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1. Contexte

Le département de mécanique de l’ERM , service MSTA, est actif au sein de deux groupes RTO (AVT et IST) , au sein du réseau européen Growth Clawar (coordonné par l’université de Leeds –UK), au sein du réseau européen FW6- EURON (coordonné par l’université de Stockolm). Il a également négocié un partenariat financé avec 2 universités européennes et 3 universités des USA dont l’objectif est d’abord académique mais à finalité plus large (description : annexe 1). Enfin, nous représentons la Belgique au sein de l’IARP ou Programme International de Robotique Avancée, flanqué de deux partenaires directement associés aux deux communautés F et N du pays (la KUL, Sv PMA et la FPMs, Sv Construction Mécanique). Plus récemment, nous avons été contactés par ACOS-STRAT pour une éventuelle implication dans un projet de coopération multi-robots qui serait développé sous le CEPA 15.

2. T10 et T11. Participation active au Groupe de travail AVT106 (Advanced Electrical Combat Vehicle ou AECV)

En 1996, l’étude à long terme,  LTSS43, soulignait les bénéfices de la motorisation hybride Diesel-Electrique, sur base des premières études réalisées par les Allemands (le Marder 8x8) et les Américains (le M113). Cette étude a été complétée d’une estimation des bénéfices que pourrait apporter ce type de propulsion dans les Forces Armées. Sous la direction du titulaire de l’étude MB07 (étude SAS 007 ou LTSS 50) , un véhicule, baptisé notionnel, de classe 50 T a été détaillé en ses composantes tandis qu’une chaîne logistique classique à trois niveaux de maintenance était admise comme infrastructure et qu’étaient exploitées, par la Belgique et les Pays-Bas, les données statistiques relatives aux Léopard I et II. Les programmes PRICE (aux USA) et CESAR (en France) étaient utilisés pour estimer les coûts de cycle de vie (Life Cycle Cost ou LCC) de tel véhicule, sous différentes hypothèses, notamment de rythme de production. Les résultats pouvaient se résumer par le tableau suivant , peu encourageants :

	Critère
	CCv (Conventionel)
	AECV (hybride)

	Disponibilité
	80 %
	78 %

	Coût /Hr
	615.36 $ / Hr
	615.12 $ /Hr


A ce stade, les coûts de développement et de production primaient dans la mesure où , même si ces technologies ne sont pas neuves, elles ne seront progressivement mises en œuvre que lorsque certains problèmes techniques auront trouvé une solution moins onéreuse ou plus stable (contrôle électronique de la motorisation pour tout cycle de fonctionnement, contrôle des échanges thermiques, optimalisation de la suspension semi-active, voire active des véhicules, autonomie des batteries et/ou régénération énergétique, etc..) De surcroît, l’évolution stratégique actuelle privilégie les Forces d’intervention rapide dans le cadre de missions de rétablissement ou de maintien de la paix, plus récemment dans le cadre de missions préventives de possibles actions terroristes. La classe 50T n’est pas précisément prisée pour ce type de missions.

Le caractère expérimental limité de l’étude long terme LTSS43, le caractère ‘notionnel’ de l’étude LTSS50 ont alors débouché sur une étude plus réaliste, baptisée AVT-047 , reprenant le détail des avancées technologiques, décrivant les projets en cours (UK, US, Allemagne, France –voir tableau 1), complétant les paramètres plus spécifiques aux véhicules militaires par ceux qui se développent dans le secteur du transport commercial. L’étude a également prévu une démonstration de véhicules prototypes qui s’est déroulée les 09 et 10 avril 2003 à  Brasschaat. Dans le cadre de l’étude MB/07, deux chapitres complétaient le rapport établi par la présidence US du groupe TG047, un chapitre sur le caractère dual des techniques utilisées (dualité civilo-militaire) confié à notre partenaire VUB-Dept ETEC (Professeur G.Maggetto et Dr Ir P.Van den Bossche) et un chapitre actualisé sur le LCC de véhicules de classe moyenne (< 30 T) . Ces chapitres ont été annexés au rapport MB/07 2003. 

	Nation
	Equipment program
	Deployment date
	Airportability requirement
	Roles
	Emphasis

	UK
	FRES
	2007
	A400M. C130 highly desirable for certain roles
	Mechanized infantry Armored recce/ surveillance

Command & control

Direct fire
	Rapid effect

High survivability

Good mobility

Good range 

Good utility

Subsystem commonality



	FR
	EBRC
	2015


	2 in A400M 
	RSTA; 

Direct fire

Urban warfare

BLOS


	Mother platform with UGV and UAVs (daughters)

Modularity

Upgradability

Adaptability



	US
	FCS
	2008
	C130
	All roles
	System of systems (manned & unmanned platforms)

Rapid Deployability

Good lethality

Good survivability

Good mobility 

Reduced logistical and sustainability requirements



	GE
	SPz3 IFV
	2008
	A400M
	Mechanized infantry
	Good mobility

Modular survivability




Tableau 1. Programmes alliés en matière de mobilité hybride

Les résultats de cette nouvelle étude ont été complétés par les études relatives à l‘armement hybride électrique, essentiellement menée par l’Institut franco-allemand Saint Louis (ISL). Tous résultats probants ayant amené la constitution d’un nouveau groupe de travail, cette fois confié à la présidence UK, l’AVT- TG 106 dont l’objectif est la mise au point de critères d’évaluation relatifs à la mobilité, la léthalité (puissance de feux), la survavibilité (protection), l’habitabilité (confort) et les coûts d’exploitation. Compte tenu de nos compétences actuelles  en la matière, nous nous sommes vu confier les chapitres relatifs à la standardisation (en coopération avec les Allemands), le LCC et l’habitabilité. La VUB prend en charge les aspects internationaux de la standardisation, grâce à la position du Dr Ir Van den Bossche, officiel représentant belge auprès des groupes de travail ISO concernés par la propulsion hybride, nous prenons en charge les deux autres chapitres. La tenue récente (Octobre 2004) d’un symposium consacré à l‘habitabilité de tous les types de véhicule (AVT110) et la désignation du titulaire de l’étude MB/07 au titre d’évaluateur technique (sur proposition du Prof Vantomme, notre représentant AVT niveau 2) ont évidemment facilité la synthèse d’un domaine extrêmement vaste. De plus, l’intérêt manifesté par le réseau CLAWAR pour les aspects économiques, notamment LCC, des robots mobiles, nous a également permis de combiner nos contributions dans ce domaine.
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WIESEL LLX hybride présenté par l’Allemagne lors de la démonstration Avr 2003.

L’annexe 2 reprend , fondé, entre autres, sur l’évaluation technique de l’AVT110 , le projet de texte (non finalisé) qui sera soumis aux membres de l’AVT106.

L’annexe 3 reprend l’analyse préliminaire à la méthodologie préparée pour l’évaluation LCC des véhicules (non autonomes ou autonomes) : à noter que ce texte a été partiellement présenté lors du WS consacré par CLAWAR aux prospectives/perspectives économiques lors de sa dernière réunion (Novembre 2004).

3. T20 Synthèse des acquis 2004 en matière de robotique mobile

L’IARP ou Programme International de Robotique Avancée est constitué des représentants officiels des principaux pays européens (Autriche, France, Allemagne, Grande-Bretagne, Italie, Espagne, Russie et , depuis 2002, Belgique), des Etats-Unis et du Canada, des pays asiatiques Japon, Chine, Corée du sud. Il est également assisté par la Commission européenne. Ce programme est actuellement présidé par les Etats-Unis (Dr N.Caplan), son secrétariat est assuré par la France (Dr Giralt), son site Internet est géré par la Grande-Bretagne (www.international-robotics.org).  Un accord de coopération formel a été conclu entre le réseau EURON (en charge de l’établissement d’une plateforme européenne d’échanges actifs d’information en robotique) et l’IARP, un accord qui pour l’instant se limite à la co-sponsorisation de conférences (workshop ou symposium) internationales. Au sein de l’IARP, lui-même initiateur de nombreux workshops, trois groupes de travail ont été constitués, chargés de réunir les informations utiles aux recherches entreprises en matière de robotique et chargés de rassembler les centres de recherche dont les activités sont convergentes : le WG ‘Dependability’ présidé par la France étudie les aspects sécurité, convivialité, coût et efficacité des robots ; le WG Hudem (Humanitarian Demining), présidé par la Belgique, dresse annuellement l’état des progrès en matière d’automatisation des opérations de déminage, notamment par l’organisation de workshops ; le WG ‘Security/Rescue’ , présidé par les E-U , réunit, depuis les attentats des 11 Sep 2001 (New-York) et 11 Mar 2004 (Madrid), les partenaires qui souhaitent promouvoir une robotique de prévention et d’intervention.

En ce qui nous concerne, nous avons, en juin 2004, organisé un IARP WS HUDEM’2004, co-sponsorisé par EURON et CLAWAR, et réunissant pratiquement tous les membres du WG Hudem. Le CD-ROM de ce WS est annexé au présent rapport : il constitue un excellent état de l’art en matière de robotique de déminage. Ce WS nous a également permis de concrétiser la constitution d’un projet de cours , baptisé OIC-R3-D² déjà décrit en annexe 1, qui impliquera une coopération entre les Dept MECA et CISS de l’ERM et une ouverture progressive aux partenaires universitaires belges.

L’annexe 4 détaille (1) le rapport établi par la Belgique pour la réunion de l’exécutif de l’IARP (septembre 2004), (2) l’état de l’art et des perspectives prometteuses en matière de robotique (novembre 2004, à la demande d’ACOS-STRAT,e.a .). Ce dernier confirme le bien-fondé des options choisies par le pôle MB.

CLAWAR : ce réseau européen a débuté ses activités en 1996 en privilégiant d’abord les robots marcheurs et grimpeurs (climbing and walking robots) et les techniques y associées. Après une phase exploratoire de 6 mois en établissant le bien-fondé, une période de quatre ans a été financée par le programme européen Britte-Euram : l’ERM a réuni ses partenaires européens autour de deux thèmes : le déminage humanitaire ( rapport HUDEM 1999) et les applications extérieures (rapport MB/07 2001). Depuis mai 2002 et jusque fin septembre 2005, un réseau élargi à 30 partenaires est financé par le programme Growth de la Commission européenne : il a élargi ses compétences aux objectifs du programme européen, à savoir la mise en place d’outils susceptibles de profiter à l’industrie européenne en matière de robotique mobile ou non. Six axes ont été définis :

· WP2 : le caractère modulaire des robots et la possibilité qui en résulte de modulariser l’industrie de la robotique (une ambition jugée trop générale par la commission, avec pour résultat deux échecs consécutifs de propositions NoE et IP (Network of Excellence et Integrated Project) sous FW-6). Le caractère modulaire nous permettra (janvier 2005) cependant de commencer l’intégration de nos travaux au niveau CEN (Comité européen de normalisation). MB/07 y participera par le biais du comité image IBN ad-hoc (ISO/TC-184).

· WP3 : cet axe est le plus intéressant pour l’objectif assigné au projet MB/07, à savoir le développement d’un démonstrateur extérieur doté d’une navigation intelligente : il concerne précisément les applications extérieures et la définition des spécifications minimales auxquelles doivent satisfaire les robots mobiles. En 2004, notre contribution fut, à nouveau et à travers l’organisation du WS HUDEM’2004 déjà cité, concentrée sur les outils déjà développés pour le déminage humanitaire (annexe 5).

· WP4 : cet axe est très particulier et ne nous a pas particulièrement concernés dans la mesure où l’objectif fixé au titulaire de ce WP est le recueil des plus petits communs dénominateurs des projets européens relatifs aux robots mobiles. Il s’agit, en quelque sorte, de déduire de l’analyse des résultats de ces projets, les composantes, voire les modules, dont le caractère est suffisamment générique que pour être intégré à de futurs projets (en bref : ne pas réinventer la roue). L’évolution rapide des techniques électroniques (miniaturisation, e.a.) rend cet exercice très délicat : l’informatique, par exemple, a déjà montré la limite, au moins actuelle, des standards hardware.

· WP5 : le caractère sociétal de la robotique prédit les premiers intérêts de celle-ci dans les domaines de l’éducation (et même de l’éducation par l’amusement ou ‘edutainment’ avec une floraison de compétitions interscolaires, voire interuniversitaires telles robocup, eurobot,..), de la réhabilitation de personnes âgées ou handicapées (chaises roulantes articulées, par exemple), de la domotique enfin. Notre contribution, dans ce cadre, fut très modeste : tout au plus la démonstration qu’à faible investissement, la réalisation d’un mini-robot est aujourd’hui facilement accessible à moindre coût , et la coopération ‘Socrates’ continuée avec l’Université Technique G.Agashi de Iasi (Roumanie): voir annexe 6 (AMRU-6)

· WP6 : ce groupe d’activités analyse les aspects économiques liés à la robotique mobile : les difficultés inhérentes à l’introduction de celle-ci sur le marché, les coûts liés au développement, à la production et à l’entretien de robots, les aspects sécuritaires, etc. Notre contribution rejoint celle que nous développons sous RTO/AVT106. Dans les deux cas, les données et les estimations de LCC se fondent sur une enquête la plus large possible (voir annexe 3)

· WP7 : il concerne la dissémination des activités de recherche. A cet effet, les contributions de notre groupe MB/07 furent (pour et au-delà de Clawar):

· la publication d’un article très général sur l’intérêt de la mini-robotique  (Clawar Newsletter Vol 11, Nov 2003)

· la présentation de trois contributions au WS Hudem’2004 

· la présentation de trois contributions au symposium international ISMCR’2004 

· la présentation d’une contribution au WS ELH’2004 

· la présentation d’une contribution au WS Clawar-mars 2004 

· la présentation d’une contribution au WS  Clawar-novembre 2004 

        de façon plus explicite :

1) Mine action technologies: analysis of problems,  recommendations to technologists, and in particular Roboticians. Y.Baudoin, Clawar WS BUTE, Budapest, Mar 2004

2) Climbing and Walking Robots : new trends and commercial markets, Y.Baudoin et Al, ISMCR’2004 – Houston, US, Sep 2004

3) Mobile Robotics Systems for Humanitarian Demining, Y.Baudoin, ISMCR’2004, Key-note – Houston, US, Sep 2004

4) Life Cycle Cost of Mobile Robots for outdoor applications. Y.Baudoin, Clawar WS Economical Perspectives, Biarritz, Nov 2004

5) Building  Mini-robots for Educational purposes: an approach to the increasing use of mobile walking/climbing  machines and mini-robots in real applications. Ioan Doroftei (Iasi Technical University ROM), Jean-Claude Habumuremyi, Yvan Baudoin, First Int Clawar/Euron/IARP WS ELH’2004 on Entertainment, Leisure and Hobby, Vienna, Dec 2004

6) Adaptative Neuro-fuzzy Control of AMRU-5, a six-legged walking robot, Dr JC Habumuremyi, Y.Baudoin, P.Kool IARP WS Hudem’2004, Brussels, 16-18 jun 2004 

7) Multi-Agent-System: an efficient approach for Sensor and Robotics Systems used in Humanitarian Demining, E.Colon, IARP WS hudem’2004, 16-18 Jun 2004 
4. MB07 – Tâches T23 et T24.  

