant system (Virone et al., 2003). These two modalities and others are combined in 
the framework of CompanionAble project. 

 
3. CompanionAble Project 

A larger telemedicine application which includes sound environment analysis and wearable 
sensor is initiated in the framework of a European project. CompanionAble1 project 
(Integrated Cognitive Assistive & Domotic Companion Robotic Systems for Ability & 
Security) provides the synergy of Robotics and Ambient Intelligence technologies and their 
semantic integration to provide for a care-giver’s assistive environment. CompanionAble 
project aims at helping the elderly people living semi or independently at home for as long 
as possible. In fact the CompanionAble project combines a telemonitoring system in order to 
detect a distress situation, with a cognitive program for MCI patient and with domotic 
facilities. The telemonitoring system is based on non intrusive sensor like: microphones, 
infra-red sensors, door contacts, video camera, pills dispenser, water flow sensor; a wearable 
sensor which can detect a fall and measure the pulse and a robot equipped with video 
camera, audio sensors and obstacles detectors.  

 
4. Proposed telemonitoring system 

Two modalities sound and wearable sensors are presented by following. A multimodal data 
fusion method is proposed in the next section. 

 
4.1 ANASON 
The information from the everyday life sound flow is more and more used in telemedical 
applications in order to detect falls, to detect daily life activities or to characterize physical 
status. The use of sound like an information vector has the advantage of simple and 
cheapest sensors, is not intrusive and can be fixed in the room. Otherwise, the sound signal 
has important redundancy and need specific methods in order to extract information. The 
definition of signal and noise is specific for each application; e.g. for speech recognition, all 
sounds are considered noise. Between numerous sound information extraction applications 
                                                                 
1 www.companionable.net 

 

we have the characterization of cardiac sounds (Lima & Barbarosa, 2008) in order to detect 
cardiac diseases or the snoring sounds (Ng & Koh, 2008) for the sleep apnea identification. 
Using sound for the fall detection has the advantage that the patient not need to carry a 
wearable device but less robust in the noise presence and depend from acoustic conditions 
(Popescu et al., 2008), (Litvak et al., 2008). The combination of several modalities in order to 
detect distress situation is more robust using the information redundancy.  
 
The sound environment analysis system for remote monitoring capable to identify everyday 
life normal or abnormal and distress expressions is in continuous evolution in order to 
increase the reliability in the noise presence. Currently in the framework of the 
CompanionAble project a coupled smart sensor system with a robot for mild cognitive 
impairment patients is being developed. The sound modality is used like a simplified 
patient-system interface and for the distress situation identification. The sound system will 
participate to the context awareness identification, to the domotic vocal commands and to 
the distress expressions/sounds recognition. This system can use a classical sound card 
allowing only one channel monitor or an USB acquisition card allowing a real time 
multichannel (8 channels) monitoring covering thus all the rooms of an apartment.  
 
Current systems use mainly the speech information from sound environment in order to 
generate speech command or to analyze the audio scene. Few studies investigate the sound 
information. The (Moncrieff et al., 2005) uses the sound level coupled with the use of 
household appliances in order to detect a threshold on patient anxiety. In (Stagera et al., 
2007) some household appliances sounds are recognized on an embedded microcontroller 
using a vectorial quantization. This method was used to analyze the patient activities, a 
distress situation being possible to be detected through a long time analysis. In (Cowling & 
Sitte, 2002) a statistical sound recognition system is proposed but the system was tested only 
on few sound files.  
 
The proposed smart sound sensor (ANASON) analyzes in real time the sound environment 
using a first module of detection and extraction of useful sound or speech based on the 
Wavelet Transform (Istrate et al., 2006). The module composition of the smart sound sensor 
can be observed in the Fig.1. This module is applied on all audio channels simultaneously, 
in real time. Only extracted sound signals are processed by the next modules. The second 
module classifies extracted sound event between sound and speech. This module, like the 
sound identification engine, is based on a GMM (Gaussian Mixture Model) algorithm. If a 
sound was detected the signal is processed by a sound identification engine and if a speech 
was detected a speech recognition engine is launched. The speech recognition engine is a 
classical one aiming at detecting distress expressions like ”Help!” or ”A doctor, please!”. 
 
Signal event detection and extraction. This first module listen continuously the sound 
environment in order to detect and extract useful sounds or speech. Useful sounds are: glass 
breaking, box falls, door slap, etc. and sounds like water flow, electric shaver, vacuum 
cleaner, etc. are considered noise. The sound flow is analyzed through a wavelet based 
algorithm aiming at sound event detection. This algorithm must be robust to noise like 
neighbourhood environmental noise, water flow noise, ventilator or electric shaver. 
Therefore an algorithm based on energy of wavelet coefficients was proposed and 
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through holistic approach at detecting anomalies, an alarm is sent in the case of fall, 
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sound identification engine, is based on a GMM (Gaussian Mixture Model) algorithm. If a 
sound was detected the signal is processed by a sound identification engine and if a speech 
was detected a speech recognition engine is launched. The speech recognition engine is a 
classical one aiming at detecting distress expressions like ”Help!” or ”A doctor, please!”. 
 
Signal event detection and extraction. This first module listen continuously the sound 
environment in order to detect and extract useful sounds or speech. Useful sounds are: glass 
breaking, box falls, door slap, etc. and sounds like water flow, electric shaver, vacuum 
cleaner, etc. are considered noise. The sound flow is analyzed through a wavelet based 
algorithm aiming at sound event detection. This algorithm must be robust to noise like 
neighbourhood environmental noise, water flow noise, ventilator or electric shaver. 
Therefore an algorithm based on energy of wavelet coefficients was proposed and 
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evaluated. This algorithm detects precisely the signal beginning and its end, using 
properties of wavelet transform even at signal to noise ratio (SNR) of 0 dB. The signals 
extracted by this module are recorded in a safe communication queue in order to be 
processed by the second parallel task. 

Alarm!

Sound Event detection and 
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Sound/Speech segmentation

Sound Recognition 
Distress expressions 
recognition 

Speech

Help-me! It’s sunny!

Sound

ScreamGlass breakingDoor lockDoor Slap

 
Fig. 1. Sound environment analysis system (ANASON) 
 
Sound/speech segmentation. The second module is a low-stage classification one. It 
processes the extracted sounds in order to separate the speech signals from the sound ones. 
The method used by this module is based on Gaussian Mixture Model (GMM). There are 
other possibilities for signal classification: Hidden Markov Model (HMM), Bayesian 
method, etc. Even if similar results have been obtained with other methods, their high 
complexity and high time consumption prevent from real-time implementation. 
 
A preliminary step before signal classification is the extraction of acoustic parameters: LFCC 
(Linear Frequency Cepstral Coefficients) - 24 filters. The choice of this type of parameters 
relies on their properties: bank of filters with constant bandwidth, which leads to equal 
resolution at high frequencies often encountered in life sounds. Other types of acoustical 
parameters like zero crossing rate, roll-off point, centroid or wavelet transform based was 
tested with good results. 
 
Sound recognition. This module composes with the previous one the second parallel task 
and classifies the signal between several predefined sound classes. This module is based, 

 

also, on a GMM algorithm. The 16 MFCC (Mel Frequency Cepstral Coefficients) acoustical 
parameters have been used coupled with ZCR (Zero crossing rate), Roll-off Point and 
Centroid. The MFCC parameters are computed from 24 filters. A log-likelihood is computed 
for the unknown signal according to each predefined sound classes; the sound class with the 
biggest log likelihood constitute the output of this module. 
 
In the current version, the number of Gaussians is optimized according to data base size 
which allows having different number of Gaussians for each sound class. Taking into 
account that for some sounds, especially for abnormal ones, is difficult to record an 
important number, we have chosen to allow a variation between 4 and 60 Gaussians for the 
sound models.  
 
Distress expressions recognition. In order to detect distress expressions two possibilities 
can be considered: the use of a classical speech recognition engine followed by a textual 
detection of distress expressions or a word spotting system. The first solution has tested 
with good results through a vocabulary optimization with specific words.  
 
If an alarm situation is identified (the sound or the sentence is classified into an alarm class) 
this information and the sound signal are sent to the data fusion system. In the case of a 
typical everyday life sound, only the extracted information (and not the sound) is sending to 
the data fusion system.  
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Fig. 2. ANASON real time implementation 
 
ANASON system has been implemented in real time on PC or embedded PC using three 
parallel tasks (Fig. 2.):  

1. Sound Acquisition + Sound Event Detection & Extraction 
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Fig. 2. ANASON real time implementation 
 
ANASON system has been implemented in real time on PC or embedded PC using three 
parallel tasks (Fig. 2.):  

1. Sound Acquisition + Sound Event Detection & Extraction 
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2. Hierarchical Sound Classification 
3. Graphical User Interface and Alarm management 

 
ANASON modality carries out also localization information concerning the microphone 
which has been used to recognize the abnormal sound or speech and a confidence measure 
in the output (SNR value).  
 
The speech monitoring allows the system to detect a distress request coming from the 
patient, if the patient in the distress situation is conscious (the same role that panic button of 
RFPAT). 
 
Globally, ANASON software has no false alarms and 20 % of missed detections for signals 
with SNR between 5 and 20 dB (real test conditions). The Useful signal detection and 
extraction module and the Sound or Speech Classification module work correctly even for 
signals with a SNR about 10 dB but the sound or speech recognition modules need at least a 
SNR of 20 dB. We work currently to ameliorate these performances by adding specific 
filtering and noise adaptation modules. 
 

 
Fig. 3. Example of sound/speech detection and recognition 
 
Fig.3. shown the ANASON algorithm application on a signal recorded in our laboratory. In 
the second window the blue rectangle represent the automatic output of ANASON and the 
gray ones the reference labels (manually labels). We can observe some reduced errors on the 
start/stop time of each event. All detected events were correctly classified. 

 
4.2 RFPAT 
The remote monitoring modality RFPAT consists in two fundamental modules (Fig. 2.):  

 A mobile terminal (a waist wearable device that the patient or the elderly clips to 
his belt, for instance, all the time he is at home; it measures the person’s vital data 
and sends it to a reception base station) 

 

 A fixed reception base station (a receiver connected to a personal computer (PC) 
through a RS232 interface; it receives vital signals from the patient’s mobile 
terminal, analyzes and records them). 
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Fig. 4. Wearable device (RFPAT) 
 
All the data gathered from the different RFPAT sensors are processed within the wireless 
wearable device. To ensure an optimal autonomy for the latter, it was designed using low 
consumption electronic components. Namely, the circuit architecture is based on different 
micro-controllers devoted to acquisition, signal processing and emission. Hence, the mobile 
wearable terminal (Fig. 4.) encapsulates several signal acquisition and processing modules:  

 to records pulse rate, actimetric signals (posture, movement) and panic button 
 to pre-process the signals in order to reduce the impact of environmental noise or 

user motion noise. 
 
This latter point is an important issue for in-home healthcare monitoring. In fact, monitoring 
a person in ambulatory mode is a difficult task to achieve. For the RFPAT system, the noise 
is filtered in the acquisition stage inside the wearable device using digital noise reduction 
filters and algorithms. These filters and algorithms were applied respectively to all acquired 
signals: movement data, posture data and namely the pulse signal (heart rate). 
 
Movement data describes the movement of the monitored person. It gives us information 
like: “immobile”, “normal life movements”, ”stressed person”, etc. Movement data consists 
also in the percentage of movement, it computes the total duration of the movements of the 
monitored person for each time slot of 30 seconds (0 to 100% during 30 seconds).  
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All the data gathered from the different RFPAT sensors are processed within the wireless 
wearable device. To ensure an optimal autonomy for the latter, it was designed using low 
consumption electronic components. Namely, the circuit architecture is based on different 
micro-controllers devoted to acquisition, signal processing and emission. Hence, the mobile 
wearable terminal (Fig. 4.) encapsulates several signal acquisition and processing modules:  

 to records pulse rate, actimetric signals (posture, movement) and panic button 
 to pre-process the signals in order to reduce the impact of environmental noise or 

user motion noise. 
 