Si nos relations au sein de l’IARP et de CLAWAR nous permettent de conforter nos acquis et de puiser à bonne source des informations utiles à notre propre objectif, il va de soi que ce dernier implique également la poursuite de recherche propre confiée à l’équipe actuellement constituée par

· le Cdt d’Avi Ir Colon qui, outre la coordination des activités du laboratoire, développe une architecture apte au contrôle d’agents multiples (robots, capteurs, processus de traitement de signaux, etc..), dite MAS (tâche T24) et poursuit son doctorat : annexe 7

· le Dr Ir Habumuremyi qui, après avoir présenté son doctorat sur la mise au point d’un contrôleur neuro-flou pour hexapode , complète sa recherche sur le contrôle bas-niveau en entamant l’étude du contrôle haut-niveau (transition de la tâche T231 à T234) tout en affinant les résultats déjà obtenus : annexe 8

· l’Ir Gaetan Pierrard à qui furent confiés l’étude de la mobilité du robot tout-électrique à roues ROBUDEM (rapport 2003) et l’implémentation de capteurs extéroceptifs sur ce robot (tâche T233) : annexe 9

· Ir Geert Decubber : il travaille directement pour le service ETRO de la VUB mais indirectement contribue aux résultats exploitables par MB/07 dans la mesure où il a assuré la continuité des activités de recherche du Dr Ir Ping Hong chargé des problèmes de localisation de robots mobiles sur le terrain . Ses études visent maintenant à la reconstitution 3D de l’environnement abordé par le robot: annexe 10

Bruxelles, 31 Jan 2005

ANNEXE 2. HABITABILITY OF MILITARY LANDVEHICLES

NOISE, VIBRATION and MOTION

Yvan Baudoin

1. Introduction [1]

The modern military combat/ transport vehicles , not only depend on increasing information/communication systems and increased mobility in various and quite different environmental conditions over the world, but must also be characterised by a high manoeuvrability and  a even high reliability: that implies an optimised design, based on the modern analytical tools at disposal of the Engineers. The military vehicles also have to offer an optimal comfort to the crew and the passengers in charge of the execution of their specific tasks or missions: and that implies a mastering of the noise, vibration and motion induced by the various driving conditions: a great challenge due to the highly non linear dynamics of those three potential sources of disturbing impacts on the performance of the Human Operators. The introduction of new technologies based on the electrical advantages offered to the mobility as well as to the survivability and the lethality should take into account with the direct and indirect effects of their implementation on the performances and the comfort of the crew members.

Three categories of impacts, and consequently three categories of Engineering Techniques, may be considered when the habitability (influenced by noise, vibration and motion) of combat / transport- vehicles is concerned:

· the kind of missions entrusted to the Armed Forces with, as primary consequence, the type of vehicle (tracked, wheeled, legged..) that will be used, and obviously the according environmental influences (off-road terrain, roadway roughness,  aerodynamic forces, shock loads, etc…) and their specific noisy frequency-range (Environmental impact)

· the design and technology (structures, materials, engine, suspension, transmission, armour, control devices,..) leading to the  whole vehicle concept and its sub-systems/components , each of them inducing particular periodic or random disturbances (Technical Impact)

· the ergonomical factors aiming a performant human-machine, environment-interface (computer displays in moving vehicles, hearing protection systems, Health Hazard assessment methodologies, training on advanced simulators..) (Ergonomical Impact) 

According Engineering Techniques allow to  face the aforementioned direct or indirect impacts on the Human performances. The Environmental Engineering is defined as the study of the resistance of the products (in this case the vehicles or parts of those ones) against the aggression of the environment: the ground-wheels or tracks contacts for ground-vehicles, resulting in vibrations, shocks and noise which have an impact on the structures and the various electromechanical components of the vehicles (as well on the Human Crew). The design of new systems as well as their (predictive) maintenance imposes a good knowledge of the environmental parameters: g-loads, speeds, and forces acting on the vehicles, a.o. have to be measured in order to develop valid models and statements on ride comfort. Such data will also validate the results of simulation tools as well as possible virtual tools allowing a comprehensive treatment of human behavioural problems

Obviously there is no rigid frontier between the environmental engineering and  the Technical (mechanical, electrical, electronic) Engineering that will bring solutions to the problems caused by the expected environmental disturbances (for instance, by equipping land vehicles with an adaptive suspension.) , nor between the Environmental Engineering  or the Technical Engineering and the Human  Factors Engineering that will allow the Crew to fill its mission despite the remaining disturbances, through efficient Human-Machine-Environment Interfaces or Tools ( design of hearing protection devices, development of specific relaxation therapies, …) : several papers of the recent AVT110 symposium (October 2004) were dealing with a global or specific analysis of the three aspects (impacts and/or corresponding engineering techniques) , the major key-words of this Conference being Design (of the vehicles and their subsystems), Control (of the vehicle, i.e. active vibration/noise/motion control, or of the mission , i.e. tasks entrusted to the Crew, and Performance (of the Crew): the performance of the military people remaining obviously  the major objective.

2. State-of-the-art and Recommendations 

Human factors: from a military operational point of view, there is a great interest in identifying circumstances in which Human performance is degraded and identifying approaches or measures that can be used to mitigate any performance degradation, through real (on-the-field) or virtual (simulation) testing procedures., or  virtual tools allowing a comprehensive treatment of human behavioural problems 

Additional work needs to be done to standardize measures for use in research environments and in field environments. As an example, correlations between specific and objective vibration measurements prescribed by the ISO 2631 (comfort of seated person) have still to be correlated with the global expected dynamical behaviour or properties of the vehicle, then with the functional requirements or guidelines leading to technical design requirements; same ISO 2631 should be adapted to take into account with the high accelerations (shocks). In the frequency range 20 Hz/20 KHz, noise measurements as prescribed by the ISO 532 (noise level) have still to be refined and completed by other metrics related to the other characteristics and fatigue effects of the noise. A large low frequency content of the noise spectrum characterises most military Ground vehicles, that can not easily lead to an efficient hearing protection (communication headsets design) and that also disturb the communications 

Technical Factors: since military ground vehicles are by nature often operating at rough terrain , the question of vibration reduction is of great importance, not only for reducing the excitation of the mechanical structures and parts of the vehicle but also to ensure a high ride comfort  especially necessary for fatigue-free driving over long distances : (semi-) active vibration/noise control techniques play here an essential role, but also and more generally , the development phase of new vehicles (design) . 

Functional performances such as noise, vibration, shocks, engine emission, reliability, safety, survivability, etc.., are increasingly imposed by the international legislation. Two approaches may be considered: the so-called palliative approach consisting into the research of the most incriminated sources of vibrations, acoustic noise, lack of safety,…and resulting into adaptive corrections of existing vehicles (the so-called re-engineering) ,or,  the enhancement of analytical models and  simulation tools leading to the treatment of the aforementioned performances at the earliest possible stage of the design process

The building of prototypes or the substantial modification of existing vehicles (varying missions) should be preceded, for cost-effectiveness reasons,  by development studies based on virtual prototypes of the intended vehicle: that implies the use of  multi-body simulation models , FEM (Finite Element Method), BEM(Boundary..) , SE (Super Element) , CMS (Component Mode synthesis) ,…It’s however still essential to apply the correct loads to the simulation models , by collecting realistic data  on similar systems and even essential to test and evaluate the built prototype before launching the production of pre-series or series vehicles. It is even essential to take into account with the drawbacks of such simulation tools, a.o. the impossibility to include all the effects of the nuisances on the human: simulators could realise the link between both virtual tools and on-the-field measurements.

Environmental Factors: the interactions between environmental factors (mission profile, terrain, etc) and internal noise/vibration sources (engine, transmission, structures and material, etc) are complex, implying the use of specific filtering techniques as well as the implementation of a comprehensive network of measurement devices near the sources and inside the crew compartments. 

The setting of standards imposes the development of interactive models (man-machine-environment). Some analytical methods may be considered as promising tools for refining existing standards.

The habitability is often considered as secondary, with, as consequence, a real degradation of the Human performances. Some worrying values of noise levels ( SPL from 80 to more than 110 db(A) inside High Mobility Vehicles , Light and Heavy Tanks) , only compensated by the development of hearing protection systems leading, at the latest, to a 25 dB(A) attenuation , impose a lot of engineering efforts exploiting the structural properties of  adapted isolation materials/shapes that have to be taken into consideration by the begin of the design procedure of the future military platforms. Concerning the vibrations/shocks solicitations, the most critical behavior is observed by the Land Vehicles: they are tested on various test tracks and it results from several studies that the future vehicles have to integrate active vibration/chassis control systems. We nevertheless observe, by consulting the literature and the actual existing standards, that no any methodology is proposed to combine the results of vehicles tested on different tracks, a global combination that could lead to an index of global Habitability satisfaction. Such an index has still to be defined : may-be could it be interesting to invite an AVT Exploratory Group to focus on habitability criteria, modeling, for instance, its work on the this of the WG that has developed the STANAG 4154 (Marine).

3. Test and Evaluation.

The basic nuisances related to the habitability are thus caused by the noise-, the motion- and the vibration/shock-effects. We then propose to introduce, when possible, the measurement of those parameters and their possible impact on the Human performances in the series of test procedures foreseen by the evaluation of new or adapted Land-vehicles such as the AECV.

3.1. NOISE 

One of the major avantage of the AEV lies in the fact that not only the exterior noise but also the interior noise can be drastically reduced. The principal noise sources are indeed the engine (70%) and the contact soil/tracks-wheels (20%).

Two categories of noise sources exist: the impulsive noises (short in duration (ms) and high peak level, from explosion (external source) or gunfire (internal source)), and the continuous noises with a much longer duration (h) depending on the mission profile.That are those noises that are predominant and that have to be evaluated because they are directly related to the use of the vehicle.

Three categories of effects may be measured: the effects on the hearing acuity, the effects on the speech communication and the effects on the perception of warning signals [2]

Hearing acuity.

Prolonged exposure to continuous noise may temporarily (T)or permanently (P) reduce the sensitivity of the human ear or upward shift  the hearing threshold (TTS or PTS). The permanent effect is the most important one.

Two important predictors of permanent (irreversible) degradation of the hearing acuity have been identified: the overall sound level and the exposure time

The standard reference may be the ISO1999 (Acoustics-Determination of occupational noise exposure and estimation of noise-induced hearing impairment)

The classic measure to express exposure to continuous noise is the A-weighted equivalent-continuous sound pressure level LAeq and common limits for an eight-hour working-day are 80dB(A) or 85db(A). For every 3dB that LAeq exceeds the limit , the maximum exposure time must be halved.

The average A-interior noise levels for conventional vehicles and measured near the crew members are known (table 1) from National surveys (NATO AC243 (Panel3), RSG10)

	Category
	Vehicles
	SPL (dB(A))

	Cargo vehicles
	Truck

Tank Transporter

….
	80

(lowest registered value 65)



	High Mobility Vehicles
	HMMWV

…
	85

(lowest 70)

	Personnel Carriers
	M113

APC

PANDUR

…
	105

110

88

(lowest 75)

	Light Tanks
	AMX 10RC

…
	108

(lowest 105)

	Heavy Tanks
	Leopard 2, M109,M1 Abrams

….
	115

(lowest 112)


Table 1. Mean noise SPL values

The maximum admitted values for new vehicles (AECV) should take into account with the profile mission (exposure duration) of the developed vehicle, and, at least, with the above lowest registered values that could be considered as minimal performance to reach.

Speech intelligibility and warning signals

The speech intelligibility is crucial for the mission (radio channels, intra-and intercommunications). Objective measurement techniques exist to evaluate the impact of noise on the speech intelligibility, namely the Speech Transmission Index: IEC 60268-16 (2003). 

In particular, it has been recommended that the signal-to-noise ratio (SNR) expressed in dB, for danger and warning signals should be at least 15 dB and no higher than 25 dB , according to the ISO 7731 (Ergonomics-Danger signals for public work areas-Auditory danger signals)

3.2. MOTION

The mobility of a vehicle is normally rated at the maximum possible speed at which a vehicle is able to negotiate a specific terrain profile or test tracks. Given adequate traction, speed is limited by ride comfort and driving safety. For mobility analyses in the area of ride comfort, test tracks on firm ground are normally used, as they permit driving at high speeds and the loads acting on the occupants are greater
In order to experimentally determine the mobility of a vehicle, it must be operated on typical test tracks. Table 2 shows a selection of test tracks normally used for vehicle trials

	Type
	Figures  
	Rating quantities 

	Washboard surface 
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/2/ 
	Loads introduced by high-frequency excitation. 

Short hard shocks 

	Poor surface conditions 
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	Loads introduced by high-frequency excitation. 

Short hard shocks 

	Sinusoidal track 
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/2/
	Pitch movements, vibrations 

Natural frequencies 

Bump stop, suspension 

	Twisted track 
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/2/ 
	Bump stop, suspension 

Twisting of superstructure 

Superstructure motion 

	Belgian block 
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/2/ 
	Loads introduced by mixed low and high-frequency excitation 

	Single obstacle 10 inch 
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	Short hard shocks, pitch vibration 

	Ramp 
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	Hard shocks 


Table 2 Test Tracks

The ride comfort has to be evaluated in accordance with the ISO 2631-1: this standard is more related to the effect of the vibrations induced by the motion (and the moving parts of the vehicle) than to the motion sickness induced by the low frequencies of 0.3 to 0.5 Hz and amplified, in modern vehicles, by the use of visual displays.

Two parameters, the MIS, objective criterion of percentage of people that reach the limit of vomiting (the motion sickness incidence, MSI), and the MISC taking into account with the fact that sickness symptoms may be present even in the absence of vomiting, have been proposed by NATO assessment questionnaires, essentially developed for the Marine [3] Hence the MISC is a more sensitive quantity identifying motion sickness severity than the MSI.  

TNO has proposed a detailed study on the relationship between both objective and subjective parameters, leading to the next formulae [4]

In 12 experimental studies performed by TNO Human Factors, average MISCs and MSIs gathered were plotted against each other, showing a typical non-linear relationship (see Fig. 3).
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	 Average observed percentages of vomiting subjects (MSI) versus subjectively rated misery (MISC) in 12 experimental studies.  At MISC = 10, MSI should be 100%.


The relationship was quantified by
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with x = MISC/10,  c ( 1.5 and n ( 1.3.  The inverse, giving the MISC as a function of MSI, is accordingly given by
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with y = (100-MSI)/MSI.

But Motion sickness is a complex phenomenon and there is much difference between motion sickness severity among people and conditions.  There are differences in psychological, physiological, ethnic, behavioural, and many, many other factors, and all these contribute to differences in individual sickness susceptibility. It’s actually not obvious to establish a generalised rule linking the value of the measured MIS or computed MISC with the effective degradation of the performances.

Tests on a modified HMMWV are currently pursued in the US Army Research Laboratory of Aberdeen to examine the impact of the coupling motion-use of display (extended to the control of a UGV): they also confirm that motion sickness susceptibility differs among individuals.

At this stage, it is recommended to gather the data from various studies and to identify approaches or measures that can be considered for the evaluation of advanced vehicles. In the meantime, the ISO 2631 remains the reference (see further)

3.3. VIBRATIONS and SHOCKS 

Military (and also civil) off-road vehicles are subject to large vibrations which can have severe affects on drivers, crew and load. Ride quality is influenced by vehicle vibrations, which may be induced by a variety of sources including roadway roughness or off-road terrain, or they may be internally generated forces produced by vehicle subsystems, such as the engine, or the suspension mechanisms of weapons. Both short but high vibration peaks as well as long-duration, high frequency vibrations can pose either disorientation and safety problems or a health threat to passengers of a vehicle.[5] 

While subjective testing and rating procedures can be used to evaluate the vibration comfort in vehicles, the involved procedures are lengthy and complex. Objective measurement of the vibration environment is the obvious alternative. Responses are usually defined at body level (body accelerations, noise at ear level…), at contact level (seat, steering wheel, pedals...) or at equipment level (displays…).  Target values are determined from regulations, from benchmarking or as a result of product qualification. 

Several vibration comfort indices have been developed to characterize a complex vibration environment by single numbers. The calculation procedures range from simple RMS or RMQ level definitions to composite indices combining multiple accelerations, applying octave-band filtering according to body sensitivity curves. 
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 Vibration comfort measurement positions 

The values for acceptable limits, and hence limit values for the design targets, are quantified by regulations. Examples are the measurement standards ISO 2631]. In ISO 2631, 3 tri-axial acceleration measurements of a seated person are measured (at feet, seat and back position). Optional rotational values at seat position can complement the measurement in cases significant roll effects are expected. 

Several annexes to the standard offer specific procedures, for example, as previously said,  for motion sickness. The resulting values can for example be evaluated by plotting the (filtered) octave-band acceleration against severe discomfort boundaries for various exposure times . 
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Motion sickness discomfort boundaries

However, for the designer of the vehicle, it is often more interesting to further process these data into quantities that link the studied subjective sensation with some technical performances of the vehicle. Vehicle ride comfort for example distinguishes between  “primary ride”, “secondary ride”, “shake” etc. For each of these parameters, a weighted sum of a subset of the measured (and filtered) octave bands can be made to provide an indicator value. An example of a resulting overall “Scorecard” for a vehicle or for an operational condition is given in the figure below. 
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Figure 6a: Octave filtering of the Figure 6b: Ride Comfort scorecard acceleration signals
Anecdotal reports in the mid 1980’s attributed adverse health effects to whole-body vibration (WBV) exposure in U.S. Army tactical ground vehicles (TGV), even though these vehicles passed existing WBV standards (e.g., ISO 2631-1).  The U.S. Army Aero-medical Research laboratory (USAARL) conducted a research program to develop militarily relevant methodology for health hazard assessment (HHA) of TGV rides. Over 300 tri-axial WBV signatures from seven military vehicles, tested at the Aberdeen Proving Ground in Aberdeen, Maryland, were processed and characterized.  The signatures were collected at various seat locations from the following TGV:  M1A1 tank, M1A1 HTT, M1026 HMMWV, B109A3 self-propelled howitzer, M923A2 5-ton Cargo Truck, XM1076, and an M2HS Bradley fighting vehicle.  An automated procedure was developed to recognize impulses, including shocks and other transient or non-stationary motions within a background of Gaussian random, or near-sinusoidal, vibration.  Using this procedure, a motion signature was created mathematically to realistically simulate the motion environment of TGV by synthesizing two signals: one to characterize the shocks, and the other to characterize the near-continuous background vibration. The research culminated with the development of a new HHA method for repeated jolt that is tailored for TGV but is valid for most vehicles where the seated occupant is exposed to repeated (multiple) low-level shocks (jolt). The new HHA method presents results of health risk prediction by the new multiple shocks standard (ISO 2631-5) [6]

The new ISO 2631-5 standard [ISO 2004] relies on the dynamic models described above to generate acceleration response at the lumbar spine.  Now that the spinal accelerations have been generated, an acceleration dose is calculated for each axis, Dx, Dy, Dz, by summing peak acceleration responses that exceed certain thresholds.  The dose is pro-rated based on duration of the available record and the expected length of the workday, to obtain total daily exposure.  

The ISO standard provides, albeit in an informative annex, guidance for assessment of health affects on multiple shocks.  Given the calculated total daily acceleration dose in each of the biocentric axes, they are combined to obtain an equivalent static stress compressive stress, Se, as follows:

Se = [ (mx Dx) 6 +   (my Dy) 6  +  (mz Dz) 6 ] 1/6  

where mx, my, mz are constants for the three directions.  A daily equivalent static compression dose, Sed, is then computed, and used to compute a risk factor, R, for use in the assessment of the adverse health effects.  For a typical career, the standard suggests that, R < 0.8 indicates a low probability of an adverse health effect and R > 1.2 indicates a high probability on an adverse health effect.  This is equivalent to stating that Sed = 0.5 and Sed = 0.8 are the lower and upper boundary of a caution zone for a normal person with a typical working day. Refer to the ISO document for details of the calculations : note that the ISO also provides a Matlab code for implementing the computation.
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ANNEXE 3. LIFE CYCLE COST (OUTDOOR ADVANCED ELECTRICAL VEHICLES/ROBOTS)

Yvan Baudoin

1. Introduction.

As for any new product, total cost of ownership and operation of mobile robotics systems and or advanced electrical vehicles will be a critical factor in their commercialization, along with the offered functionality and performance depending on the concerned application sector. The total cost of ownership typically has several components including the development costs, the production costs (both often included in the acquisition or sale cost), and the operating costs among which the training costs, the energy consumption, the maintenance costs.

It’s uneasy to determine the average LCC of a mobile robot : first , the use, and even the usefulness of mobile robotics systems is still discussed; there is no any high production volume of existing operational robotics systems (except, obviously, the industrial manipulators that are not considered in this section and some robot-toys); finally, the development and manufacturing costs strongly depend on the design, the size of the robot, the level of autonomy, etc.

A questionnaire,  sent to about 400 ‘robot-designers’ didn’t allow us to correctly (with a minimum  confidence level) evaluate the LCC of those emerging mobile systems but gave us some helpful information summarized in this paper.

It is not easier to compute the LCC of the future (or limited number of actual commercial) electrical vehicles: however, a previous study (see introduction) gave us some methodological approaches.

2. Markets

UGV

Through the various reports proposed under CLAWAR-1 and CLAWAR-2, it appears that three categories of applications could be entrusted to mobile robotics systems: industrial or semi-industrial applications such as nuclear dismounting operations, pipe/tank/infrastructures inspections, etc..; environmental applications such as surveillance, risky interventions, etc..; assistive applications in the medical sector, the education/entertainment sector, etc… Some financial trends have been proposed by companies investing in the robotics and the para-robotics activities [1] 

A recent study [1] estimates that two new sectors will know an important market- growth : the assistive professional Robotics (Medical robots, underwater robots, surveillance robots, demolition robots , a.o.) for a total of about 3.3 billions € by 2006 and the assistive private Robotics (Edutainment, Domestic robots..) for a total of about 2.8 billions € by 2006. Beyond this year, a more important growth may be expected from the progressive introduction of the nanotechnologies

The actual Nanotechnology World Market  will reach about 100 Billions € by the end of the first decennium of this millenary, and already reaches  €: 850 Mio€ in US, 800 Mio€ in JPN, and 740 Mio€ in  EUR , concentrated in  three sectors: Information and Communication Technologies, Automotive Industry, Chemical Industry (Medical, a.o.). No doubt that this will have an incidence on the Mobile Robotics market and the costs of those systems.

AEV

In collaboration with the European Union RTD Programs, studies have been performed (1994-1996) about the opportunities for electric and hybrid vehicle introduction in European cities. The selection of these cities takes into account the commitment towards electric transport of each city on one hand and the choice of a "palette" of cities with different characteristics on the other hand.  This way, it has been possible to give a thorough description of the main activity and policy domains where electric and hybrid vehicles could be used in Europe.

These studies have confirmed the results obtained in the COST 302 study, in the EDS study for the European Parliament  and in the inquiries performed by CITELEC among its members.  The studies all concluded in a market between 10 to 30 % for EV and even 70% in city administration fleets as defined by AVERE France in a recent inquiry.

The Californian market defined for 2003 provides 10 % for EV, 25 % for ULEV i.e. HEV and the rest for LEV (low emission vehicles).  The Californian mandate has been recently confirmed.

But the real future will probably be a mix of EV’s, hybrid ULEV and fuel cells vehicles.  The time needed for this will last 10 to 20 years.

Reference: see also RTO/AVT047 report, Chapter IX

3. LCC Basic definitions

Life Cycle Costs of a system consist of all costs to be made by the owner of the system to acquire, to exploit against the required performance requirements and to dispose of the system. This is a rather generic definition of LCC and does not give a decisive answer whether some cost elements or expenses can be attributed to a system. Furthermore, throughout the world many different phrases are used to define LCC. Sometimes also different names are used to define the same thing. We will refer to the terminology proposed by the NATO/RTO/SAS 028 Task Group [2]

A distinction has been introduced between the life cycle cost (LCC), the total ownership cost (TOC, equal to LCC plus linked indirect fixed costs such as common support equipment, common facilities, personnel required for unit command, administration, supervision, operations planning, energy, tools..) and the whole life cost (WLC, equal to TOC plus non linked indirect fixed costs such as infrastructures, associated services,  basic training, management facilities and personnel, ...): in this paper , we clearly limit us to the LCC

LCC consists of all direct costs associated with the acquisition, O&S and disposal of the product. The cost of maintaining a System in service can be significant and often exceed the acquisition cost of the System. Procurement decisions must therefore not be based solely on acquisition costs. The evaluation of the LCC will be useful (and used) for several purposes:

to optimise the design (impact on the manufacturing)

to compare several options (impact on the cost-effectiveness)
to produce a End-User acquisition policy, including the constitution of spare-parts, the conclusion of a maintenance contract, etc..(impact on the Operation costs)
3.1. Design

Life Cycle Cost is to be used as a benchmark against which Value for Money options can be measured during the acquisition process, bearing in mind that the greatest opportunities to reduce LCC occur during the early stages of the Program.
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Figure 2

In the figure 2, the bottom curve represents the cumulated expenditures measured during the life of the system. The top curve represents the expenditures induced by the decisions taken during the program. The design options obviously determine the characteristics (modularity, reliability, maintainability, testability, etc.) of the system and consequently delimit the possibilities of optimisation of the maintenance policy and its organisation. Development economies imply the intensive use of modelling, simulation software, etc. Remarks: the various options must be compared in a cost/effectiveness approach. The Effectiveness criteria is represented by the operational availability of the whole system that self must be defined in an unambiguous way.

3.2. Life cycle costing

 The life cycle costing is a set of techniques for modeling, predicting and analyzing the LCC of a system, at any stage of its life. As shown it the following figure, the evaluation of LCC, and thus the various cost elements that constitute it, rests on two types of activities. The first one concerns the production of "unit cost" estimates. The second one, mainly based on operation and support analysis, permits to assess the quantities of objects or activities.







Figure 3.

These two types of activities are complementary but may involve skill, tools and data of different natures. 

Several Forecasting methods can be used to produce a cost estimate. The choice of a method depends on the nature of the cost element and the quantity and the quality of available data. The three main methods are the followings.
(1). 
Method by analogy with similar objects or activities. This approach is used when there is little information on the entity to be considered. It doesn’t need a lot of information about the future system but requires the knowledge of costs of similar objects or activities. It can also be based on opinions of experts. It doesn't permit sensitivity or trade-off analysis with the factors that generate costs. 

(2). 
Parametric methods use elaborate mathematical equations based on information collected on comparable systems. They require a limited number of information. 

      Parametric methods are generally used to estimate development and production costs.

(3). 
Analytical methods are based on the description of the tasks to be realised. These methods often require detailed information on the system. The analytical methods are generally used to estimate recurring and non-recurring in-service costs (O&S). They permit sensitivity or trade-off analysis on every data element (the factors of cost) used to describe the system.

LCC of Mobile  Robotics Systems and AEVs.

A mobile robot is a remote controlled vehicle owning a certain degree of autonomy: it’s a modular system including a mechanical structure/ architecture, actuators, sensors, and an Informatics architecture allowing the control of its motion and the exchange of information with the Human operator(s).

Among the technologies that will impact the design of future mobile robotics systems, some of them already influence the development of  current  vehicles and we  assume that their use will be adopted in a near future : the electric propulsion combined with the production of electricity from fuel cells may be considered as promising systems for outdoor mobile robots: the electrical actuators indeed have a higher efficiency and their control is much  easier , while the FC may be considered as optimal Power generators for a long autonomy. 

4.1. Power and Actuation: Fuel Cells (FC)

In addition to future high-profile fuel cell applications such as automotive propulsion  and distributed power generation, the use of fuel cells as auxiliary power units (APU) for vehicles (manned or not) receives already today considerable attention. APU application is an attractive market because fuel cells offer some attractive features for APU applications and the APU market offers a true mass-market opportunity that doesn’t require some of the challenging performance and cost targets required for propulsion systems for vehicles. APU are devices that can provide all part of the non-propulsion power requirements for large vehicles but also the propulsion requirements for mobile robots of limited power (a few W or kW for the current aforementioned applications) . Such units are already in widespread use in a range of vehicle types and for a variety of applications, in which they provide a number of potential benefits [3] (space conditioning in heavy trucks, air conditioning in airplanes, lighting in trains, entertainment and navigation aid in automobiles, etc… 

To provide the functionality of interest and to be compatible  with the applications entrusted to mobile robots or AEVs, fuel cell APU must meet various requirements: a voltage range 12-42 V DC for most applications, 110-220  V AC – power to 5 kW for light unmanned vehicles, life cycle varying from 1000 to 5000 hours.

The computation of the LCC of APU, under the realistic assumption of a 5000 hours life, has to be based on the development costs , strongly influenced by the design techniques based on thermodynamic models thanks to which it is possible to optimize the efficiency of the Fuel Cell system , to choose the components (modules) and to evaluate their individual price, finally to define the manufacturing process that will condition the production costs.

Design:

There are several technologies among which the PEMFC (Polymer electrolyte fuel cells – Proton Exchange Membrane Fuel cell) and the SOFC (Solid Oxide Fuel cell). Both technologies will be used for Automotive applications and have lead to the development of demonstrators: taking into account with the fact that on-board hydrogen storage is not practical at the current time, the normal furniture of electricity is based on the conversion of a hydrocarbon (gasoline, methanol..) into a hydrogen-rich reformate. Gasoline, Steam and Air flows are subject to a ATR (auto Thermal Reforming) converting them according to the reaction:
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The design, then the manufacturing process will thus depend on  a multilevel system modeling approach such as the next one –fig 4  (www.arthurdlittle.com),leading to the optimal choice of the PEMFC modules such as Fuel tank, Steam Generator, Compressor, Expander, pumps, heaters, water management, safety system, start-up battery, Fuel Cell stack…(raw material costs) and to the definition of the optimal control techniques (soft-working  costs )
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Figure 4. Design and Manufacturing

 Life Cycle Costing:

The method 3.2 (3) is of application here. Depending on the production level, the development phase also allows to identify the appropriate manufacturing process: each step of this process implying then use of material, equipment, building space….As a conclusion of his study on 5kW cells , A.D. Little concluded on an average LCC of 500 €/kW for a production volume of 500.000 units per year. He also estimated PEM system costs for a 50 kW propulsion system to be approximately 250 €/kW

Assuming the use of FC on future mobile Robots, those values may be considered as  representing the LCC of the power generation. This is obviously not the case for AEV or AECV. Let’s now consider the LCC of the mobile platform considered as an electrical vehicle.

4.2. Advanced electric Vehicle (AEV)

We now  consider a mobile UGV platform, typically composed of the modules shown in the figure 5


[image: image21]
Fig.5 Electric Drivetrain components

From a previous study [2] , based on the concept of hybrid propulsion combining a thermal engine , a generator and energy storage devices, we shown that , statistically, 58 % defectiveness of a AEV is of electrical/ electronic origin , 42 % of hydro-mechanical origin (mechanical structure, payload, brake system…) and that furthermore, the O&S and maintenance costs may reach about 35 % of the acquisition costs under a life- assumption of 10 years (duration which may be considered as realistic and compatible with the 5000 hours we allocated to the FC’s life, in our example). Extrapolating the results of our previous study, by replacing the power generation by the FC technique (for UGV), we estimate  the LCC to 1220 €/kW, including the motion control techniques 

According to the par 3.2 (1), this estimation is now based on analogies with conventional vehicles, taking into account with the fact that we don’t have enough information on AEV.

4.3. Mobile Robots

Questionnaires have been sent to the members and associated members of the European Network CLAWAR in order to estimate the development costs of mobile robots. From the few answers we received, all of them related to wheeled or legged prototypes , we might extract reliable data for EOD-like robots or multi-legged robots (Prototyping development/production  costs  varying from 7 to 15 k€ /kW) essentially explained by the design cost including R&D activities and software developments. Similarly to the modeling approach defined in the fig.4, the development costs of robotics platforms indeed classically depend on the multilevel approach described by the  modules of the figure 6 that finally leads to the well-known modular composition of the mobile automated platform (www.clawar.org ) 

Clearly, two factors explain the large difference between the high expected LCC of a Mobile Robot and the LCC of a manned platform: (1) the very low volume of production due to the immaturity of the Mobile Robotics in outdoor applications and (2) the considerable investment in development imposed by the high level of intelligent autonomy of such vehicles and consequently higher equipment costs (sensor systems, processors, automated motion control devices and soft-wares, etc.
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Fig 6. Mobile Robotics System

In the evaluation of the  LCC, qualitative advantages, that can not easily be expressed by a direct or an indirect cost, will play an essential role. Among the factors that will compress the costs, let us mention:
The Fleet commonality: the commonality is defined as the ability to use the same subsystems in multiple vehicle types. This results in economies of scale for basic components and reduction of the maintenance costs and the logistical burden. 

The Dual use : electrical and electronics devices, whether developed for the mobile Robotics market or for the common vehicles market, are for the most part interchangeable. This is particularly true for the power generation, the actuators and electro-mechanical transmission.  This also implies economies of scale  and (future) lower development costs

  The Modularity: several subsystems can be assembled from basic modules: examples are batteries, capacitors, power controllers, generators and motors. Again, an approach that would yield lower production and maintenance costs

Extrapolating the modular LCC evaluation of AEV (for a 10 year lifetime, 1-5 kW power, max. FC APU generation) to Remote controlled AEV (RC-AEV), according to realistic assumptions (inflation rate, defectiveness rate of the modules, minimal production rate of 300 robots/year, .. as indicated by the next table

	Aspect
	Value

	General data for each module: delay times:

Replenishment periodicity

Procurement lead time
	6 months

3 months

	Economical data:

Restoration cost (% of unit production cost)

Repair cost at End-User level

Repair cost at Industry level C 

Inflation rate
	15 %

20 %

20 % 

2%

	Maintainability:

Duration of exchange = duration of restoration = duration of repair at E-U level

Duration of repair (industry - all modules)
	180 min

2 months

	Reliability data:

MTBF electric/electronic/sensor..modules

MTBF all hydro-mechanical modules

Discard rate
	450 H, 

1000 H, 

2 


We could expect the next realistic LCC (€/kW) for future outdoor light-weigh (500 kg) wheeled, tracked or legged mobile robots (RC-AEV): 

.