This latter point is an important issue for in-home healthcare monitoring. In fact, monitoring 
a person in ambulatory mode is a difficult task to achieve. For the RFPAT system, the noise 
is filtered in the acquisition stage inside the wearable device using digital noise reduction 
filters and algorithms. These filters and algorithms were applied respectively to all acquired 
signals: movement data, posture data and namely the pulse signal (heart rate). 
 
Movement data describes the movement of the monitored person. It gives us information 
like: “immobile”, “normal life movements”, ”stressed person”, etc. Movement data consists 
also in the percentage of movement, it computes the total duration of the movements of the 
monitored person for each time slot of 30 seconds (0 to 100% during 30 seconds).  
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The posture data is information about the person posture: standing up/laying down. The 
posture data is a quite interesting measurement which gives us useful information about the 
person’s activity.  
 
Thanks to an actimetric system embedded in the portable device, we can detect the 
situations where the person is approaching the ground very quickly. This information is 
interpreted as a “fall” when the acceleration goes through a certain threshold in a given 
situation. 
 
The pulse signal is delivered by a photoplethysmographic sensor connected to the wearable 
device. After pre-conditioning and algorithmic de-noising it gives us information about the 
heart rate every 30 seconds. 
 
In the ambulatory mode, the challenging process consists in noise reduction (Baldinger et 
al., 2004). We afford to reduce the variations of pulse measurement lower than 5% for one 
minute averaging, which remains in conformity with the recommendations of medical 
professionals.  
 
Data gathered from the different sensors are transmitted, via an electronic signal 
conditioner, to low power microcontroller based computing unit, embedded in the mobile 
terminal. 
 
Currently, a fall-impact detector is added to this system in order to make the detection of 
falls more specific. 

 
5. EMUTEM platform 

A data synchronization and fusion platform, EMUTEM (Multimodal environment for 
medical remote monitoring), was developed (Medjahed et al., 2009).  
 
In order to maximize correct recognition of the various activities daily live (ADL) like 
sleeping, cleaning, bathing etc..., and distress situation recognition, data fusion over the 
different sensors types is studied. The area of data fusion has generated great interest 
among researchers in several science disciplines and engineering domains. We have 
identified two major classes of fusion techniques:  

 Those that are based on probabilistic models (such as Bayesian reasoning (Cowel et 
al., 1999) and the geometric decision reasoning like Mahanalobis distance), but 
their performances are limited when the data are heteregeneous and insufficient 
for the correct statistical modeling of classes, therefore the model is uncontrollable.  

 Those based on connectionist models (such as neural networks MLP (Dreyfus et al., 
2002) and SVM (Bourges, 1998)) which are very powerful because they can model 
the strong nonlinearity of data but with complex architecture, thus lack of 
intelligibility.  

Based on those facts and considering the complexity of the data to process (audio, 
physiologic and multisensory measurements) plus the lack of training sets that reflect 
activities of daily living, fuzzy logic has been found useful to be the decision module of the 
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The posture data is information about the person posture: standing up/laying down. The 
posture data is a quite interesting measurement which gives us useful information about the 
person’s activity.  
 
Thanks to an actimetric system embedded in the portable device, we can detect the 
situations where the person is approaching the ground very quickly. This information is 
interpreted as a “fall” when the acceleration goes through a certain threshold in a given 
situation. 
 
The pulse signal is delivered by a photoplethysmographic sensor connected to the wearable 
device. After pre-conditioning and algorithmic de-noising it gives us information about the 
heart rate every 30 seconds. 
 
In the ambulatory mode, the challenging process consists in noise reduction (Baldinger et 
al., 2004). We afford to reduce the variations of pulse measurement lower than 5% for one 
minute averaging, which remains in conformity with the recommendations of medical 
professionals.  
 
Data gathered from the different sensors are transmitted, via an electronic signal 
conditioner, to low power microcontroller based computing unit, embedded in the mobile 
terminal. 
 
Currently, a fall-impact detector is added to this system in order to make the detection of 
falls more specific. 

 
5. EMUTEM platform 

A data synchronization and fusion platform, EMUTEM (Multimodal environment for 
medical remote monitoring), was developed (Medjahed et al., 2009).  
 
In order to maximize correct recognition of the various activities daily live (ADL) like 
sleeping, cleaning, bathing etc..., and distress situation recognition, data fusion over the 
different sensors types is studied. The area of data fusion has generated great interest 
among researchers in several science disciplines and engineering domains. We have 
identified two major classes of fusion techniques:  

 Those that are based on probabilistic models (such as Bayesian reasoning (Cowel et 
al., 1999) and the geometric decision reasoning like Mahanalobis distance), but 
their performances are limited when the data are heteregeneous and insufficient 
for the correct statistical modeling of classes, therefore the model is uncontrollable.  

 Those based on connectionist models (such as neural networks MLP (Dreyfus et al., 
2002) and SVM (Bourges, 1998)) which are very powerful because they can model 
the strong nonlinearity of data but with complex architecture, thus lack of 
intelligibility.  

Based on those facts and considering the complexity of the data to process (audio, 
physiologic and multisensory measurements) plus the lack of training sets that reflect 
activities of daily living, fuzzy logic has been found useful to be the decision module of the 
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trapezoidal, Gaussian, generalized Bell, sigmoidally shaped function, single 
function etc. The choice of the function shape is iteratively determinate, according 
to type of data and taking into account the experimental results. 

 Fuzzy rules and inference system: The fuzzy inference system uses fuzzy 
equivalents of logical AND, OR and NOT operations to build up fuzzy logic rules. 
An inference engine operates on rules that are structured in an IF-THEN format. 
The IF part of the rule is called the antecedent, while the THEN part of the rule is 
called the consequent. Rules are constructed from linguistic variables. These 
variables take on the fuzzy values or fuzzy terms that are represented as words 
and modelled as fuzzy subsets of an appropriate domain. There are several types 
of fuzzy rules, we mention only the two mains used in our system: 

o Mamdani rules (Jang et al., 1997) which is of the form: If x1 is S1 and x2 is 
S2 and...and xp is Sp Then y1 is T1 and y2 is T2 and...and yp is Tp. Where Si 
and Ti are fuzzy sets that define the partition space. The conclusion of a 
Mamdani rule is a fuzzy set. It uses the algebraic product and the 
maximum as Tnorm and S-norm respectively, but there are many 
variations by using other operators.  

o Takagi/Sugeno rules (Jang et al., 1997): If x1 is S1 and x2 is S2 and...and xp is 
Sp Then y = b0 + b1x1 + b2x2 +… + bpxp. In the Sugeno model the conclusion 
is numerical. The rules aggregation is in fact the weighted sum of rules 
outputs. 

 DeFuzzification: The last step of a fuzzy logic system consists in turning the fuzzy 
variables generated by the fuzzy logic rules into real value again which can then be 
used to perform some action. There are different defuzzification methods; in our 
platform decision module we could use Centroid of area (COA), Bisector of area 
(BOA), Mean of Maximum (MOM), Smallest of Maximum (SOM) and Largest of 
Maximum (LOM). 

 
5.2 Fuzzy Logic for medical telemonitoring 
The first step for developing this approach is the fuzzification of system outputs and inputs 
obtained from each sensor and subsystem. 
 
From ANASON subsystem three inputs are built. The first one is the sound environment 
classification; all sound class and expressions detected are labelled on a numerical scale 
according to their source. Nine membership functions are set up in this numerical scale 
according to sound sources as it is in Table 1. N other inputs are associated to each SNR 
calculated on each microphone (N microphones are used in the current application), and 
these inputs are split into three fuzzy levels: low, medium and high. 
 
RFPAT produce five inputs: heart rate for which three fuzzy levels are specified normal, low 
and high; activity which has four fuzzy sets: immobile, rest, normal and agitation; posture is 
represented by two membership functions standing up/setting down and lying; fall and call 
have also two fuzzy levels: Fall/Call and No Fall/Call. The defined area of each 
membership function associated to heart rate or activity is adapted to each monitored 
elderly person.  
 

 

The time input has five membership functions morning, noon, afternoon, evening and night 
which are also adapted to patient habits. 
 

Membership Function Composition 
Human Sound snoring, yawn, sneezing, cough, cry, 

scream, laught 
Speech key words and expressions 
Multimedia Sounds TV, radio, computer, music 
Door sounds door claping, door knob, key ring 
Water sounds water flushing, water in washbasin, 

coffee filter 
Ring tone telephone ring, bell door, alarm, alarm 

clock 
Object sound chair, table, tear-turn paper, step foot 
Machine sounds coffee machine, dishwasher, electrical 

shaver, microwave, vaccum cleaner, 
washing machine, air conditioner 

Dishwasher glass vs glass, glass wood, plastic vs 
plastic, plastic vs wood, spoon vs table 

Table 1. Fuzzy sets defined for the ANASON classification input 
 
The output of the fuzzy logic ADL recognition contains some activities and distress situation 
identification. They are sleeping, getting up, toileting, bathing, washing hands, washing 
dishes, doing laundry, cleaning, going out of home, enter home, walking, standing up, 
setting down, laying, resting, watching TV and talking on telephone. These membership 
functions are ordered, firstly according to the area where they maybe occur and secondly 
according to the degree of similarity between them. 
 
The next step of the fuzzy logic approach is the fuzzy inference engine which is formulated 
by a set of fuzzy IF-THEN rules. This second stage uses domain expert knowledge 
regarding activities to produce a confidence in the occurrence of an activity. Rules allow the 
recognition of common performances of an activity, as well as the ability to model special 
cases. A confidence factor is accorded to each rule and in order to aggregate these rules we 
have the choice between Mamdani or Sugeno approaches available under the fuzzy logic 
component. After rules aggregation the defuzzification is performed by the centroid of area 
for the ADL output. 
 
The proposed method was experimentally achieved on a simulated data in order to 
demonstrate its effectiveness. The first study was devoted to the evaluation of the system by 
taking into account rules used in this fuzzy inference system. The used strategy consisted in 
realizing several tests with different combination rules, and based on obtained results one 
rule is added to the selected set of rules in order to get the missed detection. With this 
strategy good results are reached for the ADL output (about 97% of good ADL detection). 
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washing machine, air conditioner 

Dishwasher glass vs glass, glass wood, plastic vs 
plastic, plastic vs wood, spoon vs table 

Table 1. Fuzzy sets defined for the ANASON classification input 
 
The output of the fuzzy logic ADL recognition contains some activities and distress situation 
identification. They are sleeping, getting up, toileting, bathing, washing hands, washing 
dishes, doing laundry, cleaning, going out of home, enter home, walking, standing up, 
setting down, laying, resting, watching TV and talking on telephone. These membership 
functions are ordered, firstly according to the area where they maybe occur and secondly 
according to the degree of similarity between them. 
 
The next step of the fuzzy logic approach is the fuzzy inference engine which is formulated 
by a set of fuzzy IF-THEN rules. This second stage uses domain expert knowledge 
regarding activities to produce a confidence in the occurrence of an activity. Rules allow the 
recognition of common performances of an activity, as well as the ability to model special 
cases. A confidence factor is accorded to each rule and in order to aggregate these rules we 
have the choice between Mamdani or Sugeno approaches available under the fuzzy logic 
component. After rules aggregation the defuzzification is performed by the centroid of area 
for the ADL output. 
 