	Module 
	AEV (Modular LCC)
	RC-AEV

	All Vehicle
	1220
	1700 (?)

	S1 Power generation
	500
	500

	S2 Transmission
	100
	100

	S3 Actuation
	50
	50

	S4 Control (incl. sensors)
	120
	600 (?)

	Others (mechanical structure, suspension..)
	450
	450


4. Conclusion

The LCC of promising FC power generation systems for powers limited to a few kW , added to the LCC of electrical actuated platforms  for vehicles to 500 kg will not play an essential role in the computation of the whole LCC of a mobile robot. The major and uneasy to estimate costs will come from the control of the vehicles (software and hardware). Those costs are actually very high due to the fact that practically all the mobile robots available on the market are prototypes or are produced in a small quantity :  one may however expect a progressive decrease of this  LCC provided successful demonstration of the usefulness of mobile robotics systems, and consequently a larger market opening. 
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ANNEXE 4. IARP REPORT and STATE--OF-THE-ART in ROBOTICS

A. BE REPORT 2004 (IARP)

1. Belgium : the scientific research in the domain of the ROBOTICS : ACADEMIES

Within the Belgian Federal Government's juridictional framework, the Federal Science Policy Office implements national and international multiannual research actions with a view to consolidate Belgium's scientific and technological potential.

FEDRA is a database of research actions funded by the Federal Office. It is aimed at a broad user audience: scientists, policy-makers, social partners, companies, etc.

FEDRA offers various options for consulting the database. Information searches are possible on the basis of:

· a word or an expression 

· the name of the specific research partner or institution 

· the name of the research action 

· the theme of the research action 

· the industrial innovation sector, the academic discipline or the area of Federal Policy competence where the action takes place 

	PRIVATE
Interuniversity attraction poles 5 (IAP) 


Organization :

· Responsible(s) Federal Science Policy: 
Feys V. (Tel:02/23.83.486,E-mail:feys@belspo.be), Lejour C. (Tel:02/23.83.491,E-mail:lejo@belspo.be) 

· Final decision of the Ministers Council: 22/12/2000 

· Duration of the research: 1/1/2002 - 31/12/2006 

· Budget: 111.638.000,00 EUR 

· Research projects: 36 

Accompanying committee:

Members of the Federal Authority, Flemish Community, French Community, VLIR, CREF, 2 foreign experts

Objectives:

The "Interuniversity Attraction Poles" (IAP) Program aims to provide support for teams of excellence in basic research that belong to Belgium’s various (linguistic) Communities and work as part of a network in order to increase their joint contribution to general scientific advances and, where applicable, to international scientific networks.



The program’s objectives are to:

- award teams already recognized in the international scientific community additional human and material resources in order to put together a sufficient critical mass;
- encourage interactions between Belgium’s Communities and consolidate ties between universities belonging to these Communities in order to form lasting networks;
- develop or create collaborations between teams from different institutions and promote complementarity and interdisciplinarity between these teams;
- enable young teams to benefit from the environment of excellence constituted by a network and its international influence in order to ensure continuity in the excellence of basic research in Belgium.

The 36 research networks are classified into different categories, among which:

Advanced mechatronic systems (AMS)

This AMS proposal aims at providing an integrated design optimization and control framework to support the development of a new generation of mechatronic systems as required by the ongoing technological and societal paradigm shifts.

The most salient feature of a mechatronic system (also called: a machine) is that it generates motion. A machine hence consists of a mechanical structure (distributed flexible multi-body system) of varying complexity. This structure is set in motion by appropriate actuators through motion transmission mechanisms. The resulting motions are measured by means of sensor systems. These can be proprioceptive (encoders, gyroscopes) or exteroceptive (vision systems). A task is transmitted to the machine through some kind of human/machine interface (task programming system), like e.g. haptic interface, programming-by-demonstration interface, interactive autonomy in wheel chairs, etc. The deviation from the programmed motion, detected by the sensors is eliminated by an appropriate motion controller. Salient features of such controller are robustness, accuracy, bandwidth, etc. Controllers can be purely model-based, behavior-based or of a mixed nature. 

As these machines are of an inherently interdisciplinary nature, the mechatronics paradigm is adopted as a working method in the project. This is basically a concurrent engineering design approach where the machine is to be considered as a multidisciplinary system where all aspects have to be optimized simultaneously. The project is subdivided into work packages, each of them featuring outstanding research problems in the particular sub-areas and/or integration aspects: modeling, identification and control, optimization, micro-systems, nanotechnology, human/machine interface, dealing with complex environments. Optimization and multi-disciplinarity are at the core of the proposal. Generic demonstrators have been defined; they are meant to illustrate the superiority of the generic mechatronic design approach with respect to the present state of the art.

The project themes are selected taking into account the results of previous IAP-projects and in terms of interesting generic outstanding research issues. 

WP1 contains research on modeling, control and optimization of mechatronic systems. The symbolic modeling framework ROBOTRAN, developed in earlier phases will be extended to include multidisciplinary system elements. Special emphasis will be given to modeling of vibro-acoustic systems at intermediate frequencies, a still unsatisfactorily solved problem. WP1 is further targeting at designing robust controllers for distributed multi-body systems with variable geometry, in the presence of strong (variable geometry) and weak (friction) nonlinearities. Optimization occupies a central place in WP1. There, the structural and the control models are merged, resulting in an integrated optimization framework. 

WP2 deals with the development of intelligent (fluid power based) micro-actuators with high power density for use in micromechatronic systems, e.g. for robotic endoscopes. 

WP3 tackles some mechatronic issues of nano-robotics. Particularly the problem of handling and/or assembly of nano-structures using a haptic interface between the operator and an atomic force microscope will be considered. 

In WP5 some important problems of high-level human/machine-interaction are tackled, such as programming by demonstration, machining of complex surfaces, and shared autonomy. Furthermore, methods will developed for making the mechatronic system deal with complex environments (geometry, photometry), e.g. through active vision, through behavior based control, etc. They are meant to make the (mobile) mechatronic system behave more autonomously in complex, unstructured, also non-industrial, environments, like living or meeting rooms, in order to realize the ultimate dream of the ‘disappearing’ and ‘ubiquitous’ machine, able to live in harmony with and alongside people.

Prof. dr. VAN BRUSSEL H. 
Coordinator of the project
Financed Belgian partner 
Duration: 1/1/2002-31/12/2006

(Important Note (not in the Be report): The RMA, Dept Mechanical Engineering is not part of this IAP in Mechatronics: contacts have been taken in January to get the possibility to join this Group. News by end February.

2. BELGIUM: MECHATRONICS, ROBOTICS from the INDUSTRY

The most important federation of Industrial companies, AGORIA (www.agoria.be) has developed a roadmap in Mechatronical Engineering. (Ref/ Marc Herman, Mechanical and Mechatronical Engineering, Deputy Advisor AGORIA marc.herman@agoria.be )

2.1. Introduction: Mechanical & mechatronical Engineering: Omnipresent technology

Most products are the result of a mechanical engineering application. Vehicles, aero-planes, houses, clothes, bread, water distribution, fire protection and more. There are countless examples.
Companies in the mechanical engineering sector produce either complete machines, large plants for chemical or metallurgic processes, or, lastly, the components which form their basis. These high-technology companies employ more than 43,000 people and deliver goods worth 281 billion francs, 70% of which are exported.
Companies in the mechanical engineering sector are active in the following fields: 

· Prime movers, pneumatic, hydraulic, refrigerating and
aero-logical equipment 

· Metalworking machine tools, woodworking machines, tools, robotics 

· Textile machinery 

· Miscellaneous mechanical
engineering 
· Hoisting, handling, weighing
and construction equipment 
· Specific capital equipment and industrial installations 

· Inspection bodies, plant manufacturers
and technical consultancies 

· Agricultural, horticultural and animal
husbandry equipment 
· Rail and tramway stock 

· Shipbuilding 

Contact:
Jos Pinte, Tel: +32 2 706 79 77 - Fax: +32 2 706 79 88 
E-mail: jos.pinte@agoria.be
2.2. Importance of the sector.

500 companies (355 member companies)

42,000 employees

Total delivery:  € 7.8 billion

Export percentage: 79% (for member companies)

SME-sector (84% of companies < 100 employees)


Export-oriented

77,1% export; for some sub sector, this share exceeds 85%

Services on the up and up

Turnover growth of 10% in "delivery and services"

Accelerated innovation

Increase in the number of engineers and computer experts in the last three years between 30% and 50%
3. BELGIUM : WG IARP / HUDEM

The WG IARP/HUDEM has organized, in close cooperation with the European funded Networks EURON/CLAWAR, the fifth International symposium HUDEM’2004, extended to the applications in risky environments.

The publications will be found on http://mecatron.rma.ac.be
Summary

Participation: authors-coauthors : 101

Effective participation during the WS, Brussels, RMA 16-18 June : 57

Participating Countries: Austria, Australia, Belgium, Canada, 

France, Germany, Italy, Japan, Kosovo, Portugal, Russia, Slovakia, Spain, Switzerland, UK, USA

Introduction: Ambassador J.Lint, president of the 4th meeting of the States Parties (Hudem, Geneva) (Prof Acheroy)

Assistance: Chris WEICKERT (CCMAT, President of ITEP/WG Mechanical assistance) 

Situation in the world: 77 % of the Countries have signed the Ottawa Convention.


Round Table : at the end of the WS, Prof Baudoin gave a summary of the discussions held during the three days, among which one day devoted to practical demonstrations 

Example of a robot submitted to the explosion of an AP mine :

Robotisation of humanitarian de-mining / of similar applications reflects the use of tele-operated, semi-autonomous or autonomous robots with mobile platform. Robotic solutions properly sized with suitable modularized mechanized structure and well adapted to local conditions of minefields can greatly improve the safety of personnel as well as work efficiency, productivity and flexibility. Robotic research requires the successful integration of a number of disparate technologies that need to have a focus to develop

· flexible mechanics and modular structure;

· mobility and behavior based control;

· human support functionalities and interaction (HMI);

· integration of sensors (including the control of the interferences) and data fusion; 

· different aspect of autonomous or semi-autonomous navigation;

· planning, coordination, and cooperation among multi robots (MAS);

· machine intelligence;

· wireless connectivity and natural communication with human; 

· virtual reality and real time interaction to support planning and logistics of robot service.

In the current situation, there is a need to correctly define the usefulness and needs of robotics solutions, essentially in pre- and post-mine detection (minefield delineation and quality assurance), to develop a network of research-centers focusing on this kind of solutions, to define standardized modules of the used Robotics Systems . Beside the correct orientation of research activities, deduced from such definitions, it will be necessary to develop test methods and procedures in order to assess the performances of the 'System' in highly, cost-effective and most generic way. 

The Programmes and Networks

IARP  (The International Advanced Robotics Program) actually focus on three major topics: (1) the robot dependability, including the reliability, the cost-effectiveness, the safety and the human-machine-interactions, for industrial as well as for service and/or environmental applications (2) the humanitarian de-mining, including the gathering of information on the sensor systems that will be available in a next future and improve the usefulness of robotics systems (3) the robotics systems aiming the reinforcement of the security/safety in societal applications. Three working groups that are open to the scientific community: www.eng.nsf.gov/roboticsorg 

ITEP (Test and Evaluation Program) allows truly independent testing of products produced under either national or European funding. ITEP gives an international dimension to the test and evaluation programs as well as to the standardization initiatives. Furthermore the European Commission issued a mandate to the European Committee for Standardization (CEN) for Humanitarian mine action, incorporating the request to coordinate these efforts with the International Mine action Standards (IMAS) through close cooperation with GICHD (Geneva center) and UNMAS (UNO coordination) (ref 2)

Under ITEP the next task has been defined, that will be supported by IARP

	Project No. 3.1.4

	Title
	Robotics systems for the detection of Mines

	Description
	Information on the current esearch-activities aiming the introduction of automatisation techniques in Humanitarian Demining

	Aim
	Repertory of existing experimental Robots (and projects)

Collection of satisfied requirements and potential usefulness through IARP workshops (a.o.)

	Request
	

	Category
	Mechanical Assistance

	Type
	Automatisation

	Time frame
	End June/July 2004 (*)

	Place
	

	Lead nation
	BE

	Partners
	Members of WG IARP/HUDEM (www.eng.nsf.com/roboticsorg) and Eur Networks Clawar-2, Euron, Eudem-2..)

	Point of contact
	 Yvan.baudoin@rma.ac.be

	Web site
	http://mecatron.rma.ac.be
http://www.mat.rma.ac.be

	Comments
	(*) CD-ROM with requirements and descriptions of robots in progression . CD-ROM of HUDEM’2004 at disposal of Hudem Community




Under ITEP (ref 3) , the MACE T&E WG (Mechanical Assistance Clerance Equipment, Test and Evaluation working Group) is chaired by Dr. Chris Weickert  and Geoff Coley (CCMAT) and focus on the mechanical mine-clearance, not on the mechanical assistance to the detection. Five objectives had been defined, namely:

· Inventory of existing equipment and T&E reports

· Develop Best Practices

· Conduct T&E of Equipment

· Develop Standards

· Populate the Repository

The aspects Best Practices and Standards have been entrusted to the CEN WS 12 and will inspire the tests and evaluation methodologies developed by the group.

The next table summarises the current inventory.


EUDEM-2 is a European Network that may ease the exchange of informations among the members of the Scientific Community and with the End-Users. More details will be given by Karin Debruyn during this IARP WS HUDEM’2004 

CLAWAR-2 (Climbing and Walking Robots and Associated Technologies) The consortium includes all the stakeholders that are needed to develop and to promote a European robotics industry able to exploit the Robotics technology; CLAWAR  comprises 5 contractors (UoLeeds, QinetiQ, UNICT, CSIC and Robosoft who reflect the different viewpoints from industry, academe and research centers) and 28 members from 12 countries. Many of the organizations have been involved in the initial CLAWAR TN and are heavily involved in developing the area of robotics. The consortium includes a good balance of 10 Universities, 6 Research Centers, 15 from industry (SMEs and larger industrial organizations), and 2 members from newly Associated States. A number of End Users and Standards and Professional Organizations are also  involved as Associate Members and/or observers to assist in the development of Guidelines and Best Practice solutions for robotic systems in a range of applications areas. Internationally renowned Third State Partners (non-funded) are also involved as observers to give added value as well as create a world network for this area of technology. Prof G.Muscato gave, during this IARP WS HUDEM’04 some information on the Work-package focusing on the Outdoor Robotics . The members of the EN CLAWAR attach a major importance to the modular character of a robotics system. If the modular approach of an application may be defined by the scheme of the figure 1, the next figure 3 describes the modular definition of the robot self. Every component has been studied in details and may lead to specific guidelines: those standard requirements will be defined by the end of the actual contract (May 2005)

B. State-of-the-art, based on the IARP/Clawar cooperative meetings and high-lighting of MoD interests

 SEQ CHAPTER \h \r 1
Summary Report of the International Advanced Robotics Programme 

                                       Expected Useful Trends for our Capacitive actions

                                           Role of the Ground Robotics for Defense

Introduction
The purpose of this report is to present a single summary of the various country reports prepared for the IARP Joint Coordinating Forum. The intent is to give a short summary statement of some of the major advanced robotic research activity being carried out around the world.

IARP is an intergovernmental body whose aim is "To foster international cooperation toward the development of advanced robotic systems capable of eliminating or minimizing human exposure to difficult activities in harsh, demanding, dangerous conditions or environments".


The current full member countries of IARP are Austria, Belgium (RMA), Brazil, Canada, Peoples Republic of China, France, Germany, Italy, Japan, Korea, Russia, Spain, United Kingdom, and the United States of America. Additionally there are two members with observer status, namely New Zealand and the European Commission.