The proposed method was experimentally achieved on a simulated data in order to 
demonstrate its effectiveness. The first study was devoted to the evaluation of the system by 
taking into account rules used in this fuzzy inference system. The used strategy consisted in 
realizing several tests with different combination rules, and based on obtained results one 
rule is added to the selected set of rules in order to get the missed detection. With this 
strategy good results are reached for the ADL output (about 97% of good ADL detection). 
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6. Conclusions 

This chapter has presented the usage of the sound environment information in order to 
detect a distress situation and the data fusion using Fuzzy Logic between sound extracted 
information and a wearable sensor. All presented system is the basis of the development of 
a complex companion system (CompanionAble project). The telemonitoring systems using 
redundant sensors in order to detect distress situation but also to prevent trough a long time 
analysis represents a solution to the lack of medical staff. These systems do not replace the 
care givers but represent only a help for them. 
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Abstract—Today elderly people are the fastest growing
segment of the population in developed countries, and they
desire to live as independently as possible. But independent
lifestyles come with risks and challenges. Medical in-home
telemonitoring (and, more generally, telemedicine) is a solution
to deal with these challenges and to ensure that elderly people
can live safely and independently in their own homes for as long
as possible. In this context we propose an automatic in-home
healthcare monitoring system for several uses and to meet the
needs identified above. The proposed telemonitoring system is a
multimodal platform with several sensors that can be installed at
home and enables us to have a full and tightly controlled universe
of data sets. It integrates elderly physiological and behavioral
data, the acoustical environment of the elderly, environmental
conditions and medical knowledge. Each modality is processed
and analyzed by specific algorithms. A data fusion approach
based on fuzzy logic with a set of rules directed by medical
recommendations, is used to fuse the various subsystem outputs.
This multimodal fusion increases the reliability of the whole
system by detecting several distress situations. In fact this fusion
approach takes into account temporary sensor malfunction
and increases the system reliability and the robustness in the
case of environmental disturbances or material limits (Battery,
RF range, etc.). The Fuzzy logic fusion methods brings high
flexibility to the telemonitoring platform especially in combining
modalities or adding other sensors. The proposed telemonitoring
system will ensure pervasive in-home health monitoring for
elderly people.

Keywords: fuzzy logic, fuzzy control, multimodal data fusion,
telemedicine, healthcare telemonitoring.

I. INTRODUCTION

France’s population continues to age significantly and a
recent study carried out by the French national institute of
statistic and economic studies (INSEE) shows a new distri-
bution of age classes in France. In fact, almost one in three
people will be over 60 years in 2050, against one in five in
2005, and France will have over 10 million of people over 75
years and over 4 million of people over 85 years. Therefore,
the aging population and the increase in life expectancy have
led to new models of aging where technology can play a
role in monitoring the quality of life, by detecting or even
predicting adverse events and hence supporting independence.
Automatic in-home telemonitoring of distress situations has
been a common focus in Gerontechnology [1] because medical
telemonitoring at home, is an interesting solution compared to

health facility institutions for the elderly, since it offers medical
surveillance in a familiar atmosphere for the patient.

To address these issues, researchers are developing tech-
nologies to enhance a resident’s safety and monitor health
conditions using sensors and other devices. Numerous projects
are carried out in the world especially in Europe, Asia and
North America, on the home healthcare telemonitoring topic.
They aim for example to define a generic architecture for
such telemonitoring systems [2], to conduct experiment of a
remote monitoring system on a specific category of patients
[3] (Insufficient cardiac heart, asthma, diabets, patients with
Alzheimer’s disease, or cognitive impairement, etc.), or to
build smart apartments [4], sensors and alarm systems adapted
to the healthcare telemonitoring requirements [5].

However, little research exists to motivate and guide such
technology. For example, most monitoring systems use some
form of learning method to discriminate between different
types of normal and abnormal events. These algorithms re-
quire large amounts of training data that can be dificult to
obtain, especially data describing abnormal events that are by
definition scarce occurrences. The most crucial issue for all
these systems is the lack of experimental data and information
representing many situations and several person profiles. Most
of these systems also take into account only one modality,
like medical sensors (Blood pressure, pulse, oxymeter) or
localization sensors (Infrared or contacts) to survey patient.
But among established medical remote systems, there are few
commercial solutions and business models.

In this paper we present the use of the multimodal sys-
tem called EMUTEM (Environnement Multimodal pour la
Télévigilance Médicale) [6] for distress situations detection.
The proposed system was evaluated on two data bases: one
recorded by our self and another one recorded in an experi-
mental house by elderly people. The platform developed within
this framework research manages a system consisting of:

• A set of microphones placed in all rooms of the elderly’s
house, that allow remote monitoring of the acoustical
environment of the elderly (Anason [7]).

• A wearable device called RFpat [8] that can measure
physiological data like ambulatory pulse heart rate, detect
posture (standing/ sitting and laying), fall of the equipped
person and his activity rate.
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• A set of infrared sensors that detect the person’s presence
in a portion of a given home part, his posture and also
his movement (Gardien [8]). Plus a set of domotic sensors
like contact sensors, temperature sensors and several other
domotic sensors for environment conditions monitoring.

Subsystem data streams have been separately processed with
suitable algorithms for abnormal situations detection. In order
to maximize correct classification performance between normal
and distress situations, data fusion over the different sensors
types is studied.

The originality of this research is the combination of various
modalities in the home, about its inhabitant and their sur-
roundings. The new multimodal data fusion approach based on
fuzzy logic allows high flexibility for the EMUTEM platform
especially in combining modalities or adding other sensors.
It constitutes an interesting benefit and impact for the elderly
person sufering from loneliness. This work complements the
stationary smart home environment in bringing to bear its
capability for integrative continuous observation and detection
of critical situations.

II. THE TELEMONITORING SYSTEM

We define a smart environment as one with the ability to
adapt the environment to the inhabitants and meet the goals
of comfort and efficiency. In order to achieve these goals, our
first aim was focused on providing such as environment. We
consider our system as an intelligent agent, which perceives
the state of the environment by using sensors and acts conse-
quently with device controllers.

A. Environment Sensing and Data Collection

The experimental area is a surface of 20m2 in our laboratory
which is arranged in two rooms with a technical area in
order to evaluate and to supervise experiments. The hardware
framework is reported in Figure 1. It integrates smart sensors
(Infrared, change state sensors, audio, physiological,) linked to
a PC. Microphones for audio monitoring are linked to the PC
through an external sound card (in order to allow good signal
to noise ratio independent from the PC), and can be interpreted

Fig. 1. In-home sensor disposal.

Fig. 2. EMUTEM software architecture.

as a single smart audio sensor achieved by Anason software.
Infrared sensors are fixed on specific places of the house in
walls and ceiling. They are in permanent communication via
radio frequency communication, with one receiver, which is
connected to the USB port of the PC. Change state sensors
transmit also information to this receiver through radio fre-
quency communication. The powerline is used to get back data
from the receiver for software processing. The weareble device
RFpat is caried by the elderly and continuously monitors his
physiological data and emergency calls. It transmits these data
to an indoor reception base station via ZigBee.

Figure 2 shows the software architecture of the multimodal
platform EMUTEM. It provides a general user interface which
encapsulates the Anason subsystem. It is implemented under
LabWindows/CVI software and communicates with RFpat and
Gardien sub-systems by a client-server model using TCP/IP
and appropriate application protocols. Gardien is implemented
in C++ and recovers data every 500 ms. RFpat is also im-
plemented in C++ and receives data from a receiver every
30 s. The use of the inter-module communication through
TCP/IP sockets allows each module (subsystem) to be run on
a different computer, and to synchronize each telemonitoring
modality channel.

The user can interact with the system via internet navigator
and supervises the different applications. This feedback pro-
vides a significant help to the system manipulation and the
system flexibility obtained through TCP/IP sockets communi-
cation allows adding other potential sensors such as a heart
monitoring sensors (ECG). Data acquired from sensors are
stored in the local computer directly as text files assigned to
each modality. Data also could be exchanged using http or ftp
protocol via web services technologies SOAP, and saved in a
dedicated server.

III. DISTRESS SITUATION DETECTION

Detecting and gathering data about the elderly person and
his environment is the first step and one of the most fundamen-
tal tasks in building intelligent telemonitoring systems. With
the increasing intelligence expectation, using multiple sensors
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is the only way to obtain the required breadth of information,
and fusing the outputs from these multiple sensors is often the
only way to obtain the required depth of information when
a single sensing modality is inadequate [9]. However, in our
telemonitoring context different sensors use different physical
principles, cover different information space, and generating
data in different formats at different sampling rates. The
obtained data have different resolution, accuracy, and reliability
properties.

Based on those effects, the key to produce the required
detection is to use the right method that properly fuses the
provided data from various sources. This is what multimodal
data fusion stands for. Therefore, typical multisensors data
fusion methods are analyzed in this section, in seeking for
a most generalizable and adaptable method.

A. Adapted Approaches for Multi-sensors Data Fusion

To select a suitable method for EMUTEM’s multimodal
data fusion module, we have probabilistic approaches whose
performance can be reconsidered in our application for many
reasons. The classical inference method quantitatively com-
pares the probability that an observation can be attributed to
a given assumed hypothesis. But it has the following major
disadvantages [10], (1) difficulty in obtaining the density func-
tions that describe observations used to classify the object, (2)
complexities that arise when multivariate data are encountered,
(3) its capability to assess only two hypotheses at a time, and
(4) its inability to take direct advantage of a priori likelihood
probabilities.

The Bayesian inference method [11] also has some weak-
nesses that prevent it from being used in our multimodal
data fusion module. The key limits are: (1) difficulty in
defining a priori probabilities, (2) complexities when there are
multiple potential hypotheses and multiple conditionally de-
pendent events, (3) mutual exclusivity required for competing
hypotheses, and (4) inability to account for general uncertainty
and to represent imprecision.

Even if Dempster-Shafer methods [12] use a general level
of uncertainty, they cannot be the main data fusion method for
two reasons: the difficulty to estimate mass function and their
restrict domain of application.

The neural networks method [13] is not very well adapted
to EMUTEM’s Data fusion module because of drawbacks.
First, the mapping mechanism is not well understood even
if the network can provide the desired behavior. Second, the
neural network method is, generally speaking, not suitable to
work in a dynamic sensor configuration environment, because
each sensor needs a unique input node and each possible
sensor-set configuration needs to be specifically trained. Third,
the complex architecture of neural networks prevents experts
adding their knowledge easily.

SVM methods [14], despite their transit in the characteris-
tics space which is disconnected from any physical reality,
could fulfill the requirement of intelligibility because only
support vectors are important in identifying margins between
classes. However, it is necessary that boundaries between

classes are rendered intelligible by a graphical way in the space
of inputs. This vision must take into account an input space of
any size even if greater than 3. In this case, the SVM identifies
a large majority of learning examples as support examples.
It means that an analyst should remember too many relevant
individuals for the construction of boundaries between classes
and this is impossible.

The fuzzy logic method [15] is the proposed way to meet
these challenges of this multimodal data fusion application.
According to the nature of data to process in EMUTEM
platform, fuzzy logic is the well adapted approach for the tele-
monitoring decision. It deals with inaccuracy and uncertainty.
It allows a great flexibility to combine several sensors.

IV. IMPLEMENTATION

A. Fuzzy Classifier

The main advantages of using fuzzy logic system are the
simplicity of the approach and the capacity of dealing with
the complex data acquired from the subsystems discribed
previously in the second section. Fuzzy set theory offers a
convenient way to do all possible combinations with these data.
Fuzzy set theory is used in this system to determine the most
likely distress situations that might occur for elderly persons
in their home. The data fusion is carried out at three different
levels: for sound/speech environement at the decision level, for
smart home sensors system at the input data level and for the
wearable physiological sensor at the representation level.

Fig. 3. Structure of the fuzzy classifier.

B. Input and Output fuzzification

The first step for implementing the fuzzy logic multimodal
data fusion approach is the fuzzification of outputs and in-
puts of the fuzzy inference system (FIS) obtained from each
subsystem.

From Anason subsystem three inputs are built. The first
one is the sound environment classification. Sound classes are
labeled on a numerical scale according to their alarm level.
Four membership functions are set up in this numerical scale
according to the following fuzzy levels: no signal, normal,
possible alarm and alarm as it is shown in figure 4. The
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Fig. 4. Fuzzy sets defined for sound environment inputs.

second input is associated with the SNR (Signal-to-noise ratio)
calculated on each microphone (two microphones are used in
the current application), and this input is split into three fuzzy
levels: low, medium and high.

RFpat provides physiological data to EMUTEM platform.
RFpat produce five inputs:

• Heart rate is fuzzified with three fuzzy levels: normal,
possible alarm and alarm.