Overview
The overall position represented in the reports is one of substantial and diverse development activity being carried out around the world in significant research areas. A substantial portion of this research is tackling new areas of robotics such as nano-robotics and mico-robots. However, it is clear that in several of the key IARP focus areas (e.g. medical robotics and humanitarian demining) significant progress is being made both in terms of the amount of research being carried and also  in terms of the progress towards usable systems with high social and economic benefit.

Country Summaries
This section presents the summary of each country’s report from the perspective of the contributor. As well as the individual country reports, a summary report from the European Commission is also presented, this being in the context of a major sponsor of robotics research within Europe. 

For wishing more detail the full country reports are available on-line at www.eng.nsf.gov/roboticsorg/
BELGIUM
See par 1, 2, 4 above

CANADA
Despite its geographical vastness and the dispersion of its population in some areas, Canada wants to maintain universality of access to health care services to its entire population. To reduce the ever-escalating costs of healthcare, several organizations are currently investing in telemedicine facilities and in technologies to enable the remote diagnosis (and treatment) of patients. So far, most efforts have been oriented towards tele-diagnosis but robotic technologies are now being developed for robotically assisted surgery or telesurgery. 

Another important area for the commercialization of robotic technologies will be agriculture. Environmental considerations are pushing to reduce the spraying of herbicides and pesticides at large. Legislation will soon ban such practices. This will force the transformation of the agriculture industry towards precision-agriculture, which is labour-intensive. However, Canada is facing severe competition from other nations: some nations with lower wages fare better over the global market because of lower production costs and the USA are currently considering whether to subsidise agriculture at levels even higher than the current ones. Robotic technologies could potentially enable precision agriculture at a reasonable cost. 

PEOPLES REPUBLIC OF CHINA
With the support of the Chinese National High-Tech R&D Programme, some innovative achievements of advanced robotics (such as humanoid robots, bionics robots, mobile robots, medical robots, pipe robots, network-based robots, micro-manipulation systems and service robots) have been obtained in the past year. A brief overview of these is given below:

· 
Robot-assisted medical mechatronics. More and more effort is being spent on R&D associated with medical robots by most Chinese universities and academic institutions. Among them, frameless stereotactic neurosurgery system has been a great success. Discarding the cumbersome frame, the robot-assisted frameless stereotactic neurosurgery system uses the markers for registration. It reduces the operation procedure and increases operation efficiency and safety, and shortens recovery time for patient and so it has been used for practical neurosurgery in more than 50 cases. 
· 
Micro-manipulating robots. A new type of biologic-medical experimental robot has been developed in Nankai Univ. The operator can control the motion of micromanipulator & micro-holder by computer. By means of the micro-vision & image processing, the actions of micro-tools on biological bodies can be performed with high precision automatically. The system can be applied to some micromanipulations of biological bodies, such as trans-gene through microinjection to cells, to micro-cutting experiments of the chromosome. Meanwhile, a tele-micromanipulating robot system based on microassembly has been successfully developed in HIT and will be applied to micro-assembly of micro parts and MEMS parts. 
FRANCE
· 
Within the framework of Human Centred Robotics France is actively promoting the domain of Assistive and Personal Robotics, that both by its technical aspects and societal and economical impacts, opens a true Grand Challenge. Here are brought up frontline research themes ranging from learning to multi-modal HMI, with special attention  devoted to the central aspect of Robot Dependability in Human Environments (see http://www.laas.fr/drhe02/preprints.pdf).
· 
The Robea program, launched by CNRS in 2001, addresses robotics as the interdisciplinary study, design and integration of sensory-motor and cognitive functions thus covering from the main disciplines in Information Sciences and Technologies to Neuroscience, Humanities and Social Sciences, Cognitive Sciences, and Medical Sciences. The program supports collaborative research projects from academic laboratories in France, affiliated to CNRS, to Universities and other public research institutions such as INRIA, ONERA, CEA, INSERM or IFREMER. It is open to collaborations with the industry and with foreign partners (see http://laas.fr/robea/)
GERMANY
The 2002 report summarizes the main multi-institutional activities in the field of robotics research. Highlights of German activity in this area are given below:


Several Collaborative Research Centres with a time horizon of up to 10 –12 years have been established by the German Research Agency (DFG) and address basic research in the field of:


Telepresence Systems (Munich)


Design and Control of Redundant Robots (Braunschweig)


Humanoid Robots (Karlsruhe)


Space Cognition (Bremen)


Robots in Surgery (Karlsruhe)


Furthermore there are research networks sponsored by the DFG which are related to:


Mobile Multiagent Systems (Robocup and Rescue)


Dynamic Walking Machines (Biologic motivated systems)

· 
A new robot society was founded in 2001 which is called Deutsche Gesellschaft für Robotik –DGR- (engl.: German Society for Robotics). This society is composed by the following German Research and Engineering Societies which are active in the field of robotics: VDI/VDE, GMA, ITG, GI, IEEE Robotics & Automation, German Branch, ECCAI, CURAC, German Chapter of the European Neural Society, DAGM, Fraunhofer Gesellschaft. The purpose is to sponsor activities in the field of robotics research, education, engineering and applications in the spirit of a constructive cooperation. DGR is organizing an overall German Robotics Conference every 2 years, which is also open for  researchers of other countries. 
ITALY
Italy is involved in several major research projects involving the development and application of advanced robotics. Four key projects and their main Italian participants are highlighted below:

· 
Robots for Antarctica environment (RAS, SARA, RUISS, SAITES) - ENEA, CNR, Un. of Genova, Parma, Perugia, Pavia, Tecnomare srl, Idromar. 
· 
Space Robotics activity - ASI and space qualified industries (Tecnospazio srl, Tecnomare srl, Carlo Gavazzi, Alenia Spazio, Officine Galileo) 
· 
Parallel supercomputing applied to robotics (PRASSI, SIRO, SENSI) - about 30 partners among these ENEA, CNR, Dappolonia, INTECS, NERGAL.
· 
Participation to a number of international research programs including CLAWAR (Climbing and walking robots) and the European Robots Excellence Network EURON.
As in many other European countries the funding for robotics is tending to be driven by the application rather than the technology. It is also notable that there is currently a lack of long term investment in this area from industry together with a fragmentation of the research teams undertaking publicly funded research. To address this situation, new public research investment is aimed at promoting the fusion of research groups, both within and between research institutions, and to substantially enhance the cooperation between industry and publicly funded research.

JAPAN

Though Japanese economy has not been in good condition since the beginning of 1990s, the amount of the industrial robot production in 2000 was 660 billion JPY which a record for the Japanese robot industry. This was primarily due to an increase in the of number of exported industrial robots. However, in 2001, this figure fell to about 400 billion JPY due to a slow down in the export business. In order to adapt the production demands to smaller numbers of various kinds of products there has been a tendency toward the introduction of human workers together with automated machines in manufacturing factories over the last 10 years. This tendency continues and is causing the number of newly  used robots Japan to reduce as well as reinforcing the bad economic conditions. To expand the robotic industry activity, new robotic market products are expected to be found. Human friendly robots, which mean the robot which can provide services to human in human environment in daily life, are considered as one of the candidates. There are industrial R&D activities concerning robotic home electronic products like the vacuum cleaner robot, entertainment robot, home security robot, rehabilitative robot, and information service home robot. In 2001, the meal service robot for handicapped was supplied to the commercial market by a Japanese company.

To encourage non industrial applications of robot, several analyses of the robotic industry have been carried out. One of such reports distinguishes two types of robotic products. The first is the ready-made product which is sold as a catalogue product like an industrial robot. The other is the custom-made product which is developed and sold according to the order from a customer, such as a space arm, airplane cleaning robot, underwater inspection robot and so on. The custom-made business in robotics is now recognized as being very important in order to expand the robotic business in future due to the growing personalization needs of users. With this in mind, a new 3 year METI’s national project to develop middleware which can standardize various robotic components available in the market and make the system integration using them easy was started in October 2002.

With regard to humanoid technology, Honda and Sony continue R&D for application to entertainment and guide service robot. METI’s national project, Humanoid Project(HRP) which started in 1998 is under way by AIST and several participating industries. In 2002, Kawada/AIST developed new humanoid platform which is called HRP-2. It has an open-architecture with a compact body that includes a battery. Also, several humanoid application preliminary experiments are carried out to develop some practical application areas and their relating humanoid business using a developed humanoid platform in the project. At the end of March 2003, the project will be finished. Currently, several demonstrations which show the final results of the project are planned. 

Some new trend in robotics in Japan which could be seen in 2001 is that the Government instigated research on humanitarian demining robotics and rescue robotics. The Ministry of Education, Culture, Sports, Science and Technology has started humanitarian demining robotics projects (with the solving of Afghanistan problems in mind) and a new program for rescue robotics based on Kobe earthquake experiences. Ministry of Economy, Trade and Industry(METI) also started a new project for humanitarian demining robotics to solve the Afghanistan problems. 

UNITED KINGDOM
Advanced robotics research in the UK is not carried out under any single coordinated programme. Nevertheless, advanced robotics is once again a growing research area in the UK. This growth is across the board and not just in near-term application areas, such as defence, but also in near to medium term applications such as medical and food robotics and in longer term research areas such as Biomimetics and Haptics. 

The problem of a lack of a central coordination programme is being tackled through a number of coordination initiatives and the emergence of Centres of Excellence for given advanced robotic application areas such as Medical Robotics (Imperial College), Subsea Robotics (Herriot Watt University), Walking Robots (Leeds University) and Food Assembly Automation (Salford University).

European funding continues to form an important part of the advanced robotics research funding in the UK. Important projects include Robovolc (a volcano exploration robot), FutureHome (applying advanced manufacturing technology to housing production), ALIVE (a light autonomous underwater inspection robot) and HYDRA (applying the principles of biological self-organisation to micro and nano-scale robots).

Work continues on the Beagle II Mars lander mission which is to be launched on the ESA Mars Express during 2003. If successful this will generate even more public interest, this already being fuelled by popular television programmes.

UNITED STATES OF AMERICA
Robotics research in the US continues on a broad front, from microrobotics to large-scale robotics systems for industry, medicine and other applications.  Of special importance in the last year is the enhanced profile of robotics for search and rescue purposes.  This focus was stimulated by the tragic events of September 11 in New York, Washington and Pennsylvania.  Robots were used extensively in the search for victims at the World Trade Center in New York.  Professor Robin Murphy of the University of South Florida (USF) used her robots extensively to search for victims.  This increased interest in search and rescue robots provided incentive for a related workshop scheduled to take place at USF in February 2003.  Another area of increased interest is sensors technology.  The US is interested in improving its ability to sense the potential for biological and chemical warfare as a part of its homeland defense activity.  The National Science Foundation has initiated a new initiative in sensing technology and design in 2002.  Research outcomes will have profound effects on robotics technology.  

Medical robotics research continues apace.  The work is conducted at a wide array of academic and industry institutions.  Primary among these is the work being done at The Center for Computer-Integrated Surgical Systems and Technology Engineering Research (CISST) Engineering Research Center (ERC) at the Johns Hopkins University, and its partner institutions.  The Johns Hopkins Homewood and Medical Institutions, Massachusetts Institute of Technology with Brigham and Women’s Hospital, and Carnegie Mellon University with Shadyside Hospital are teamed to develop novel computing methods, interfacial technologies and computer-integrated surgical systems to significantly improve surgical procedures in the 21st century.  The Center’s industrial affiliations augment the collaboration by providing systems development infrastructure for rapid prototyping and validation of surgical systems concepts.  Together, CISST ERC partnerships address a vital national need to greatly reduce surgical costs, improve clinical outcomes, and improve the efficiency of health care delivery. The center’s administrative offices are located on The Johns Hopkins University in Baltimore, together with the computer integrated surgical systems and technology research laboratories.  The Center for Medical Robotics and Computer Assisted Surgery (MRCAS) at Carnegie Mellon University has three primary goals to support robotics and computer assisted techniques in medicine, to promote collaboration between physicians and researchers with the Robotics Institute, and to perform application-oriented research aimed at current clinical needs within the medical system.  Clinical applications occur at the Center for Orthopedic Research, at Shadyside Hospital.  The Massachusetts Institute of Technology’s Artificial Intelligence Laboratory (AIL) facilities are used for developing segmentation, registration and tracking algorithms to enhance medical image analysis.  The ERC focuses on two inter-related classes of systems, surgical CAD/CAM systems and surgical assistant systems.  The first transforms preoperative images and other information into models of individual patients, assists clinicians in developing an optimized interventional plan, registers these preoperative data to the actual patient in the operating room, and then uses a variety of appropriate means, such as robots and image overlay displays, to assist in the accurate execution of the planned interventions.  The Surgical assistant systems work interactively with surgeons to extend human capabilities in carrying out a variety of surgical tasks with an emphasis on intraoperative decision support and skill enhancement, rather than preoperative planning for accurate execution.

EUROPEAN COMMISSION

HIGHLIGHTS

Robotics R&D in the IST EU Programme for RTD

Information Society Technologies (IST
) is the EU programme for RTD in the field of information and communication technologies, applications and services. During the period 1999-2002, IST has been financing some 50 R&D projects dealing with robotics technologies, with a total EU funding of ~85 million Euro and a total budget of ~133 million Euro. These projects substantially contribute to strengthening the scientific know-how and the technological and industrial basis of Europe in Robotics: they forge multi-partner links and collaborations between academia and industrialists and encourage industry to innovate and, ultimately, to become more competitive.

IST-funded robotics projects are developing both generic technologies (e.g., man machine interfaces, multisensory perception and navigation systems, real time embedded system platforms, advanced control methods, micro and nano-robotics, etc.) and advanced prototypes in field-applications (e.g., for risk management, health monitoring, humanitarian demining, serving as tourism guides, as aids for persons with special needs, etc.). Specific calls for proposals have also been launched for initiating high risk long term research projects in topics such as neuroinformatics and life-like perception systems.

Relevant complementary R&D projects in robotics technologies are also being financed by the GROWTH EU Programme
: over the period 1999-2002, 20 R&D projects have been funded with a total EU contribution of ~33 million Euro and a total budget of ~59 million Euro. 

The 6th EU Framework Programme (FP6) for RTD has been recently adopted for the period 2003-2006 with a budget of 17.5 billion Euro
. Information Society Technologies
 and Nanotechnologies, intelligent materials and new production processes
 are two of the priority thematic areas of FP6, which will support, among others, R&D in Robotics. For example, for the year 2003, IST will support –among others– project proposals in robotics focussing in one of the following thematic areas: 

Beyond Robotics initiative
: Development of Cognitive Robots (robot assistants or companions to humans), hybrid bionic systems or autonomous microrobot groups (robot ecologies);

Development of Cognitive Systems (physically instantiated or embodied systems that can perceive, understand and interact with their environment, and evolve in order to achieve human-like performance in activities requiring context-specific knowledge).

Summary of R&T trends with potential impacts on Capacities

Cognitive Robotics (Soldier Level)

Multi agent systems (Unit(s) level, a.o. for RSTA, Rescue operations, Environmental Surveillance, Multirobot cooperation)

Multi-modal Human Machine Interface (extended to use of computers onboard of AECVs)

Telepresence and Virtual Reality (preparation of missions, mission scenario’s, logistic missions)

Microrobotics (Medical Service)

IDCs (Intelligent Data Carriers : fast growth of this concept: IDC on robots, on Humans, in Environment and Data exchange among them: see picture)

DEFENSE CONCEPTS: UGVs , Mobile Robotics for DEFENSE

Summary of the CLAWAR-Task 12 (RMA leading)

Modern armies are equipped with a multitude of different motorised platforms to support troops engaged in both offensive and defensive operations. The battlefield scenarios in which military vehicles are required to operate could contain a variety of natural topographical features, including water, together with man-made structures. Therefore, for a force to be effective it must include equipments that enable it to move in all battlefield conditions. This is achieved in part by including vehicles that are designed for a specific task, for example as a bridgelayer, or to operate in a specific scenario such as a wheeled landing craft. No single ground vehicle can be considered to be mobile in all conditions. Some conditions preclude the use of all conventional vehicles. Man-made defensive obstacles are specifically designed to limit the mobility of conventional vehicles.

If climbing and walking machines and mobile robots are to be accepted in a military role, they must either improve the performance of conventional vehicles, complementing them in areas where there is a deficiency, or enable troops to operate with improved efficiency and in greater safety.

Some areas where CLAWAR type systems (including wheeled, tracked or legged propulsion) could be employed are suggested below.

Small walking machines that emulate a crawling man, could be used where there is a need to advance in a stealthy and covert manner. For example, RECCE personnel often by necessity need to advance to within sight of the enemy, using natural cover to conceal their presence. Having set up an operation, they may be required to remain there for some considerable time. During such extended operations they will need to be regularly supported and possibly replaced if the operation is to remain effective. Moving to and from their position is when they are most vulnerable to be detected and their safety is at greatest risk.

In this situation, if a small machine were able to move stealthily, it could be used to re-supply the observers with rations, batteries, etc, maintaining minimal risk for everyone and the overall success of the mission. In some scenarios the machine could replace the men if it were fitted with appropriate sensors whilst relaying information back to the observers who are located in a remotely sited command post area. Larger scale walking machines could be designed with specific mobility attributes that could enable them to negotiate areas that are denied to conventional vehicles, because of natural features such as rocks and trees, or man made defences eg rubble, barriers, and ditches.

A CLAWAR machine equipped with suitable effectors could, for example, be used to evacuate casualties from otherwise inaccessible hostile areas, a task that could well put stretcher-bearers in exposed positions.

If suitably hardened, the machine could be used for rescue/evacuation in situations where there is a presence of fire or toxic substances and possibly mines,. For a dismounted manned approach, this would be extremely hazardous.

Very large walking machines could possibly find a place in the battlefield. A machine with long reconfigureable legs and stable load platform could be employed to carry stores and possibly light vehicles, over obstacles such as tank ditches, hardened barriers, culverts, etc in an area that would otherwise defeat more conventional systems.

If the machines were also able to wade, they could be employed in river crossing where, for example, there is a need to transport equipment to the opposite bank for bridging and supply, etc. Similarly, such a system could be used for beach landings, where there may be a need to overcome coastal defences. In this scenario, the equipment would be positioned above the water line.

Large machines could be positioned for use as an anchor, or if fitted with a winch, be used in the recovery role. Here the gain would be that the machine could be sited to the best advantage rather than in a position dictated by the mobility limitations of conventional recovery vehicles.

A climbing robot that is able to scale man made structures such as pylons or walls (buildings), could be used to deploy systems that require siting in an elevated position. Similarly, a machine capable of scaling natural features such as rock faces (trees?) could be used for the same purpose in unstructured environments.

The climbing machine could either carry the sensors on a deployable mount to install then retreat (long duration), or have them integrated into its own system for short term deployment (quick look). With an integrated system, being manoeuvrable, the robot could be moved quickly if, for example, the area of interest changed, or in the case of radio communications, there was a need to optimise transmission path.

An example application could be in a surveillance operation, where a sensor package would be deployed in a remote location to monitor covertly enemy activity or act as an advance guard.

In any military application where the use of CLAWAR type machines is appropriate, the logistics of fielding the system remains a major consideration. Any proposed system must be easily deployable with little or no preparation, and be able keep pace with a fast moving battle formation.

CLAWAR systems designed primarily for military reasons, could form the basis of equipment suitable for use by civil, rescue and security services.
Actually, we need to remain realistic: the outdoor robotics is not yet mature: a lot of R&D has to be pursued, essentially in the domain of the control, multi-control and HMI.

The use of new technology is utilised largely by military organisations in order to decrease the exposure of risk to troops. The most viewed areas of state of the art technology in use is in the military air forces, however much of this technology is also applied to land warfare equipment but not as obvious to the ordinary person. When considering a ground battlefield scenario, there are many variables from one scene to another. In terms of air operations, the change between scenarios is not as large. It is evident that the natural topographical features can represent many difficulties on ground battlefield missions. Therefore the use of vehicles that can adapt to a variety of landscapes  would be of huge benefit to any modern army.

The use of walking robots in military applications appear to have huge benefits, however there are a few limitations with walking robots which limits their use at present. These limitations are namely: speed of travel and optimization of control. These limitations are very closely linked, since the limiting factor of mobility is due to speed of the control system. However with the ever increase in processor speeds, the control system response is also increasing. Optimized control will then allow for increase mobility, thus allowing walking robots to have an active role in battlefield missions. However before climbing and walking machines are to be accepted in a military role, these machines must be an improvement over conventional vehicles and allowing vehicles to be deployed where presently it is not a possibility.

Tracked vehicles are presently employed as the most suitable for negotiating obstacles of man-made and natural topographical nature. These vehicles are deemed suitable, however there are scenarios where these systems are not suitable to employ. A combined tracked and walking system could be employed to give the benefits of tracked vehicles in moderate terrain and the climbing ability of walking vehicles in rough terrain. It must be noted that tracked systems are most suitable to heavy vehicles where large robust tracks can be employed, on the other hand walking and climbing robots need to be lightweight in order for them to be adaptable and maneuverable. 

In order to have a combined vehicle with track system and climbing ability, the vehicles weight must be kept to a minimum. The concept of a light tracked machine has been employed for use in the remotely operated vehicle (ROV) industry, an example of this is the Kentree Ltd – Brat product (See Fig 1- RMA ordered a similar robot by Cybernetix, the CASTOR ). The Brat vehicle is a relatively lightweight ROV with rugged terrain and stair climbing ability, however it doesn’t have the ability of a climbing robot which could climb vertical faces of obstacles. If a suitable combination unit was employed a vehicle with the benefits of both tracked and climbing systems would be conceived. 

Wheeled vehicles have huge advantages over tracked machines because of their simple rugged drive system in comparison with track systems which required an amount of maintenance. Utilizing optimum design techniques of load distribution over driving wheels, a wheeled vehicle can be employed to surmount rugged terrain.  The Kentree Ltd large wheeled product – HOBO, has the ability to surmount rugged natural terrain and man-made structures such as steps, stairs and dykes, see Fig. 2 .(RMA ordered a wheeled platfor by Robosoft, FR, the ROBUDEM)

A vehicle combining a wheeled and climbing system could be considered as a suitable solution to providing a vehicle suitable for military use. This vehicle would be more suitable for larger vehicles, since small vehicles have relatively sized wheels and it is found that the smaller the wheel, the less suitable the vehicle is to maneuvering over a rugged terrain. A combined wheeled and walking/climbing system has already been considered, developing such a vehicle for military applications could well prove feasible. 

When considering the types of military applications that a climbing/walking machine can be employed in, it can be seen that a dual drive system would give the up-most benefits since at present the climbing/walking vehicles based on a legged system have a number of limitations. An advantage of walking/climbing robots of the legged nature is their huge adaptability in terms of shape. This feature is beneficial in terms of covert operations where the machine needs to be reduced to a minimum. On the other extreme when traversing rugged terrain high ground clearance is required. This adaptability is not achievable with conventional wheeled or tracked machines.
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1. Introduction
Walking vehicles, comparing to other mobile robots, have superior terrain adaptability. They also offer attractive capabilities in terms of agility and obstacle avoidance. The use of legs is convenient for locomotion on soft ground where the performance of wheels and tracks are considerable reduced. On the other hand, traditional wheeled platforms provide sufficient robustness, mechanical simplicity and energetic performance. Hybrid wheel-legged platforms could combine some advantages of both categories of mentioned robots. 

From educational point of view, the students could be involved in activities as designing and building such small robots. They could also study kinematics, dynamics and control theory of this kind of robots. Our experience in this area proves that the students are more interested to study robotics if they are involved in practical work. In such case, they mix their work with pleasure and final results are improved.

In this annexe, few prototypes of small walking, climbing (wheeled) and wheel-legged robots will be presented. The work will describe some structural and kinematical aspects of these machines, mechanical design and construction details, control aspects. These platforms could be useful tools for trainers and researchers in mechatronics, robotics, computers, and communications.

2. Walking robots
In the beginning of this section, two educational walking platforms (a hexapod and a quadruped) will be discussed. Some mechanical parts of the hexapod will be used for the quadruped, in order to safe money and time we need for manufacturing.

The leg structure for both robots is based on a simple parallelogram mechanism but the arrangement of the actuated joint is different, which will finally conduct to different dynamic aspects. In order to have a linear trajectory of the robot body, for forward or backward gait for example, the trajectory of each foot in support phase should be a line. In the case of a leg with rotary joints, this means that it should have minimum three actuated joints: 

· One joint for vertical movement of the foot (joint B in Fig. 1.a);

· The second one for horizontal movement of the foot (joint A);

· The last one to correct the circular trajectory of the foot in support phase (joint E’).

Because of economical considerations (too big cost in the case of using three motors per leg), but also for simplifying the control of the platform, we have used a leg structure with only two actuated joints (A and B in Fig. 1.a). In such conditions, the foot trajectory will be a circular one (continuous line in our figure). In order to correct it during the support phase of the foot, a passive joint (E’) “actuated” by a spring is used (dashed line).
A closed chain was used in order to have a good rigidity of the leg. Also, the link EF is always perpendicular on the ground (of course, in the case of a flat terrain, as is the ground of the laboratory).

[image: image23.png]


[image: image24.png]o
"y oA
8) 5

\\




  (a)

    (b)

Fig. 1. First leg: a) structure; b) 3D CAD model

Solving direct position kinematics problem of the leg, we have:
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Inverse kinematics solutions are:
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Fig. 2. Photo of ROBY-1 robot  (IASI)

On the basis of this leg structure, a small hexapod walking robot with modular legs has been  built (Fig. 2). Light materials (aluminum alloy) were used for the links of the legs and robot body and 12 Graupner servomotors for driving. Overall dimensions of the robot were established taking into account:

· Dimensions and torque of actuators;

· Static stability condition of the robot during walking;

· Legs interference avoiding condition during walking.

The electronic board of the first prototype is based on two PIC16F84 microcontrollers. This prototype has an open loop control, being used for low level practical exercises about control. Not any kind of sensors is used in this case.

The second prototype has an electronic board based on two modules SBC 876:

· One module (SBC1) is used for position control of the servomotors;

· The second one (SBC2) communicates with the environment via sensors (ultrasonic sensor for obstacle avoidance and infrared sensor as command receiver) and takes decisions according to the information received from them. It also communicates with SBC1 module, which will command the servomotors positions according to the decision of SBC2.

The platform SBC 876 (Fig. 3) was designed on the basis of a PIC16F876 microcontroller and developed at Computer Engineering Department, “Gh. Asachi” Technical University of Iasi. It is able to communicate and to control internal processes, directly or by using I2C or RS-232 modules. It also contents a flash memory module 24LC65 (64 KB) in order to store data received from sensors. In case of necessity, there can be used one to eight modules with 512 KB flash memory.
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Fig. 3. SBC 876 platform

Programming facility is the main advantage of SBC 876. It can be programmed by using the PC via serial port. On the electronic board are also included two power supply modules, one for electronics, the second one for servomotors.

The robot can be semi-autonomous, when SBC2 module is interacting with an infrared sensor, which receives commands from a Sony radio-command in order to change the gait. It can also become autonomous when SBC2 communicates with a MSU04 ultrasonic module (see Fig. 2). This module is able to detect obstacles and to determine the distance to these obstacles (distances between 3 [cm] and 3 [m]) using two ultrasonic sensors (one transmitter and one receiver). At its output, ultrasonic module offers impulses between 100 [μm] and 18 [ms] according to the distance from the robot to the obstacle.

The leg shown in Fig. 1 has as disadvantage a high resistant torque on the motor axis used for B joint driving. This means big energy consumption when the legs are on the ground, even if the robot does not walk. The mentioned torque depends of the length of the link 3 (BE) and its ( position angle.

An improved arrangement of the joints and reduced energy consumption has the leg used for a quadruped walking robot, using the same mechanical parts and motors (see Figures 4 and 5). In this case, the force reaction on the foot, due to the contact with the ground, will act directly to the link 1 and not to the axis of ( motor. These motors should not any more support the mass of the robot during the support phase.
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     (b)

Fig. 4. The second leg: a) structure; b) 3D CAD

       design

Direct kinematics of the second leg gives similar solutions:
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Inverse kinematics:
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A photo of the quadruped robot based on the second leg structure is shown in Fig. 5.
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Fig. 5. Photo of ROBY-2 robot (IASI)

The electronic board for the quadruped robot control is also based on a SBC876 platform. But the control algorithm is different because the stability of the robot during walking is a bigger problem in this case.

Using almost all the mechanical parts of the hexapod, we can build two different platforms (a hexapod and a quadruped) saving money and time and the students can study their different kinematics, dynamics and control.

One of the biggest problems for autonomous mobile robots is energy consumption which should be reduced as much as possible. Powerful batteries are expensive or they have a big mass. But big mass of power supply means bigger mass of the robot. This means more powerful motors, bigger energy consumption and so on. A possibility to reduce the power consumption is an optimum leg structure. Taking into account this problem, another leg structure based on a Scotch yoke mechanism was built (Fig. 6). This leg has as advantages: minimum resistant torque on the axis of ( motor, which means less power consumption for supporting the robot (this torque is zero on flat terrain when the leg position for support phase is as shown in Fig. 6); the distance between the A and D joints along the y axis (distance between the axis of the link 1 and the axis of the link 4 along y axis) is constant for all the legs during walking, even if the robot walks on flat terrain or on obstacles. This means a simpler algorithm control because, for example for straight forward or backward gait, all the legs could have the same stroke during the support phase.
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   (b)

Fig. 6. The third leg: a) structure; b) 3D CAD design

Direct kinematics:
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The robot based on the third leg structure is shown in Fig. 7.
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Fig. 7. Photo of AMRU6 robot (RMA, MB-07 study)

We have used a Motorola MC68332 microcontroller to control the small six-legged walking robot (Fig. 8). This choice has been motivated principally by these characteristics:

· It has 14 TPU (Time Processing Unit) lines. Twelve of them will be used to determine the servos position angles.

· It can have more than 25 digital I/O lines (depending on the configuration of the pins).

· The data capacity of the RAM memory is 256K and of the flash EEPROM 256K.

· Finally, its suitability to our application and the development support.
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Fig. 8. Microcontroller Motorola MC68332 (TT8)

Actually the robot is controlled by using a main loop program where we can choose the actions that the robot has to perform. These actions are:

· Speed magnitude

· Type of the gait. Two gaits have been implemented: the alternating tripod gait and the wave gait

· Trajectory direction (turning left or right the robot)

· …

When a specified action is chosen, the robot realizes it during each interruption of the main program by mean of the interrupt handler program.

The speed of the robot is proportional to the number of points necessary for the foot in the stance phase to move from the Anterior Extreme Position (AEP) to the Posterior Extreme Position (PEP) during a specified time when the interrupt handler program is running. The change of the speed consists in the change of this number of points. The type of gait is determined by choosing suitably the moments when for each leg begin the stance phase. To turn the robot, we specify different speed between legs on one side of the robot and on the other side.

3. Wheeled/climbing robots
An important application for robotic systems is the area of pipe inspection (in the oil, chemical and nuclear industry, the public water systems, and possibly future space systems). In this context was developed a concept of wheeled robot for in-pipe inspection.

The robot has a number of advantages:

· The vehicle has a very simple kinematics and uses a single motor.

· Low energy consumption, thanks to the simple kinematics.

· It can move in horizontal, vertical as well as curved pipe geometries.

· The robot can adapt to changing diameters and to small obstacles on the inner surface of the tube.

· The robot can easily be protected against humid and dirty environments.

It can be used for weld inspection, fault detection, cleaning and repairing of internal pipe surfaces, etc.
The structure of the robot is based on the spatial mechanism shown in Fig. 9 The guide bars of the equidistant joints 
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 are some helices, disposed (with the same 
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 angle) on the external surface of a cylinder with a 
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 radius. The mechanism has a 
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 cylindrical joint, disposed on the central axis of the mechanism, and three 
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 linear joints. In order to reduce the friction of the 
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 joints, three wheels will replace these linear joints (as shown in Fig. 10).
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Fig. 9. Equivalent mechanism of in-pipe robot, with

        linear joints

Also, the linear movement of the joint 
[image: image46.wmf]A

 can be replaced by using three equidistant wheels, which make contact with the internal surface of the pipe.
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Fig. 10. Equivalent mechanism with rotary joints

Many pipes or duct systems have junctions, corners, steps and big changes in their cross section. The robot, which was built on the basis of mechanism shown in Fig. 10, is not able to move in complex pipe shapes but it can move in horizontal, vertical as well as curved pipe geometries with a relatively wide radius of curvature. Because all the wheels are mounted on springs, the mechanism can adapt to changing diameters allow the motion into curve pipes and compensate for irregularities on the inner surface of the tube.