• Activity has four fuzzy sets: immobile, rest, normal
and agitation. The trapezoid function displays all these
linguistic variables.

• Posture is represented by two membership functions
standing up / seating down and lying.

• Fall and call have also two fuzzy levels: Fall/Call and No
Fall/Call and a singleton function is associated to these
linguistic variable.

Parameters of membership functions associated to the heart
rate and the activity, are adjustable according to the monitored
elderly person. An automatic procedure to adapt these intervals
based on 30 minutes recording was proposed.

For each infrared sensor a counter of motion detection with

Fig. 5. Fuzzy sets defined for Vital data inputs.

three fuzzy levels (low, medium, high) is associated. It is reset
every 5 seconds. A global counter for all infrared sensors with
three fuzzy membership functions (low, medium, high) is also
used and is reset every 60 seconds. A trapezoid membership
function is chosen to characterize these fuzzy sets.

A singleton membership function is assigned to each change
state sensor with two linguistic variables: On and Off.

The last input which is the time. It has two membership
functions: day and night. These two membership functions are
also adaptable to each patient habits. Trapezoid functions are
used to divide the time input.

In order to reach the objective of the EMUTEM platform
which is the identification of distress situations of an elderly
person at home, two outputs are associated to the fuzzy
inference engine of EMUTEM platform.

The first one is called Alarm with two linguistic variables
normal and alarm.

To refine the decision of the EMUTEM platform a second
output is added to its fuzzy inference system component. This
second output is named Localization. It is a very important in-
formation for the diagnostic. The identification of the position
of the monitored person during a distress situation is helpful
knowledge for medical diagnosis.

Two membership function models are selected: Gaussian
functions are chosen for the alarm outputs; Trapezoid functions
for the localization output where the classical areas of a house
are its fuzzy levels or linguistic variables.

C. Fuzzy Rules Aggregation and Defuzzification

The EMUTEM fuzzy inference engine is formulated by two
groups of fuzzy IF-THEN rules. One group controls the output
variable localization according to values of the input variables
issued from infrared sensors and the SNR of each microphone.
The other group controls the output linguistic variable alarm
according to all inputs. These fuzzy rules are decided through
experimentation and according to some expert knowledge.

A confidence factor is assigned for each rule. Outputs
used in a rule are multiplied by the confidential factor issued
from each subsystem. Thus the rule’s output value depends
on the reliability of each subsystem and the sureness of
rules. To aggregate these rules we have chosen the Mamdani
model [16] instead of the Takagi Sugeno. These two models
are available under the EMUTEM fuzzy logic component.
Mamdani model offers us a good way of modeling the normal
and distress situations, because these two classes don’t form a
clean partition but a fuzzy one.

After rules aggregation the defuzzification is performed by
the smallest value of maximum method for the alarm output in
order to obtain also a confidence level of each alarm’s decision,
and the centroid of area for the localization output.

Each subsystem specifies the situation of the elderly person
and the degree of anxiety. When a decision is very complicated,
that is, there are many decisions; the fuzzy method is especially
useful. It is also easy to check, modify, and add/delete every
fuzzy variable for better automated analysis. To summarize
the proposed data fusion method, the proposed fuzzy destress
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situation classifier is comprised of two major function blocks,
decisions of each subsystems and fuzzy classifier as shown in
Figure 3. Decisions of subsystems are utilized as inputs for the
classification using the fuzzy classifier. The derived parameters
will be exported to the latter for the classification. The Mam-
dani fuzzy method is used. Fuzzy logic if-then rules are formed
by applying fuzzy operations to these membership functions
for given inputs and outputs. The resulting output membership
functions are added together using desired weights yielding a
sort of probability function. The resulting output areas can then
be used to estimate the expected value of the output variable
by using the specified defuzzification method. In general, any
fuzzy classifier has to undergo iterative adjustment in terms of
fuzzy variables, including the choice of membership functions,
and the definition of rules in the knowledge base.

D. Software Architecture

Figure 6 provides a synoptic block-diagram scheme of
the software architecture of the EMUTEM system; it is im-
plemented under Labwindows CVI and C++ software. It is
developed in a form of a design component.

We can distinguish three main components, the acquisition
module, the synchronization module and the fuzzy inference
component. It can run off-line by reading data from a data
base or online by processing in real time data acquired via the
acquisition module.

To avoid the loss of data, a real time module with two
multithreading tasks is integrated in the synchronization com-
ponent. The EMUTEM system is now synchronized on the
smart home sensors (Gardien) subsystem because it has the
lowest sampling rate (2 Hz) and periodicity. The data from
others modalities are memorized and used several time in order
to have the same sampling rate (RFPAT data is used 60 times).

Fig. 6. EMUTEM software components design .

Fig. 7. Graphical Interfaces for Intelligibility.

This multithreading technique allows a maximum delay for an
asynchronous data (Sound or alarm from RFPAT) of 0.5 s.

We have developed Fuzzy tools for the data fusion step.
These tools allow the easy configuration of input/output in-
tervals of Fuzzification, the writing of fuzzy rules and the
configuration of the defuzzification method. It is also possi-
ble to add others modalities to this fuzzy inference system
which make the EMUTEM platform flexible. Two outputs are
associated to the fuzzy inference system, Alarm for distress
situation detection and Localization for elderly person position
detection.

E. Graphical Interfaces for Intelligibility

To offer enhanced intelligibility for the EMUTEM platform,
a graphical user interface (GUI) was developed for this task.
It facilitates the various configurations required for the func-
tioning of the platform. It is very useful for users.

Figure 7 shows this general graphical interface. It is possible
to build up membership functions of inputs and outputs and
displaying them under this graphical interface.

We could also write rules via this graphical interface. It is
also possible to write rules to text file by using a specific
language, that we have developed, understandable by our
system.

These Graphical interfaces provide EMUTEM with a useful
simplicity for users and with a flexibility that allows adding
other modalities. They allow experts to add their knowledge
in a user friendly way.

V. THE IN HOME MONITORING DATABASE

In order to test and to validate the EMUTEM platform,
an environment for acquiring and recording a multimodal
database (HOMECAD [8]) is integrated under this platform.
To record this multimodal database, users can interpret elderly
activities by following a reference scenario which summarizes
the everyday life of elderly persons. These scenarios are
divided into two categories: either a critical scenario with one

1470



or more distress events, or a normal one without any distress
event. To define these scenarios a study is performed and
they were instigated under CompanionAble European project.
In this project, some elderly living alone were followed up
by a co-worker team, in order to summarize and to describe
their daily routine. The recorded multimodal database gathers
physiological data, environment sounds and others different in-
formation gathered by ubiquitous sensors associated to Gardien
subsystem.

First recordings were performed in our laboratory. Partici-
pants in this study were 10 adult volunteers who were recruited
from the university and from the community. Participants
ranged in age from 25 to 50 years. Participants were asked
to perform several activities according to the used reference
scenario. As each scenario lasts 10 minutes, this task corre-
sponds to 200 minutes of recorded data.

The second stage of recording occurred in Broca Hospital
in Paris under the framework of CompanionAble project.
Ten adult volunteers from the community were enrolled to
participate in this recording stage. The participants profile
varied, ranged in age from 65 to 75 years, and the sample
was 60% female and 40% male. The last stage of recording
was also performed under the CompanionAble project and
was performed in SmartHomes at Eindhoven. Fifteen adult
volunteers were involved in this recording. For both stages
of recording, a scenario lasts 15 minutes and each participant
performs three different scenarios.

An additional process of simulation is also integrated in our
platform as a way to overcome the lack of experimental data
and the difficulty of recording some medical data such as the
cardiac frequency during distress situations.

Taking into account the multimodality character of the data,
a multidimensional indexing process is used in order to obtain
a full description of data sets. In order to index our multimodal
database, we have retained the SAM standard indexing file
[17] generally used for speech database description. It indicates
information about the file and describes it by delimiting the
useful part for further analyzing and processing.

VI. EXPERIMENTAL RESULTS AND VALIDATION

The realization of an experimental process requires the
use of appropriate metrics for evaluating the performance of
the platform by comparing the system’s results to expected
results. It is useful to describe some parameters or metrics that
allows an objective evaluation of the results. To perform this
experimental process we have selected the following metrics:

• Sensitivity (Se): Identify patterns of real abnormal situa-
tions as distress ones.

• Specificity (Sp): Don’t identify normal situations as dis-
tress situations.

• Error rate (Err): It is the ratio between the number of the
misclassified samples and the total number of the samples.

• Perfect classification(Pc): It is the ratio between the
number of the correct classified samples and the total
number of the samples.

EMUTEM Classification
Distress sequence Normal sequence

Simulated Distress sequence 68 2
sequences Normal sequence 1 29

TABLE I
CLASSIFICATION RESULTS FOR ALARM OUTPUT WITH SIMULATED DATA

BY USING 10 RULES

Indices of sensitivity (Se), specificity (Sp), error rate (Err)
and perfect classification (Pc) are calculated from rates of
true/false positive/negative, marked respectively with these
symbols TP, FP, TN, and FN.

Se(%) =
TP

TP + FN
× 100 (1)

Sp(%) =
TN

TN + FP
× 100 (2)

Err(%) =
FN + FP

TN + FN + FP + TP
× 100 (3)

Pc(%) =
TN + TP

TN + FN + FP + TP
× 100 (4)

The just exposed metrics of the statistic data are very important
to estimate the classification accuracy.

In order to demonstrate the effectiveness of this software,
firstly we started by using simulated data in order to validate
each rule. This first step of simulation gave very promising
results for the alarm generation and localization without any
false decision for each rule.

After that 100 sequences of simulation are used to test
EMUTEM, where 70 sequences represent distress situation and
30 sequences represente normal situation, because we wanted
especially to test the distress part that is more difficult to record
in a real situation.

In order to evaluate the classification accuracy the confusion
matrix has been calculated for this simulation. Table I displays
the obtained results with 10 rules.

Sensitivity Se 97%
Specificity Sp 96%
Error rate Err 3%
Perfect classification Pc 97%

TABLE II
PERFORMANCE INDICES FOR ALARM OUTPUT OBTAINED WITH

SIMULATED DATA BY USING 10 RULES

From table I we can deduce some indices of performance
which are displayed in table II. The obtained results of
EMUTEM’s performance are good and they demonstrate the
reliability of the EMUTEM platform. Even if we have 3%
of misclassified sequences, this error rate could be overcome
by adding to the fuzzy inference system the right rules that
take into account the misclassified situations, and also by
associating to each rules the right weight.

For the localization output, also we have obtained about
98% of good localization.
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Fig. 8. Results for a stream of data

Figure 8 shows results for a steam of data and summarizes
the process of the fuzzy inference system. The first step of
this process is to determine the output of each membership
function assigned to each input. Then the outputs of the rules
are calculated by applying the fuzzy operators (AND and OR)
in the antecedent part of all rules, using the T-norm and T-
conform operators respectively and the implication from the
antecedent to the consequent, using T-norm operator. After that
the aggregation of the consequents across the rules of each
output is performed by using the Mamdani model, it is the
unification process of the all rule outputs. Finally the process
of defuzzification is done by extracting out one crisp value as
the output, the smallest value of maximum method is chosen
for the alarm output and the centroid of area for the localization
output.

The EMUTEM platform was tested with the HOMECAD
database described in the previous section. This first study
is devoted to the evaluation of the system by taking into
account rules used in this fuzzy inference system. The strategy
consisted in realizing several tests with different combination
rules, and based on the obtained results, one rule is added to the
selected set of rules, or removed from this selected set of rules
in order to get the missed detection. Based on the obtained
results some weights of rules are also changed. With this
strategy good results are reached for the alarm output with 10
rules and 16 rules for the localization outputs. The data fusion
classification using the fuzzy logic approach has given better
performance results when compared to analytical method and
using artificial neural networks (ANN) for classification (Table
III). More over problems associated with conventional neural
network architectures such as learning rate limitation and
difficulty in selecting the optimal number of hidden units are
eliminated.