The wheels of the rotating body make an angle 
[image: image48.wmf]a

 to achieve a helical trajectory when the link 1 rotates (see Figures 9-10). In fact, the three helical trajectories of these wheels look like a screw with three beginnings. In this case, the movement of the mechanism into curved pipes geometries is possible only if exist a small axial slippage of the driving wheels.

In order to decrease the radius of curvature of the pipe geometries and the slippage of the wheels, an universal joint can connect the two bodies of the robot (Fig. 11). In this case, in order to avoid the turning over of the bodies, it is necessary to use double wheels.

For a complete rotation of the motor‘s shaft, we can write:
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where: 
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 is the axial displacement of the robot; 
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 is the step of the helical trajectory of the driving wheels; 
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 is the angle of these wheels; 
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 is the internal radius of the tube.
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Fig. 11. 3D CAD design of in-pipe robot (IASI-ULB)

For a rotation with an angle 
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 of the rotating body, the axial displacement of the robot is:
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where: 
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 is the angular speed of the rotating body; 
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 is the time; 
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 is the speed of the motor. In these conditions, the relation (7) becomes:
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In order to inspect pipe geometries with smaller radius of curvature and to decrease the slippage of the wheels, an universal joint can connect the two bodies of the robot (see Fig. 11). 

Still, it exist a slippage of the front wheels because of the difference that exists between the internal and external curvature radius of the tube.

At this time, the control of the robot is very simple, based on a PIC16F84 microcontroller.

4. Robots with hybrid locomotion
Walking vehicles have superior terrain adaptability; they can cross over obstacles and are able to walk on soft ground (sand, grass, etc.) where the performance of wheels and tracks are considerable reduced. On the other hand, traditional wheeled platforms provide sufficient robustness, mechanical simplicity and energetic performance. Hybrid wheel-legged platforms could combine some advantages of both categories of mentioned robots. 

On the basis of these facts and also for a diversity of the projects proposed to the students, a wheel-legged platfom with two leg-wheels and two wheels has been designed (see Fig. 12). It can work as a wheeled robot, on flat terrain, or as a robot with hybrid locomotion.
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Fig. 12. 3D CAD design of hybrid robot (IASI)

Because the trajectories of the legs are crossing in support phases, few precise rules should be established for the case when the robot is using hybrid locomotion:

· The legs could not be simultaneous in transfer phase (in that case the robot will fall down);

· The legs could not be simultaneous in support phase otherwise they will cross each other and they can be destroyed;

· When a leg is in support phase the other one should be in transfer phase, moving in opposite direction.

Three types of locomotion could be implemented:

· The back wheels are actuated and at least one of the leg is on the ground but not actuated (the robot is working as a wheeled robot);

· The two legs are actuated and the back wheels are free (decupled from the motor axis);

· Legs and back wheels are actuated (in order to increase the power of the robot).

All the components of the robot are manufactured and it will be mounted and controlled during the second semester of this academic year.

5. Conclusion
Educational robots can serve as a technology playground and they offer a proving ground where engineers can test, develop and apply their latest technology. Edutainment Robotics is considered as the field where the most advanced ideas in robotics could be tested and put to operation. These ideas could later be transferred to other application areas of robotics.

In this contribution few educational prototypes of small mobile robots are discussed. The aforementioned developments may mostly be achieved with students after they have followed a minimum ECTS in Mechatronics.
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ANNEXE 7: architecture de contrôle d’agents multiples

1 INTRODUCTION

Many researchers in robotics are confronted with the same problem: they have at their disposal many excellent algorithms but due to the lack of standard it is almost impossible to easily reuse those bricks into new applications. Existing programs have to be modified, translated, ported, or simply (!) completely rewritten from scratch when changing/updating the robotic platform. What is needed is a software framework that enables agile, flexible, dynamic composition of resources and permits their use in a variety of styles to match present and changing computing needs and platforms. Since a couple of years, some researchers have begun to work in this way.

At the Unmanned Ground Vehicle Centre (UGV-C), we are dealing with command and control applications including tele-monitoring, tele-operation (including shared, traded and supervised control), collaboration (between users), for single and multi-robots (of the same or different models). The present efforts are justified by the fact that most of the tools developed by the research community deals with autonomous robots (MCA, DCA, MIRO, GeNoM,...). Note that we are not dealing with hard real-time control like the Orocos project (www.orocos.org). It addresses higher-level components like planning and user interaction.

In the next section, the requirements of the control framework are summarized and related to the properties of the ACE_TAO library. Afterwards, we examine the communication models defined by the CORBA specifications and relate them to application needs. Finally we conclude with some guidelines about the communication model selection. 

2 FRAMEWORK requirements and CORBA

The requirements for the control framework have been presented in [1]. These requirements have been inferred from a systematic analyse of typical tele-robotic applications [2]. In the first reference we also justify the choice of CORBA and more particularly the ACE_TAO CORBA implementation among other middleware technologies for our future developments. We show here that the communication requirements of the framework are fully compatible with the free CORBA implementation library ACE_TAO. 

· Integration of different robotic systems: use of native libraries (C/C++): ACE_TAO is mainly written in C++, which is the de facto language of most robot libraries.

· Concurrent control of several robots: distributed and multi-threaded processes, easy communication and process synchronisation. This is the reason of the existence of ACE.

· Universal GUI, flexible programming language and implementation solution: the choice of ACE_TAO does not restrict the GUI developments. GUI can be based on C++ toolkits or on interpreted language. Furthermore, CORBA communication is straightforward in Java.

· Shared control between several users requires management of access and use policy as well as coordination between control modules: this is not directly linked to the choice of ACE_TAO. However, the network capabilities could facilitate the implementation of such functions.

· Integration of user algorithms: requires run-time configuration capabilities, portability. By modifying the server registration data in the naming/trading services different servers (functionalities) can be selected at run-time. 

· Flexibility: 

· Distribution: This is the core function of CORBA.

· Modularity: by using Object Oriented programming and interfaces using the Interface Definition Language, capabilities can be divided among several components.

· Configurability: the naming/trading services could contribute to solve the configurability issues. 

· Portability: ACE_TAO is a universal library that can be used on almost all platforms. 

· Scalability: ACE_TAO provides many components suited for applications involving many processes.

· Maintainability: ACE_TAO is based on many standard design-patterns. CORBA is an industry standard.

· Performance and efficiency: ACE_TAO has been developed for time-critical applications used in aviation and medicine. Many years of development and improvement have lead to very efficient software implementation. ACE_TAO provides many RT components (RT Event communication, RT-CORBA,...).

3 CORBA communication models

CORBA offers different methods to implement communication and data transfer between objects. The basic communication models provided by CORBA are synchronous two-way, one-way and deferred synchronous
. To alleviate some drawbacks of these models Asynchronous Method Invocation (AMI) has been introduced. The Event Service and the Notification Service provide additional communication solutions. The following of this section briefly describes all these models and discusses their benefits and drawbacks.

Synchronous two-way

In this model, a client sends a two-way request to a target object and waits for the object to return the response. The fundamental requirement is that the server must be available to process the client’s request. 

While it is waiting, the client thread that invoked the request is blocked and cannot perform any other processing. Thus, a single-threaded client can be completely blocked while waiting for a response, which may be unsatisfactory for certain types of performance-constrained applications.

The advantage of this model is that most programmers feel comfortable with it because it conforms to the well-know method-call on local objects. 

One-way

A one-way invocation is composed of only a request, with no response. One-way is used to achieve “fire and forget” semantics while taking advantage of CORBA’s type checking, marshalling/unmarshalling, and operation demultiplexing features. They can be problematic, however, since application developers are responsible for ensuring end-to-end reliability.

The creators of the first version of CORBA intended ORBs (Object Request Broker) to deliver one-way over unreliable transports and protocols such as the UDP. However, most ORBs implement one-way over TCP, as required by the standard Internet Inter-ORB Protocol (IIOP. This provides reliable delivery and end-to-end flow control. At the TCP level, these features collaborate to suspend a client thread as long as TCP buffers on its associated server are full. Thus, one ways over IIOP are not guaranteed to be non-blocking. Consequently, using one-way may or may not have the desired effect. Furthermore, CORBA states that one-way operations have “best-effort” semantics, which means that an ORB need not guarantee their delivery. Thus, if you need end-to-end delivery guarantees for your one-way requests, you cannot portably rely on one-way semantics.

Deferred synchronous

In this model, a client sends a request to a target object and then continues its own processing. Unlike the way synchronous two-way requests are handled, the client ORB does not explicitly block the calling thread until the response arrives. Instead, the client can later either poll to see if the target object has returned a response, or it can perform a separate blocking call to wait for the response. The deferred synchronous request model can only be used if the requests are invoked using the Dynamic Invocation Interface (DII).

The DII requires programmers to write much more code than the usual method (Static Invocation Interface or SSI). In particular, the DII-based application must build the request incrementally and then explicitly ask the ORB to send it to the target object. In contrast, all of the code needed to build and invoke requests with the SII is hidden from the application in the generated stubs. The increased amount of code required to invoke an operation via the DII yields larger programs that are hard to write and hard to maintain. Moreover, the SII is type-safe because the C++ compiler ensures the correct arguments are passed to the static stubs. Conversely, the DII is not type-safe. Thus, the programmer must make sure to insert the right types into each Any or the operation invocation will not succeed.

Of course, if one can’t afford to block waiting for responses on two-way calls, he needs to decouple the send and receive operations. Historically, this meant the programmer was stuck using the DII. A key benefit of the CORBA Messaging specification is that it effectively allows deferred synchronous calls using static stubs (automatically generated communication methods hiding CORBA complexities), which alleviates much of the tedium associated with using the DII.

CORBA Messaging

The CORBA Messaging specification introduces the Asynchronous Method Invocation (AMI) model. As we saw in the preceding section, the standard CORBA doesn’t define a truly asynchronous method invocation model using the SII. A common workaround for the lack of asynchronous operations is to use separate threads for each two-way operation. However, the complexity of threads makes it hard to develop portable, efficient, and scalable multi-threaded distributed applications. Moreover, since support for multi-threading is inadequately defined in the CORBA specification there is significant diversity among ORB implementations.

Another common workaround to simulate asynchronous behaviour in CORBA is to use one-way operations. For instance, a client can invoke a one-way operation to a target object and pass along an object reference to itself. The target object on the server can then use this object reference to invoke another one-way operation back on the original client. However, this design incurs all the reliability problems with one-way operations described in previous section. To address these issues, CORBA Messaging defines the AMI specification that supports a polling and a callback model. Only the callback model of the CORBA Messaging specification has been implemented in ACE_TAO.

The internal mechanism is actually based on two normal synchronous invocations in both directions. Remarkably, adding asynchrony to the client generally does not require any modifications to the server since the CORBA Messaging specification treats asynchronous invocations as a client-side language mapping issue.

The Events Service

There are many situations where the standard CORBA (a)synchronous request/response model is too restrictive. For instance, clients have to poll the server repeatedly to retrieve the latest data values. Likewise, there is no way for the server to efficiently notify groups of interested clients when data change.

The OMG COS Events Service provides delivery of event data from suppliers to consumers without requiring these participants to know about each other explicitly. A Supplier is an entity that produces events, while a Consumer is one that receives event notifications and data. The central abstraction in the COS Events Service is the Event Channel, which plays the role of a mediator between Consumers and Suppliers and supports decoupled communication between objects. Events are typically represented as messages that contain optional data fields. 
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Suppliers and Consumers can both play an active or a passive role. A PushSupplier object can actively push an event to a passive PushConsumer object. Likewise, a PullSupplier object can passively wait for a PullConsumer object to actively pull an event from it.

By combining the different possible roles for consumers and producers, we obtain the four canonical models of component collaboration in the OMG COS Events Service architecture.

While Push type streams are preferred when the supplier/consumer work at the same pace, Pull type streams are best suited when data processing is slower than possible data production or when it is requested at random.

Benefits:

· Producers do not receive callback registration invocations. Therefore, it need not maintain any persistent storage for such registration

· The event channel ensures that each event is distributed to all registered Consumers.

· The symmetry underlying the Events Service model might also be considered as a benefit. It simplifies application development and allows Event channels to be chained together for bridging or filtering purposes.

Drawbacks:

· A complicated consumer registration (multiple interfaces, bi-directional object reference handshake,...),

· The lack of persistence that can lead to events and connectivity information lost,

· The lack of filtering that leads to increased system network utilisation especially when multiple suppliers are involved.

The Notification Service

Two serious limitations of the event channel defined by the OMG Event Service are that it supports no event filtering capability and no ability to be configured to support different qualities of service. Thus, the choice of which consumers connected to a channel receive which events, along with the delivery guarantee that is made to each supplier, is hard-wired into the implementation of the channel. Most Event Service implementations deliver all events sent to a particular channel to all consumers connected to that channel on a best-effort basis.

A primary goal of the Notification Service is to enhance the Event Service by introducing the concepts of filtering, and configurability according to various quality of service requirements. Clients of the Notification Service can subscribe to specific events of interest by associating filter objects with the proxies through which the clients communicate with event channels. These filter objects encapsulate constraints which specify the events the consumer is interested in receiving, enabling the channel to only deliver events to consumers which have expressed interest in receiving them. Furthermore, the Notification Service enables each channel, each connection, and each message to be configured to support the desired quality of service with respect to delivery guarantee, event aging characteristics, and event prioritisation. 

The Notification Service attempts to preserve all of the semantics specified for the OMG Event Service, allowing for interoperability between basic Event Service clients and Notification Service clients. The Notification Service supports all of the interfaces and functionality supported by the OMG Event Service.

The TAO implementation does not support Pull interfaces and Typed Event style communication.  Work is underway to implement the TAO Real-Time Notification Service. This is an extension to TAO's CORBA Notification Service with Real-Time CORBA support.

Dead or unresponsive consumers and suppliers are detected and automatically disconnected from the Notification Service. 

4 EVALUATION of CORBA communication models

A comparative example using different communication models has been implemented. It provides CORBA wrapping to serial communication.

Standard two-way communication model

A serial server has been developed using the TAO library. A client program reads inputs from the console and sends corresponding commands to the serial server. This server communicates through the serial port to another program simulating a micro-controller controlling a robot (Synchro). It reads translation and rotation inputs and adapts these values to the robot kinematics. The right and left speeds values preceded by the command code are sent to the serial server. The next figure illustrates this application.
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The time sequence and screen captures are shown in the next figure. 

It has been verified that the serial server can process method calls and transfer data to/from the serial port concurrently. TAO provides several concurrency models and in our tests the default configuration has been used, namely a single-threaded, reactive model. One thread handles requests from multiple clients via a single Reactor [3].
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It is appropriate when the requests take a fixed, relatively uniform amount of time and are largely compute bound. This is the case in this application where the response of the remote serial client program is immediate and is determined by a 50 ms timer. The single thread processes all connection requests and CORBA messages. Application servants need not be concerned with synchronizing their interactions since there is only one thread active with this model. [4]

AMI callback model 

AMI helps solve the problems with waiting efficiently for long latency calls to complete. With this technique, long-running calls don't interfere with other calls. It allows single-threaded applications to avoid blocking while waiting for responses.

One of the advantages of this model is that existing CORBA servers need not be changed at all to handle AMI requests. Furthermore, the TAO IDL compiler automatically generates methods that implement the AMI communication model. A reference to a handler object is passed as an additional parameter to the invocation method and the response is received in this handler object. The class handler declaration and implementation are also automatically generated.

The serial server has been modified to generate a one second timeout. Requests are sent in a loop and responses are arriving in the right order (counter value) with a time difference of 1 second.

The AMI client callback model requires client programmers to write more code than with the synchronous model. In particular, client programmers must write the Handler servant, as well as the associated client event loop code to manage the asynchronous replies.

Events and notification model 

While above communication methods are only based on CORBA core implementation, events and notification communication models rely on additional services. They allow the creation of events or notification channels that will are used by producers and consumers.

In these models, producer and consumer are now decoupled. If we keep the same data flow, the client plays now the role of producer pushing data and the serial server the role of consumer. The data are pushed to the consumer by the event channel.

The data flow throughput is in this case limited by the serial communication speed that is far slower than the TCIP one. In case of slow data production (manual input), the application behaves like the original one. But if the data production runs faster, this could rapidly leads to buffer overflow and lost data. If the communication is broken or the application on the other side is slow or response times are variable, we cannot absorb the data flow.