With this strategy good results are reached for the alarm
output with 10 rules and 16 rules for the localization outputs,

Fuzzy classifier (10 rules) ANN (3 hidden layers)
Se 95% 87%
Sp 93% 85%
Err 5% 12%
Pc 95% 88%

TABLE III
PERFORMANCE INDICES FOR ALARM OUTPUT OBTAINED WITH FUZZY

CLASSIFIER AND ANN METHOD

about 95% of good Alarm detection and 97% for good Lo-
calization. The rate of misclassification for the alarm output
corresponds to situation that are not detectible by the sensors
used by EMUTEM and also the difficulty to find the right
rule to overcome these situations. For the localization output
the error rate could be justified by the fact that we use an
area where an apartment is simulated thus the calibration of
infrared sensors is very hard.

These first results encourage us to perform further tests
in real time in order to have an effective evaluation of the
EMUTEM platform.

VII. CONCLUSION

In this work, we focused on the area of automatic home
healthcare telemonitoring, in which health information is au-
tomatically collected with the help of sensors and processed by
special algorithms and fused in order to make good decisions
about elderly persons living alone at home. The proposed
multimodal data fusion method based on fuzzy logic represents
a fast and easy tool for the interpretation of the fuzzy decision
process even for very high dimensional input spaces and allows
fast detection of errors. The impact of the input features plays
an important role on the final decision process. The algorithm
supports the implementation of the expert’s knowledge and
optimized the system easily. It is possible to increase the
performance further by adding more related input variables
and with more data to enrich the knowledge in the rules.

The EMUTEM platform which encloses this architecture is
implemented and validated by simulation and by using real
data. The experimental results were accurate and robust. The
main advantage of the presented method consists of the low-
computational expenses inherited from the characteristics of
fuzzy systems. This approach allows the easiest combination
between data and adding other sensors.

The fuzzy logic decision module reinforces the secure
detection of older person distress events and his localization.
This constitutes a great asset for the EMUTEM system, by
offering the possibility in the near future, to implement a very
intelligent remote monitoring system in care receiver houses,
thus to build very reliable smart houses.

ACKNOWLEDGMENT

The authors would like to thank the contribution of
European Community’s Seventh Framework Programme
(FP7/2007-2011), CompanionAble Project (grant agreement
n.216487).

1472



REFERENCES

[1] H. Bouma, Gerontechnology: A framework on technology and aging, In
H. Bouma and J. Graafmans, editors, Gerontechnology, ISO Press. pages
1-6, Amsterdam, 1993.

[2] D. Doermann and D. Mihalcik, A system approach to achieving carernet,
an integrated and intelligent telecare system, IEEE Trans Biomed Eng,
2:1-9, 1998.

[3] N. Noury, P. Barralon, G. Virone, P. Boissy, M. Hamel, and P. Rumeau,
A smart sensor based on rules and its evaluation in daily routines, in
Proc of the IEEE-EMBC, pages 3286-3289, Cancun, Mexico, september
2003.

[4] G. Elger and B. Furugren, ”smartbo”,an ICT an computer-based demon-
stration home for disabled people, in Proc. of the 3rd TIDE Congress
: Technology for Inclusive Design and Equality Improving the Quality of
Life for the European Citizen, Helsinki, Finland, 1998.

[5] G.A.W. West, S. Greenhill and S. Venkatesh, A probabilistic approach
to the anxious home for activity monitoring, in Proc. 29th Annual
International Computer Software and Applications Conference: COMP-
SAC, pages 335-340, Edinburgh, Scotland 2005.

[6] H. Medjahed, D. Istrate, J. Boudy and B. Dorizzi, Human Activities of
Daily Living Recognition Using Fuzzy Logic For Elderly Home Monitor-
ing, IEEE Fuzzy Systems (FUZ-IEEE) 2009, 20-24 Aout 2009, Jeju
Island, Korea, pp.2001-2006.

[7] J.E. Rougui, D. Istrate, W. Souidene, Audio Sound Event Identification
for distress situations and context awareness, EMBC2009, September
2-6, Minneapolis, USA, 2009, pp. 3501-3504.

[8] H. Medjahed, D. Istrate, J. Boudy, F. Steenkeste, J.L. Baldinger, I. Belfeki,
V. Martins and B. Dorizzi, A Multimodal Platform for Database Recording

and Elderly People Monitoring, BIOSIGNALS 2008, 28-31 janvier
2008, Funchal-Madeira, Portugal, pp.385-392.

[9] S. Stillman and I. Essa. Toward reliable multimodal sensing in aware
environments, Perceptual User Interfaces (PUI 2001) Workshop (held
in conjunction with ACM UIST 2001 Conference), Orlando, Florida,
November 15-16, 2001.

[10] Lawrence A. Klein. Fuzzy set theory in medical diagnosis, IEEE Tr.
On Syst.,Man, and Cybernetics, pages 260-265, March/April 1986.

[11] S.J Russell and P. Norvig, Probabilistic reasoning in artificial intelli-
gence: a modern approach, Upper Saddle River 2nd, pages 492-494,
N.J Prentice Hall, 2003.

[12] G. Shafer, A mathematical theory of evidence. Princeton University
Press, Princeton, NJ, 1976.

[13] C. Bishop. Neural networks for pattern recognition, Oxford, 1995.
[14] C.J.C. Burges. A tutorial on SVM for pattern recognition, Data Mining

and Knowledge Discovery, Volume 2, pages 121-167, 1998.
[15] L. Zadeh, Fuzzy sets. in Fuzzy Models for Pattern Recognition: Methods

That Search for Structures in Data, edited by J. Bezdek and S. Pal,
IEEE Press, pages 35-45, New York 1992.

[16] J.S.R. Jang, C.T Sun and E. Mizutani, Neuro-Fuzzy and Soft Computing
: A Computational Approach to Learning and Machine Intelligence,
Prentice Hall Upper Saddle River, NJ 1997.

[17] D. Well, J. Barry, W. Grice, M. Fourcin, and A. Gibbon, Esprit
project 2589-multilingual speech input/output assessmen, methodology
and standardization, In final report, Technical Report SAM-UCLG004,
University College London, 2004.

1473



Sound Event Detection in Remote Health Care – Small Learning
Datasets and Over Constrained Gaussian Mixture Models

Jugurta Montalvão, Dan Istrate, Jerôme Boudy and Joan Mouba

Abstract— The use of Gaussian Mixture Models
(GMM), adapted through the Expectation Minimiza-
tion (EM) algorithm, is not rare in Audio Analysis for
Surveillance Applications and Environmental sound
recognition. Their use is founded on the good qualities
of GMM models when aimed at approximating Prob-
ability Density Functions (PDF) of random variables.
But in some cases, where models are to be adapted
from small sample sets instead of large but generic
databases, a problem of balance between model com-
plexity and sample size may play an important role.
From this perspective, we show, through simple sound
classification experiments, that constrained GMM,
with fewer degrees of freedom, as compared to GMM
with full covariance matrices, provide better classifica-
tion performances. Moreover, pushing this argument
even further, we also show that a Parzen model can
do even better than usual GMM.

I. INTRODUCTION

Acoustic Event Detection and Classification is a recent
sub-area of computational auditory scene analysis [1]
where particular attention has been paid to automatic
surveillance systems [2], [3]. More specifically, the use
of audio sensors in monitoring applications has proven
to be particularly useful for the detection of distress
situation events, mainly when the person suffers from
cognitive illness. The efficient detection and recognition
of the distress situation is one part of the socially assistive
robotics technology [4] aimed at providing affordable
personalized cognitive assistance.

In recent works, it has been shown that automatic
detection of relevant events for remote healthcare can be
done in a rather conventional way, through the analysis
of short segments (50ms) of digitalized signals from
microphones strategically placed into rooms (e.g. places
in the house of a elderly person under medical care).
These short segments of sounds are then processed and
features are extracted, much like what is done in speech
or speaker recognition. Indeed, features such as Mel Fre-
quency Cepstral Coefficients (MFCC) [5] and Matching
Pursuit (MP) [6], along with Gaussian Mixture Models
(GMM), are not rarely deployed for this kind of task.
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Signals to be detected in healthcare scenarios show
high variability from one instance to another, even for
supposedly equivalent acoustic sources (intra-class vari-
ability). For instance, one can easily notice, through
simple experiments, that door clapping sounds strongly
depend on the door size, on the material the door is made
of, and even on the room acoustics. This high variability
explains indeed why recognition rates rapidly fall with
increasing number of classes, as discussed in [6], and it
rises a relevant question concerning adaptation of general
classifiers to specific scenarios. More precisely, once a
classifier was trained to recognize some classes of relevant
sounds, one straightforward approach to adapt this clas-
sifier to a specific environment (e.g. a given apartment or
house) is the adjustment of the universal class models to
the specificities of the new environment, through some
few new sound recordings locally acquired. But for very
irregular classes of sounds, where new instances (new
recordings) may strongly deviate from previously learnt
universal model, this adaptation may be equivalent to
obtaining a new model, instead of an incremental adap-
tation. In such cases, usual probabilistic models based on
GMM, whose mixture parameters are found through the
well-known Expectation-Maximization (EM) algorithm
[7], demand a certain amount of new training signals to
properly work. The acquisition of new training samples
in loco, for model adjustment, may become cumbersome.

By contrast, if a classifier is able enough to properly
learn a model from a few samples (recordings) per class,
then the need for a universal model may be dropped in
favor of full model learning in loco, from few recordings
made in each new environment.

Probabilistic models are typically based on Probability
Density Function (PDF) estimation from limited data
sets, which is a classical problem in pattern recognition
[8]. From this perspective, in this work, we focus on
the problem of how to obtain useful GMM based PDF
approximations, even when datasets are too small.

Our approach is greatly simplified if we define model
regularization in a wide point of view, from which Parzen
models with Gaussian kernels are regarded as over-
regularized GMM.

II. THEORETICAL BACKGROUND

a) PDF ESTIMATION AND MODEL REGULAR-
IZATION: PDF estimation from limited data sets is
a classical problem in pattern recognition for which
many approximated solutions are presented in literature
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[8], [10]. Probably the most widely used PDF model is
GMM, along with EM algorithm for parameter adapta-
tion (learning). It is worth noting that, though the EM
is not the fastest algorithm for GMM optimization [9], it
is usually simpler to apply, which can partially explain
its widespread popularity in many application fields.
However, in addition to its possibly poor convergence
rate (depending on the data distribution and the initial
estimates of its parameters), it also presents the following
drawbacks [10]:Its likelihood-based criterion presents a
multitude of useless global maxima; Convergence to pa-
rameter values associated with singularities is more likely
to occur with small data sets, and when centers are not
well separated. Indeed, it is well-known that likelihood
is often unrepresentative in high dimensional problems,
which can be true in some low-dimensional problems as
well [11].

In order to cope with these drawbacks, model regular-
ization is the usual solution, through which, the searching
throughout the parameter space is constrained. There-
fore, as far as regularization approaches lead to para-
metric constraints, we propose a wide point of view from
which any reduction imposed to the mixture freedom
degree is regarded as a kind of model regularization. Ac-
cordingly, regularization strategies can be roughly split
into four categories, namely: (I) The most usual approach
to regularization is based on the addition of a term
to the unconstrained criterion function, which expresses
constraints or desirable properties of solutions. (II) For
models obtained via clustering-like algorithms (including
the EM, which can be loosely seen as a soft clustering al-
gorithm [10]), a straightforward regularization approach
is that of averaging estimates from many independent
initializations. (III) For GMM, regularization can be
easily obtained by imposing constraints on the mixture
component parameters (e.g. by imposing constraints or
lower bounds on the covariance matrix).(IV) Conexion-
ist models (e.g. artificial neural networks) can also be
regularized, or partially regularized by pruning , though
it is not always explicitly referred to as a regularization
procedure.

In [12], for instance, two approaches to GMM regu-
larization are compared: one based on averaging (II),
and the other based on an explicit regularization term
(I). Both provided improved models (if compared to the
unconstrained one), with similar performances.

Thanks to this wide regularization concept, the non-
parametric Parzen method [8], [10] can loosely be re-
garded as a mixture model based method with strongly-
constrained mixture components (III). Thanks to this
strong constraint on the Gaussian placement, the Parzen
approach gives an instantaneous PDF approximation (no
iterations) but, in spite of its simplicity, it is known
that, under some constraints on the Parzen window
width parameter, the convergence of the estimated PDF
with the actual one is guaranteed, when the number of
samples tends to infinity [10]. In other words, many small

isotropic (radial basis) Gaussian kernels, with identical
dispersion, can virtually approximate any PDF shape.

Although EM and Parzen approaches come from differ-
ent paradigms - namely, parametric and nonparametric
PDF estimation, respectively - they share a striking
structural similarity, whenever the Parzen method is
based on Gaussian kernels. In both cases, the actual PDF
is approximated by a GMM. However, GMM provided
by the Parzen method are intrinsically regularized, for
kernel centers cannot move (structural regularization -
IV) and identical radial dispersions are imposed on all
kernels (parametric regularization - III). In this paper,
we propose a useful point of view from which both
kinds of PDF estimates – i.e. GMM learnt via EM
and Parzen – are seen as GMM, with different levels
of regularization. More precisely, starting from GMM
with unconstrained covariance matrices (full covariance
matrices), we can obtain several levels of parametric
regularization, through the replacement of full covari-
ance (Level 0) matrices with: Level 1: one diagonal
covariance matrix for each Gaussian in the Mixture;
Level 2: one scalar covariance matrix for each Gaussian
in the Mixture; Level 3: the same scalar covariance
matrix for all Gaussian in the Mixture; On this third
level of parametric model regularization (III), we impose
identical and isotropic Gaussian kernels throughout the
mixture. Structurally, we are very close to the Parzen
model with Gaussian kernels. In fact, the only remaining
difference is that Gaussian centers cannot move during
adaptation/learning of the Parzen model. Level 4: sim-
ilar to Level 3, but Gaussian centers are not allowed to
move during model adaptation/learning (i.e. the Parzen
model).

PDF estimation in all proposed levels are given by:

fX(x) =

M∑
i=1

αig(x|ci,Ri) (1)

where X stands for the multivariate random source to
be modeled, Θ = [α1, . . . , αM , c1, . . . , cM ,R1, . . . ,RM ]
stands for the mixture parameter vector, and g(x|ci,Ri)
corresponds to the i-th Gaussian kernel of the mixture,
with mean vector and covariance matrix given by ci and
Ri, respectively. We further impose that 0 ≤ αi ≤ 1 and∑M

i=1 αi = 1.

This parametric model includes the Parzen model with
Gaussian kernels, whenever the following restrictions on
the parameter vector are imposed:

Θ = [αi = 1/M, ci = xi,Ri = σ2I] (2)

where i = 1, . . . ,M .

These restrictions lead to a GMM equivalent to that
obtained by the nonparametric Parzen method, where
each Gaussian kernel center, ci, is directly given by a
sample vector. Applying these restrictions to Equation 1
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yields:

fX(x) = (1/M)

M∑
i=1

g(x|xi, σ
2I) (3)

Consequently, as we can observe in Equation 2, under
such strong constraint, the only free parameter in the
model is σ, the Gaussian radial dispersion.

This is a single scalar parameter, and optimizing Θ
through likelihood maximization, in this case, is equiv-
alent to find the value of σ that maximizes likelihood,
which can be easily done by simple exhaustive one-
dimensional search, through cross-validation approach
[10]. By contrast, free parameters in Equation 1, cor-
responding to conventional GMM, are adapted through
EM, in this work.

b) SIGNAL SEGMENTATION AND SHORT-
TIME ANALYSIS: Raw signals are represented by
samples, s(n) ∈ <, where n ∈ ℵ. In this work, samples
are regularly taken at 16KHz. We assume that each
raw signal, corresponding to each recorded file in
our database, contains at least one relevant event
corresponding to one of those sound sources, arbitrarily
limited here to 4 or 6 (see Section III).

Therefore, in this work, we use both the whole sound
file (Scheme I) and a single segmented sound from each
file (Scheme II) we first use an algorithm to detect a sin-
gle event and crop the corresponding subset of samples,
ss(k), where k ∈ {kbegin, ..., kend}. This segmentation
task is done here by a very simple algorithm, based on
power measurement.

Afterwards, segmented intervals of sound, ss(k), for
each sound file in the database, are short-time analyzed.
That is to say that windows of 500 consecutive samples
(approx. 31 ms at 16KHz) are taken as signal vectors
to be projected in a new space of reduced dimension. In
other words, the frame-by-frame analysis corresponds to
an MFCC projection of short-time overlapping windows
of 500 samples on 24D vectors of coefficients.

c) GMM with optimized number of Gaussians: The
Scheme I uses as input the whole useful signal frames
with smal features extraction (MFCC). The proposed
technique, provide for each sound type a representative
GMM model with a different order according to the
spectral signature of the event corresponding and the
training data duration. In this stage the classification
module use a Cluster software package to automatically
estimate the parameters of GMM from sample data
[13]. The clustering procedure applies the EM algorithm
together with an agglomerative clustering strategy to
estimate the number of clusters which best explains the
data. The estimation is based on the Rissenen order
identification criteria known as minimum description
length (MDL). This is equivalent to maximum-likelihood
(ML) estimation when the number of clusters is used,
but in addition it allows the number of clusters to be
accurately estimated.

TABLE I

Average Classification Error Ratio, training with 7

randomly files, tested with other files, scheme I and II

Mixture Model Av. error ratio (%) Av. error ratio (%)
Scheme I Scheme II

GMM, full 27.37% 48.76%
GMM, diag. 19.19% 42.00%
GMM, scalar 16.50% 21.60%

GMM, single scalar 16.50% 20.75%

III. Dataset, experimental approaches and
results

In this Section, we present experimental results ob-
tained with a subsets of the sound database gathered
in the framework of the (European) CompanionAble
Project (http://www.companionable.net/).

d) Dataset: All files were recorded at a sampling
rate of 16KHz, and only a single channel (monaural
sound) of each recording is used in this work. The
database subset used in this work contains only 6 classes,
namely: door clapping (574 files), glass breaking (88
files), steps (22 files), screaming (73 files), cough (41
files), metal object falls (12 files).

e) Experimental Approach: Only 7 files, from each
class, are arbitrarily chosen to model training. They
are then processed (MFCC), producing 24D vectors of
coefficients, x, seen as instances of C multivariate ran-
dom variables, X1, . . . , XC , corresponding to C classes
of sound. Model learning, in this work, corresponds to
the use these instances to estimate the underlying PDF
associated to each random variable, fX1

(x), . . . , fXC
(x).

In both cases, with conventional GMM or Parzen
models, any new sound is classified by comparing the
averaged likelihood of each model for a given set of pat-
terns (extracted from a recorded sound). More precisely,
as far as we do not accept a no-classification result (reject
class), we just take the class associated to the highest
averaged likelihood as the recognized class.

f) Comparison results between Scheme I and II:
We have evaluated the Scheme I and II on 4 sound
classes using 7 files for training. In the Table I we can
constate that the GMM algorithm using MDL in order
to optimize the Gaussian number obtain some better
results. Therefore for the two schems the level 2 and 3
constraints allow the best performances in the conditions
of reduced number of training files.

g) More results with Scheme II: Five experi-
ments were carried out in each GMM regularization
level, from unconstrained GMM (Level 0) to over-
constrained GMM (Level 4 - Parzen models). These
experiments were designed to highlight the impact of
constraint/regularization, in an increasing way, of GMM
on performance assessment. Concerning GMM structure,
the number of Gaussians is arbitrarily fixed to 8 (note
that, unlike Scheme I, the number of Gaussian is the
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TABLE II

Average Classification Error Ratio, training with 5

randomly chosen files, and tested with other 7 files

Mixture Model av. error ratio (%) 95% conf. interval
GMM, full 77.4% ±2.3%

GMM, diag. 66.7% ±1.0%
GMM, scalar 34.3% ±8.7%

GMM, single scalar 32.8% ±9.0%
Parzen models 16.7% ±6.1%

TABLE III

Number of free parameters per model, in 24D space

Mixture Model parameters to be adapted
GMM, full cov. mat. 625M

GMM, diagonal cov. mat. 49M
GMM, scalar cov. mat. 26M

GMM, single scalar cov. mat. 25M + 1
Parzen models 1

same for all classes). Another important implementation
aspect is that Gaussian centers, in EM algorithm, are
initialized with points taken at random from the training
set.

In each experiment, 7 files are randomly chosen,
without reposition, in each class as a learning dataset,
whereas the test dataset is formed by 7 files per class
randomly chosen from the remaining files. Averaged error
ratios are thus estimated 5 times per each class, and
those independent error estimates are used to provide
the confidence intervals presented in Table II.

It is clear that increased regularization improves clas-
sification performance, and we believe that the huge
amount of free parameters in usual GMM (i.e. with full or
diagonal covariance matrices), as compared to the limited
amount of data for model training, mainly explains the
performance gain of more constrained models. To further
highlight the decreasing degree of freedom in each model,
in Table III, we explicitly present their respective number
of parameters to be adapted, per level of parametric and
structural regularization.

IV. CONCLUSIONS

In this preliminary work, we present evidences that
traditional GMM adapted with EM algorithms may not
be a suitable PDF model to be rained with a small
amount of training samples. Though it was presented
through experiments with a reduced number of classes,
we may easily recognize that it comes from a wider and
quite older discussion concerning PDF estimation in pat-
tern recognition domain, not always taken into account
in practical applications. Here, we compared GMM with
4 levels of parametric and structural wide-sense regular-
ization (as proposed in Section II-.0.a), from GMM with
full covariance matrices to Parzen model with Gaussian
kernels (seen here as an over-constrained GMM). By
comparing performances with these models, we gave one

illustration, through simple experiments, that even if
both GMM and Parzen models are theoretically able to
converge to the true PDF to be estimated, under training
data ”shortage”, they provide remarkably different error
ratios. What we observe through our experiments is
that, with a reduced number of instances for the model
training, the path taken by the Parzen model seems to
be more performing, in terms of classification.

Thus, what we claim here is that it is a clear matter
of model regularization: the more regularized, the better,
if the number of training patterns are too limited, and
we highlight that training data “shortage” is indeed a fre-
quent condition met in healthcare applications, since one
needs to train specific sound models for each new envi-
ronment to be monitored (e.g. care receiver’s house, flat).
Moreover, combined to incremental training strategies,
this approach can offer a good and fast existing sound
models adaptation for a given environment presenting
some time variabilities.
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Abstract — This work proposes a system for Acoustic Event 

Detection and Classification (AEDC) using enhanced audio 

signal provided by a CMT (Coincidence Microphone 

Technology) microphone. The CMT microphone through signal 

processing algorithm provides an enhanced signal in several 

azimuths with a step of 15°. The AEC module exploits this 

technology to increase classification performance. The 

automatic detection system based on DWT uses an adaptive 

threshold for a different energy level and sampling rate quality. 

The classification system is based on an unsupervised order 

estimation of Gaussian mixture model adapted to the 

variability of sound event acoustic information and the 

representation cost. 

I. INTRODUCTION 

Audio based surveillance systems stem from the field of 

automatic audio classification and matching. Traditional 

tasks in this area are speech/music segmentation and 

classification or audio retrieval. More recently, specific 

algorithms covering the detection of particular classes of 

events for multimedia-based surveillance have been 

developed. 

Acoustic Event Detection and Classification is a recent 

sub-area of computational auditory scene analysis [1] where 

particular attention has been paid to automatic surveillance 

systems [2], [3], [4]. In particular, the use of audio sensors in 

surveillance and monitoring applications has proven to be 

particularly useful for the detection of distress situation 

events, chiefly when the patients suffer from cognitive 

illness. The recent research work in medicine has concluded 

that some patients with mild cognitive impairment will 

develop Alzheimer in the future. The efficient detection and 

recognition of the distress situation is one part of the socially 

assistive robotics technology [5] aimed at providing 

affordable personalized cognitive assistance. 

This work deals with the classification of speech and non-

speech events, where the considered non-speech events are 

typical sounds that may occur in everyday life.  In practice 

some of the sound events may be considered as a noise of 

everyday life which can perturb the recognition task.  

The proposed implementation is based on a hierarchical 

approach that has also been employed in [6]. We propose a 
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specific system able to detect a speech utterance used as 

input for distress expression recognition system or/and 

dialogue system. The use of an acoustic system for tracking 

and recognition remains most useful compared to video 

surveillance, especially in a home environment.  Mainly we 

consider the human solo sounds as a vital signals like 

“Snore, Cough, Cry,…,etc.”.  

We extend the previous work from using an 

omnidirectional microphone-based, firstly, to exploit the 

acoustic diversity observed by a set of CMT microphones-

based placed far from each other and, secondly, to decrease 

the mismatch that can be caused by several factors. The aim 

is to select a useful signal component out of several events 

occurring at the same time. The CMT microphone localizes 

the sound event and can provide an enhanced signal if two 

sound sources are presented at the same time. The main goal 

is to develop a system that is robust to the presence of noise 

that might be generated for example by the hairdryer, 

vacuum cleaner or water flushing.   

This research is being conducted under the European 

Project CompanionAble
1
 an internationally active group 

dedicated to carrying out leading-edge research in computer 

vision and signal processing for man-machine 

communication, including patient home-care, gesture-based 

interaction,  biometry, video surveillance. 

II. CONTEXT AND GOALS 

The proposed audio based surveillance system is 

developed in the framework of CompanionAble project with 

the three goals: patient security, domotic application and 

context awareness. 

In order to assure theses goals the global system is 

designed to use a multiple microphones in each area 

depending on the room dimensions and properties. The 

larger room will be equipped with one or two CMT 

microphones which allow sound localization, however the 

other rooms will contain omnidirectional microphones. Fig.1 

presents the sound processing architecture. 

The analysis system consists of the two modules that 

allow the localization of useful event audio segment. The 

identification of the event given by the audio segment is 

carried out on 24 channels generated by a process provided 

by the CMT microphone. However, the segmentation 

module is carried out only on the omnidirectional signal. In 

the case of simultaneous detections the low level data fusion 

chooses signals based on the signal-to-noise ratio (SNR). 

The detection module associated with the CMT microphone 
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communicates with localization algorith

enhance the signal in the useful direction. 

Fig.1 – Sound Processing Architecture  

III. CMT AND LOCALIZATIO

In order to increase system robustness 

locations of the acoustic source, a CMT mic

is adopted here. At least one microphone pe

order to ensure a good spatial coverage  

The CMT microphone consists of  one pre

and three first order pressure gradient elec

each with a diaphragm, with each pr

transducer having a first sound inlet opening

the front of the diaphragm, and a seco

opening, which leads to the back of the d

sound inlets are on the same side of the disc

gradient transducers.  

The three pressure gradient transducers

plane. Their respective main directions – 

their maximum sensitivity – are lying in the

are inclined relative to each other by 12

acoustical centers of all 4 microphones 

together within a sphere with few millimeter

In the further context we will refer to azi

of the direction of sound incidence only, as

important localization information in 

CompanionAble.  

IV. SOUND DETECTION AND CLASSI

The sound flow provided by the CMT

analyzed trough a hierarchical approach tha

a useful signal detection followed by an even

The first sound analysis module is the

module which is an important step be

classification, especially when the events de

a variable noise of the home environment.  

The signal classification starts with 

identification followed by a classification

identified signal. If the label was spe

recognition engine is used and if a sound 

sound classes recognition system is launch

we are focusing on the sound identification.

A. Sound event segmentation 

The audio segmentation must be able t

event like an impulsive signal. Ideally, t

module must be robust against a low signal

distant acquisition and different acquisitio

ithm in order to 
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hypothesis with the Maximum likelihood is

the identified signal. 

In the next section we compare the resul

the omnidirectional microphone, being pa

microphone, with those results obtained

localized signals. 

 

Fig.3 - Real time analysis of audio files 

CMT microphone by each azimuth in case 

situations, discussion between 2 persons. 
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Fig.5 - Localization result for 2 persons speaking 

 

2) Sound detection and classification 

The sound event detection is evaluated in terms of number 

of correct detected events. The recorded signal was manually 

labeled in SAM format [9]. We consider a correctly detected 

event if the middle of segmented signal corresponds to a 

reference segment and if its dimension is at minimum about 

50% of the reference one. The Acoustic Event Detection rate 

(AED) is computed: 
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The classification sound/speech and sound classification 

are evaluated in terms of correctly classified signals through 

Acoustic Event Classification (AEC): 
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The global performances of AED system are evaluated 

trough Acoustic Events Detected and Classified Rate 

(AEDC): 
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Firstly the proposed sound analysis system is evaluated on 

the omnidirectional microphone signal, which acquires the 

signal from all directions. These results are compared with 

the results obtained from the 24 directions localization files. 

The analysis is performed on a normal scenario with 

duration of about 2 minutes (see Table I). 

In the Table II we can observe that the classification error 

rate (1-AEC) decrease from 26.7% in the case of 

omnidirectional microphone to 11.8% in the case of the data 

fusion between different azimuth localization. This can be 

explained by the fact that SNR is enhanced for some events 

in some directions (Fig.3). 

VI. CONCLUSION 

In this paper we have presented a first approach of an 

audio based surveillance system for distress situation 

identification, vocal commands and context awareness 

detection which was developed in the framework of 

CompanionAble project. The current proposition uses a 

CMT microphone which allows localizing the sound source 

and to enhance the signal. Our first proposition based on the 

data fusion between different classifications of the same 

sound event indicates good performances and encourages us 

to evaluate them on a larger data base. 
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Table I 

Normal Scenario 1 

Time Duration Action 

00:00 00:20 person is sitting and reading a book 

00:20 00:03 person moves the chair & stands up 

00:23 00:20 person walks around 

00:43 00:03 person sits down again 

00:46 00:15 person is reading a book 

01:01 00:20 another person is entering the room and 

is walking around 

01:21 00:15 the person is sitting down to the desk 

01:36 01:00 the two persons are talking 

02:36 00:15 the first person leaves the room 

Table II 

Detection and classification on Normal Scenario 1 

Signal type AED AEC AEDC 

Omnidirectional 66.7 % 73.3 % 48.9 % 

Fusion on 24 

localization signals 
66.7 % 88.2 % 60.2 % 
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ABSTRACT

Objective: The development of an embedded system capable of detecting distress sounds, 
e.g. breaking glass or a cry for help, in a person’s home and notifying relevant personnel in 
the case of a distress situation.

Methods: The system is based on a personal computer (PC) equipped with a sound card 
and microphone that is capable of performing real time analysis of sound signals. Sounds 
are processed through 4 modules: Sound Event Detection and Extraction, Sound/Speech 
Classification, Sound Recognition and Speech Recognition. Training, testing and validation of 
the model was performed using 2 databases – a life sound database which we created and 
a French adapted speech corpus (a large and structured set of texts recorded by hundreds 
of different French speakers).

Results: The system was found to be reliable for detecting and classifying sounds at signal 
to noise ratios of 10 decibels (dB) or more, with an error rate of 5% or less. However, it was 
less efficient at sound and speech recognition. The error rate for sound recognition ranged 
from 9% to 37% at different sound levels. For speech recognition the error rate was 22%. 
This comprised 6% due to distress words being picked up in a normal sentence (leading to 
potentially false distress alerts) and 16% due to a distress word not being recognised (result-
ing in potentially missed distress alerts).

Conclusion: An embedded PC, equipped with a classical sound card and a microphone, is 
capable of real-time detection and analysis of sounds to detect distress situations. The system 
requires further refinement to improve its accuracy before it can be evaluated in real-life.

INTRODUCTION

The number of elderly people living alone in their own homes is increasing as a result 
of the aging population. It is estimated that in 2030, 37% of the European population 
will be over 60 years and in 2050 the number of persons aged 80 years or more will 
have increased to 10% from a current level of 3%1. In France persons older than 60 
make up approximately 20% of the population today, and this is projected to increase 
to 33% in 2050.

mailto:dan.istrate@esigetel.fr
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Elderly people living alone at home have an increased risk of home accidents 
such as falls due to cognitive or physical illnesses. One study found that 7% of elderly 
people have a home accident as a result of everyday activities and in 84% of these 
accidents a fall occurs2. 

E-Health systems, such as medical remote monitoring, can reduce the conse-
quences of home accidents through the detection of a distress situation and quick 
transmission of an alarm signal to the emergency services or a nearby relative or 
friend. Current remote monitoring systems use several fixed sensors (infrared) and 
mobile sensors (fall detector, movement and pulse) to detect a distress situation3,4. 
We have previously reported a system which extracts information regarding the sta-
tus of a patient, through sound environment monitoring5. The system acquires and 
analyses data from 5 microphones detecting everyday life sounds and sounds associ-
ated with alarm situations such as glass breaking, screams, falls and distress expres-
sions such as “Help”, “A doctor quickly!”. To preserve patient privacy, the extracted 
sound or sentences are not recorded, except in the case of an alarm situation.

In this paper we build on our previous model with a new real time implementa-
tion of sound monitoring algorithms on an embedded PC using the standard PC 
sound card and a microphone. 

System Description
The proposed remote sound monitoring system consists of sound monitoring algo-
rithms running on an embedded PC, using the PC’s standard sound card and a 
microphone. The acoustical environment is analysed in real time and is made up of 
four main modules (Figure 1):

Figure 1. Sound monitoring architecture
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• Sound Event Detection and Extraction (M1)
• Sound/Speech Classification (M2)
• Sound Recognition (M3.1)
• Speech Recognition (M3.2)

The signal extracted by the M1 module, is run in real time and classified as sound 
or speech by the M2 module. In the event of the signal being identified as a sound, 
the sound recognition module M3.1 classifies the signal as one of eight predefined 
sound classes. In the event that the signal is labelled as speech, the extracted signal 
is analysed by a speech recognition engine in order to detect distress sentences. In 
both cases, if an alarm situation has been identified, i.e. the sound or the sentence 
belongs to an alarm class such as glass breaking or the word Help (Figure 1), a 
local auditory and/or visual alarm is generated. If the patient does not respond by 
cancelling the alarm, an alarm message is sent as an e-mail or SMS (short message 
service) text to a nominated friend or relative and/or a message sent to the medical 
telemonitoring centre.

Sound Event Detection Module (M1)
The sound flow is analysed through a wavelet based algorithm which is aimed at 
sound event detection. This algorithm must be robust to neighbourhood environ-
mental noises such as running water, rain, electric shaver, vacuum cleaner, etc. To 
address this problem, we previously proposed and evaluated an algorithm based 
on energy of wavelet coefficients6. This was shown to be able to precisely detect the 
beginning and end of a signal using properties of wavelet transformation.

Sound/Speech Classification Module (M2)
The method used by this module is based on Gaussian Mixture Model (GMM)7. 
There are other possibilities for signal classification such as Hidden Markov Model 
(HMM), Bayesian method, etc. However a major drawback of these other methods 
is that they are highly complex and take a long time to perform which effectively 
prevents them from being used in real-time. GMM is able to obtain an estimation in 
usually less than 20 steps. A preliminary step before signal classification is the extrac-
tion of acoustic parameters: LFCC (Linear Frequency Cepstral Coefficients) using 
24 filters. The choice of the type of parameters depends on their properties; a bank 
of filters with constant bandwidth leads to equal resolution of the high frequencies 
often encountered in life sounds. The BIC (Bayesian Information Criterion) is used 
in order to find the optimal number of Gaussians8. The best performances have been 
obtained with 24 Gaussians.

Sound Recognition Module (M3.1)
This module is also based on a GMM algorithm. The LFCC acoustical parameters 
have been used for the same reasons than for sound/speech module and with the 
same composition, i.e. with 24 filters. The BIC method has been used in order 
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to determine the optimum number of Gaussians: 12 in the case of sounds. A 
log-likelihood is computed for the unknown signal according to each predefined 
sound classes. The sound class with the biggest log likelihood is the output of this 
module.

Speech Recognition Module (M3.2)
For Speech Recognition, the autonomous system RAPHAEL is used9. The language 
model of this system is a medium vocabulary statistical model (around 11,000 
words). The model was created by using textual information extracted from the 
Internet10 and from “Le Monde” corpora (a large and structured set of texts taken 
from the French newspaper Le Monde) and optimised for the distress sentences 
of our corpus (body of text). In order to ensure a good speaker independence, the 
training of the acoustic models of RAPHAEL have been made with a large structured 
sets of texts (BREF 80, BREF 120 and BFAF 100 corpora) and recorded with almost 
300 French speakers11.

Sound Database
In order to train, test and validate individual system modules and the complete 
system, we composed a life sound database and recorded a French adapted speech 
corpus. 

The life sound data was divided into 8 classes corresponding to 2 categories: 
normal sounds related to usual activities of the person (e.g. door shutting/slam-
ming, phone ringing, sound of steps, washing up sounds, etc.) and abnormal sounds 
related to distress situations (breaking glass, screams, objects falling, etc). This data-
base contains recordings made at LIG (Laboratoire d’Informatique de Grenoble) 
(66%), files of “Sound Scene Database in Real Acoustical Environment”12 (13%), 
files from the Internet13 (10%) and files from a commercial CD (11%). An omni-
directional wireless microphone (Sennheiser eW500) was used for the recordings 
made at LIG. The life sound database has a total duration of 35 minutes and contains 
1,985 audio sounds.

The speech database was recorded at LIG by 21 speakers (11 men and 10 women) 
aged between 20 and 65 years old. It is composed of 126 sentences in French: 66 
are characteristic of normal everyday situations, e.g. “Bonjour” (Hello), “Où est le 
sel” (Where is the salt) and 60 are distress sentence, e.g. “Au secours” (Help), “Un 
médecin vite” (A doctor quickly). The speech database has a total duration of 38 
minutes and contains 2,646 audio files.

With these two databases we generated a noise corpus with 4 levels of signal to 
noise ratio (SNR) (0 dB, +10 dB, +20 dB, and +40 dB) and evaluated the detection 
and classification modules. The HIS (“Habitat Intelligent pour la Santé”) noise was 
recorded in an experimental test apartment.
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REAL TIME IMPLEMENTATION

The sound telemonitoring system was implemented on an embedded PC using the 
integrated sound card. 

The system is divided in four parallel threads and implemented under 
LabWindows/CVI (an integrated development environment providing a compre-
hensive set of programming tools for creating test and control applications). The 
sound signal acquisition is made through the sound card using the low Win32 
functions which allows the use of a double buffer processed via software interrup-
tions. The sample frequency is fixed to 16 KHz and the buffer dimension to 2 × 2048 
samples corresponding to algorithm constraints.

Each time that the sound buffer is full, an interruption calls the detection algo-
rithm. In the case of sound event detection the signal is recorded temporarily on 
the hard disk as a WAV (waveform audio format) file.

As the file is recorded, the detection thread also sends a message (the file name) 
through a safe communication queue to the recognition thread. The recognition 
thread is started in parallel with the detection thread and waits for a message from 
the detection task. As soon as the message is received, the Sound/Speech Classifi-
cation algorithm is executed. If the signal is subsequently classified as an everyday 
sound, the Sound Recognition algorithm is started; alternatively if the signal is 
classified as speech, the corresponding WAV file is send to the speech recognition 
engine. In both cases, the Event Analysis sub-module decides on the action to be 
taken according to the recognised event. If an alarm sound or a distress sentence has 
been detected, an alarm with the recorded sound is sent using the activated modality 
(e-mail, SMS or Internet protocol) to the remote monitoring centre. If the processed 
event does not indicate an alarm situation the recorded file is deleted but the type of 
event and the corresponding time are written in the history file. The possible choices 

Figure 2. Real-time architecture for sound monitoring and a view of the front panel 
of the application
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of the action to carry out in the case of distress event detection allow autonomous 
utilisation of the remote monitoring system.

The application front-panel, shown in Figure 2, displays in real-time the sound 
signal, a list of previously detected events and a summary of main alarm action 
parameters. A special menu allows the user to specify the sound card to use (if 
more than one), to activate the action(s) to carry out in the case of an alarm and to 
configure the parameters of these actions (e-mail of a close friend/relative, SMTP 
(Simple Mail Transfer Protocol) e-mail server, IP (Internet Protocol) address of the 
remote monitoring centre).

RESULTS

Each module of the proposed sound telemonitoring system was validated separately 
followed by validation of the complete system. The results of each module, except for 
the speech recognition module, are shown in Table 1.

Detection
The detection module was evaluated via Receiver Operating Curves (ROC) giving 
missed detection rate as a function of false detection rate. The Equal Error Rate (EER) 
was 0% above +10 dB of Signal Noise Ratio (SNR) and 3.7% at 0 dB (Table 1). The 
timing precision for the beginning of signal detection is less than 30 ms and for the 
signal end is below 100 ms. The signal sample rate was 16 kHz and the analysis win-
dow 2048 samples (128 ms).

Sound/Speech Classification
The analysis window was set to 16 ms (256 samples) with an overlap of 8 ms. The 
sound/speech classification was evaluated using a cross-validation protocol. Train-
ing was accomplished with 80% of the database, and the remaining 20% used in the 
test stage (no tests were performed using the same speakers or sentences used in 
training). Training was performed with pure sounds and testing with sounds mixed 
with HIS noise at 0, +10, +20 and +40 dB levels. Speech/sound discrimination per-
formances were evaluated using the Classification Error Rate (CER). Table 1 shows 

Table 1. Evaluation of the sound telemonitoring modules

Module
SNR

0 dB 10 dB 20 dB 40 dB

Detection 3.7% 0% 0% 0%

Sound/Speech Classification 17.3% 5.1% 3.8% 3.6%

Sound Recognition 36.6% 21.3% 13% 9.3%

dB = Decibels, SNR = Signal to Noise Ratio.
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the classification results for 24 LFCC parameters; the CER is 4% above +10 dB and 
17.3% at 0 dB.

Sound Recognition
The analysis window was set to 16 ms with an overlap of 8 ms and 24 LFCC param-
eters ere used. The classification was achieved with a cross-validation protocol – 90% 
of the database for training and 10% for testing. The module was evaluated using 
CER and achieved values of 13% at +20 dB and 21.3% at +10 dB (Table 1).

Speech Recognition
It is vital to the functioning of the system that key words related to a distress situa-
tion are well recognised. The speech recognition system has been evaluated on sen-
tences pronounced by 5 speakers of our corpus (630 tests). For normal sentences, 
an unexpected distress key word is introduced by the system in 6% of the cases and 
leads to a False Alarm Sentence. For distress sentences, the distress key word is not 
recognised but missed in 16% of the cases; this leads to a Missed Alarm Sentence. 
We found that this often occurs in isolated words like “Aïe” (Ouch) or “SOS” or in 
French syntactically incorrect expressions like “Ça va pas bien” (I am not feeling very 
well). The Speech Recognition error rate is consequently 22%.

Real Time Evaluation
An initial evaluation of the complete sound remote monitoring system implemented 
in real time was also performed. The implementation was tested on an Embedded 
PC (AEON-6810) running Windows XP equipped with a USB (Universal Serial Bus) 
sound card (Creative 24 bits) and a Sennheiser microphone (ME 104 ANT). The 
results from this first evaluation were encouraging and will be followed by further 
systematic testing.

DISCUSSION

In this study we have built on our previous work in developing a system to extract 
information on the status of a patient through monitoring of environmental sound5. 
The system we have developed consists of an embedded PC enabling real-time 
implementation of remote sound monitoring. This is performed through continu-
ous analysis of the sound environment permitting the recognition of everyday liv-
ing sounds and differentiation of normal sound and speech from those associated 
with distress situations. The system has a number of advantages over our previously 
described system. The use of an embedded PC provides a compact, silent system 
which is relatively cheap to implement. Implementation is flexible as it can be 
installed on any desktop or laptop PC equipped with either an internal or external 
sound card. In addition the system offers flexibility with respect to the alarm genera-
tion due to the software. 
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Testing of the system demonstrated its ability to reliably detect and classify 
sounds at signal to noise ratios of 10 decibels or more. The error rate under these 
conditions was 0% for detection and 5% or less for classification. However, it was 
less accurate at sound and speech recognition. The error rate for sound recognition 
ranged from 9% to 37, whereas for speech recognition it was 22%. For speech rec-
ognition this was broken down into two components – errors due to distress words 
being picked up in a normal sentence leading to potentially false distress alerts 
(6%) and errors due to a distress word not being recognised resulting in potentially 
missed distress alerts (16%).

The system requires further refinement before it can be implemented into prac-
tice. The system may be improved by adding a real time SNR estimator that will 
allow the adaptation of the GMM models. Future developments also aim at com-
bining this modality with the output of other medical sensors in order to increase 
the system’s reliability.
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Résumé : La télévigilance médicale représente un enjeu de la société d’aujourd’hui. En effet 
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maintenues plus longtemps à leur domicile mais demeurent plus fragiles et nécessitent donc des 
solutions techniques permettant d’améliorer leur confort et de faciliter la tâche des aidants. 
 
Ce mémoire donne une synthèse des activités de recherche menées par l’auteur dans le domaine 
de la télévigilance médicale. Cette recherche est structurée en deux axes : l’analyse de 
l’environnement sonore et la fusion de données multimodales. 
 
L’environnement sonore est très riche en informations utilisables, directement ou à travers 
l’analyse des activités de la personne pour détecter ou prévoir une situation de détresse. 
L’analyse sonore est soumise aux contraintes de l’acquisition sonore distante, à la présence des 
bruits provenant de l’extérieur et à la grande variabilité des sons à reconnaître. Le manuscrit 
décrit différentes solutions adoptées, leur mise en œuvre et leur évaluation dans le cadre de 
plusieurs projets de recherche nationaux  et européens.  
 
Le deuxième axe porte sur la fusion de la sortie de l’analyse sonore avec d’autres capteurs en vue 
d’améliorer la robustesse du système. La fusion de données doit traiter des signaux de natures 
différentes (signaux binaires ou continus), avec des périodicités différentes et de différentes 
temporalités (périodiques ou asynchrones). Deux techniques (logique floue et réseaux 
d’évidence) sont étudiées, adaptées et évaluées dans plusieurs projets de recherche. 
 
Le mémoire se termine avec les perspectives de recherche de l’auteur. Six publications 
scientifiques sont  finalement annexées. 
 
Abstract : The medical remote monitoring is a today's society challenge because life expectancy 
is increasing in all countries and statistical forecasts announce a significant number of elderly 
(17% of 60-74 years in 2030) or very elderly (12% from 75 in 2030). With the progress of medicine 
they may be kept longer in their homes but are more fragile and therefore require technical 
solutions to make it easier for caregivers and increase the comfort of these people. 
 
This manuscript provides a summary of research activities conducted by the author in the field of 
medical remote monitoring. These research activities are structured in two themes: sound 
environment analysis and multimodal data fusion. 
 
The sound environment is very rich in information that can be used to detect or to predict distress, 
either directly or through the analysis of the activities of the person. The sound analysis is subject 
to the constraints of the remote audio acquisition, the presence of noise from outside and the large 
variability in recognizing sounds. The manuscript describes different solutions evaluated and their 
practical implementation in the framework of several European and national research projects. 
 
The second theme is represented by merging the output of the noise analysis with other sensors to 
improve the robustness of the system. Data fusion must process signals of different nature (binary 
or continuous), with different sample rates and different types (periodic or asynchronous). Two 
techniques (fuzzy logic and evidence networks) are studied, adapted and evaluated in the same 
research projects. 
 
This manuscript concludes with the research perspectives of the author. Six scientific papers are 
added in the appendix. 
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