In the previous implementation, if there is no response from the system connected to the serial port, the caller blocks and returns after a timeout of 1sec. It means that if we use a push model, the push period should be larger than 1 sec. Consequently, it should be better for the serial server to pull the data (PullConsumer) and for the client to provide it on request (PullSupplier).

In the case of a mobile robot a joystick could produce motion commands at regular intervals (typically 50 ms) and consequently a push model is best suited for the Supplier. So we get a Push/Pull hybrid model and the Event Channel act as a queue. Another solution is to modify the serial server implementation by using non-blocking (serial) communication. 

What happens if a pushconsumer blocks on the call of the push() invocation? 

If we use a single threaded Event Channel, all communications will also be blocked. So, it could perhaps be better to use a thread by connection or thread by client model for the ORB.

One of the advantages of the synchronous two-way communication model is to return the state of the communication on the serial port to the client. By using an event model, we lose this capability. It means that we need to use another method if we want to monitor the serial communication state. 

We see that using models with higher capabilities also requires more effort to program and to maintain and also more resources from the system.

Which model for which task?

According to the task to be accomplished, different communication models can be selected. From model properties and tests described above, we derive the following guidelines.

Configuration

Synchronous two-way is best suited for light operations. It can be used for configuration tasks or to evaluate the availability of resources. 

Control

An Event model is best suited for components which continuously produce/consume data and for processes requiring RT capabilities.

Motion commands are generated continuously (periodic or not): mouse click, joystick, manual commands, file, path generator, ... and are best propagated as events.

Data processing

Asynchronous Method Invocation can be used for components requiring long computation times (planning, localisation, stereovision,...).

Visualisation

Data are continuously produced (converted by intermediate components and forwarded to the next one) to finally arrive with the consumers. An event model (Notification) is best suited in this case.

7 CONCLUSION

Developing modular control software requires a systematic and detailed analysis of the applications requirements. Furthermore, adopting programming standards like CORBA and the choice of open-source software is the only way, according to us, to reach this software modularity.

CORBA provides different communication models that suit different users’ needs. By using more sophisticated models, like the Events model, we can develop more flexible software. On the other hand, it generally requires to write more code and to modify data flow models.

If using simple CORBA synchronous model is not more complicated than writing sockets based programs, other models require assimilating new communication paradigms and thinking differently. CORBA has certainly a steep learning curve but offers many benefits for writing heavy distributed applications. 
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1. Introduction

Many robots (manipulator and mobile robots) uptonow are controlled using linear controllers (PID) which are independent for each joint. It can be proven that those controllers are fairly effective. The two main reasons are [1]: the large reduction ratios between the actuators and the link mechanism (non-linearities and coupling terms become less important) and the large feedback gains in the control loops (they enlarge the domain where the complete robot dynamics is locally equivalent to a linear model).

These controllers operate over a small range in which the dynamics of the system are considered as linear. These controllers limit the use of such robots to slow motion applications and fixed payload. However, the normal operational range of a mobile robot may be large, and its payload also could change. To have a controller which works on different operational range and take into account the change of the payload, the environment and the uncertainties (friction, flexibility,…), necessitate a sort of on-line parameter estimation scheme in it (an adaptive controller). Most of classical adaptive controllers are based on the well-known dynamic properties of robots which stipulate that the dynamic model of a system is linear with respect to the dynamic parameters (mass, moment inertia, link lengths…). Even for simple cases, it remains difficult to have the relation which expresses the linearity of the dynamic parameters in the dynamic model. The problem become more complex for a walking robot which has in general a large number of degrees of freedom (we have 18 just for the robot to walk) and which requires changing internal parameters depending on the environment that it explores. Also, it seems practically difficult to build a representative model of a walking robot due to the problem of having accurate internal parameters (distance between joints, moment inertia…) and to accurately model some complex phenomena such as backslash, friction…In this case, cognitive modeling such as Fuzzy Control and Neural Networks seems to be reasonable. Fuzzy Logic Controller (FLC) is more used because it allows one to describe the desired system behaviour with simple « if-then » relations. In many applications, this yields a simple solution in less design time. In addition, you can use all available engineering know-how to optimise the system performance directly. While this is certainly the beauty of fuzzy logic, at the same time it is a major limitation. In many applications, knowledge that describes desired system behaviour is contained in data sets. The designer has to derive the « if-then » rules from the data sets manually, which requires a major effort with large data sets. This is often done by trial and error. Without adaptive capability, the performance of FLCs relies on two factors: the availability of human experts, and knowledge acquisition techniques to convert human expertise into appropriate fuzzy « if-then » rules and membership functions. These two factors substantially restrict the application domain of FLCs. Changing shapes of membership functions can drastically influence the quality of the FLC. Thus methods for tuning fuzzy controllers are necessary. Artificial neural networks are highly parallel architectures consisting of simple processing elements, which communicate through weighted connections. They are able to approximate or to solve certain tasks by learning from examples. When data sets contain knowledge about the system to be designed, a neural net promises a solution because it can train itself from the data sets. However, only few commercial applications of neural nets exist due to the lack of interpretation of the solution, the prohibitive computational effort and the difficulty to select the appropriate net model. It becomes obvious that a clever combination of the two technologies delivers the best of both. Neuro-Fuzzy [2] is a combination of the explicit knowledge representation of the fuzzy logic with the learning power of the neural nets. In this paper, we show the way to design adaptive Neuro-fuzzy controllers in order the feet of the walking robot to track determined trajectories in different situations. Five steps have been considered in the design of such a controller.

	[image: image65.jpg]




	Figure 1: Walking Robot AMRU5


2. Step 1: Design of an initial Sugeno FLC

It is important to have an initial controller which works properly in a closed range. One of the reasons is that during the on-line learning, optimization algorithms will be used and the solution cannot converge to the good one if parameters of the controller are set far away of the true. And also, unsuccessful trials can per moment cause annoying consequences on the system. Finally, it is also necessary to have an initial controller which works before to begin to adapt parameters of this controller. Many controller design avoid this problem by making first a classical controller (PD usually) then add another controller (Fuzzy or Neural Network) to deal with uncertainties. This makes the controller more complex. In our method, we design an initial Neuro-fuzzy controller which works similarly as a classical one. After, we make it adaptive to deal with uncertainties. To find good parameters of a fuzzy logic controller is not an easy task because they have in general a lot of parameters. If we have n input, m triangular membership functions (2 parameters to adjust by membership function) and a zero-order Sugeno FIS is used, we have to fix 
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 parameters. For illustration of the method, we will use a fuzzy system (equivalent to a discrete PID controller) with 2 triangular membership functions (N, P), 3 input (e(n), e(n-1) and e(n-2)) and a zero-order Sugeno FIS as shown on Figure 2, but this method can be generalized. In this case, we have to fix 20 parameters. But if we fix parameters of the membership function, we have only 8 parameters to fix. A typical rule of such a system has the form:

If e(i) is N, e(i-1) is P and e(i-2) is N then the output equal 
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: is the parameter set of one node. The equation (1) become 
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 (2) for a zero-order Sugeno-Takagi FIS.
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	Figure 2: Zero-Order Sugeno: two triangular MF and three input


The first method to fix parameters of a controller is simple trial and error. Unfortunately, intuitive tuning procedures can be difficult to develop in the case of Sugeno FIS because a change in one tuning constant tends to affect the performance of others terms in the controller’s output. Also, the great number of parameters makes this method practically impossible for complex system. The second method can be the analytical approach to the tuning problem. It involves a mathematical model of the process. This method cannot be used because the advantage of fuzzy logic is precisely the fact that it is used on complex processes where the establishment of a reliable model is unimaginable. The third approach to the tuning problem is something of a compromise between purely self-teaching trial and error techniques and the more rigorous analytical techniques. It was originally proposed by John G. Ziegler and  Nathaniel B. Nichols [5] and remains popular today  because of its simplicity and its applicability to process  which can be describes by  a “gain”, a “time constant” and a “dead time” (which is the case of  joints of robots actuated by DC motor). Ziegler and Nichols came up with a practical method for estimating the proportional, the integral and the derivative parameters of a PID controller. In this paper, we show how these techniques can be applied in the design of a fuzzy controller.

2.1 How the method has been developed

Many techniques used to tune a Mandani Fuzzy Model (which has in general less parameter compare to Sugeno Fuzzy Model) are intuitive. In many papers, books…they show which parameters to increase or to decrease by considering the rise time, the overshoot and the steady state error [4]. These techniques seem more like the art than engineering and they are difficult to be applied to Sugeno Fuzzy Model. The best solution to tune parameters of a Sugeno Fuzzy Model is by fusing Neural Networks to Fuzzy Logic Systems. But we need data to train the system. The first solution can be to collect them from a classical controller implemented to the real robot by giving random trajectories to the actuators. We noticed that we cannot cover all possible operating regions, to store them often disturb the controller due to the extra time necessary to write them on a stored device and also there is noise in the collected data. The error obtained after training is still big by using these data. Another original solution could be the use of Ziegler-Nichols rules originally applied to PID controllers. The analogue PID controller is expressed by the equation:
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 Where e:  is the difference between the set point and the process output and u the command signal. 
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 are controller parameters.

Two practical methods can be used to have a first estimate of the PID controller parameters: the step-response method and the frequency response method  (only this method will be considered in this paper)

The step-response method

This method is based on a registration of the open-loop response of the system, which is characterized by two parameters. The parameters (a and L) are determined from a unit step response of the process, as shown in Figure 3. When those parameters are known, the controller parameters are obtained with some relations.

	[image: image74.jpg]



	[image: image75.jpg]7 |






	Figure 3: Step-response method
	Figure 4: Frequency response method


The frequency-response method

The idea of this method is to determine the point where the Nyquist curve of the open-loop system intersects the negative real axis. This is done by connecting the controller to the process and setting the parameters so that pure proportional loop system is obtained. The gain of the controller is then increased until the closed-loop system reaches the stability limit. When this occurs, the gain 
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 shown on Figure 4 are determined. The controller parameters are then given by the Table 1.

	Controller Type
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Table 1: Parameters obtained from frequency-response method




Method of tuning an UFLC based on the frequency-response

If the ultimate gain  
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 and the ultimate period  
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 of the process were determined by experiment or simulation, equation 3 can be written as follow:
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There exist different methods to convert equation (3) into discrete form for digital implementation such as Tustin approximations (or trapezoidal approximations), ramp invariance, rectangular approximations…When the sampling time T is short, all these methods have nearly the same performance. We’ll use rectangular approximations. Equation (4) becomes:
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(5)-(6) gives
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Where
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Equation (6) can now be used to build a FLC controller that we called a UFLC (Unit FLC). UFLC will be determined by the equation:


[image: image96.wmf])

2

(

)

1

(

)

(

)

(

3

2

1

-

+

-

+

=

D

n

e

K

n

e

K

n

e

K

n

u

u

u

u

u

 (8)

where 
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 is between -1 and 1. If we define a step t (t equal 0.001 for example), we can define a set A of numbers between -1 and 1 as follow:
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Then we constitute all possible set 
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[image: image100.wmf])

(

n

u

u

D

 using equation (8). Finally, we can use the set 
[image: image101.wmf])}

(

),

2

(

),

1

(

),

(

{

n

u

n

e

n

e

n

e

u

u

u

u

D

-

-

 to train the Neuro-Fuzzy Controller. Using a hybrid learning paradigm (least square error algorithm for consequent parameters which are linear and back propagation for premise parameters), we noticed that the initial membership functions did not change (premise parameters remain the same), only consequent parameters change. With 2 triangular membership functions choose for our illustration, we have analytical expression shown in the Table 3.

The same procedure can be applied to the step-response method and to derive rules of a controller which depends from the parameters a and L.

Use of the UFLC on a real process

In practice, error will not belong always between -1 and 1. We need some transformation to use the UFLC design on a real process. If the minimum error of the system is a and the maximum is b (a and b was determined by the limitation of each joint), a reduced error 
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And 
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Equation (10) in (7) gives
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Equation (11) becomes after simplification:


[image: image106.wmf]2

5

6

2

)

(

)

(

a

b

T

T

K

a

b

n

u

n

u

u

u

u

+

+

-

D

=

D

 (12)

Figure 5 shows how UFLC is used on a real process.
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	Table 3: Rules of the system used for illustration
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	Figure 5: Use of the UFLC on a real process


Application to a known function transfer 

To allow comparison between a classical PID controller and a UFLC, we have applied the method to the process with a transfer function
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This process has the ultimate gain 
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. From the Table 2 and Table 3, we can easily design a PID and an UFLC. Figure 6 shows the Matlab schematic used to compare the two controllers with the step function as the input.
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	Figure 6:  Comparison between PID controller and UFLC


The output of the two controllers and their result of the error (output of the PID controller subtract to the output of the UFLC) are shown on Figure 7 and 8. The error is less than 0.0063. We can see how close they behave in the same way and the small error between them is mainly due to the truncation of the numbers.

	[image: image124.jpg]Time (s)




	[image: image125.jpg](Azzng-qQid) o3

Time (s)





	Figure 7: Output of the PID controller and the UFLC
	Figure 8: Error between the PID controller and the UFLC


3. Step2: Identification of the dynamic model of the legs

ANFIS will be used to identify the dynamic model of each legs of the robot AMRU5. The dynamic model of the amru5 leg (or robot in general) is formulated as:
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Where:
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	Is the vector of the position coordinates
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	Are frictions forces acting on the joints
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	Is the vector of the gravitational forces/torques
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	Is a transpose of a Jacobian matrix
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	Is the vector of the reaction forces that the ground exerts on the robot feet


Equation 14 can be written in a compact way as follow:
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With 
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being defined as a whole without distinguishing the differences among the different terms. 
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contains centrifugal, Coriolis, gravitational forces, viscous friction, coulomb friction and reaction forces terms.

We have used a 2D pantograph mechanism for each leg. This mechanism shown on Figures 9 and 10 has the particularity to have a decoupling of the joint 
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. Equation 15 can be split in two parts as follows:
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	Figure 9: 2D pantograph mechanism
	Figure 10: General structure of  the AMRU5  robot leg


We will only consider the system of equation 16 to explain the ANFIS joints control. Equation 17 is particular case. To identify parameters of the dynamic model described by equation 16, we need its equivalent discrete-time version defined by nonlinear difference equations. To approximate 
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 (i=1 to 2), we have used the Taylor series and we find:
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Where 
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: is the sampling time.

Equation 15 becomes in discrete-time:
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The procedure to have an Offline (Online is also possible) ANFIS dynamic model of the coupled joints 1 and 2 is as follows:

1. Collect 
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 from trajectories of the actuators on the joints 1 and 2. These trajectories are chosen in such a way to cover all the possible movements of the two joints.

2. Constitute from these collected data sets

3. The sets defined above will be used in the parallel identification model shown in Figure 11. Trial and error have to be used to find the best type of membership function to use, the number of linguistic variables and the type of  Takagi-Sugeno FIS. The final RMSE (Root Mean-Square Error) of each trial gives a comparative evaluation between different ANFIS models.
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	Figure 11: Offline ANFIS parallel Identification model


4. Step 3: Estimation of the parameters of the dynamic model

It is necessary to estimate to estimate the elements of the symmetric inertia matrix 
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By applying the principle stated above, we have:
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The resolution of the system of equations 22 and 23 gives the estimated values of the elements of the inertia matrix. There are two way to determine
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 (by using the system of equations 22 or the system of equations 23).  These two ways could give an idea on the precision of the estimated parameters.

5. Step4: Calculation of the ideal torque to control the joints and updating of the parameters of the controller

From equation 20, we obtain:
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If we suppose that the matrices 
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 and 
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are known exactly, we can define a control law as follows:
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where 
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is the vector with the desired angular accelerations of the joints 1 and 2. 
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Introducing 25 in 24, we have:
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We can see that 
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 are not known exactly, we replace them respectively by  
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obtained from the ANFIS model. The resulting control law is:
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obtained from an approximated model of the process is called the certainty equivalent controller [6] in the adaptive control literature. This torque will be used to update the parameters of the initial controller designed. If 
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 is the output of the zero order Takagi-Sugeno controller, it can be expressed as:
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Where n is the number of rules, 
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the product of the output of the membership functions which belong to the rule i and  
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The update law of the weight of lth rule is
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Where
[image: image199.wmf]h

 is the learning rate.
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6. Design of the supervisory control

For simplicity of writing, we will not put the terms between brackets. Equation 24 can be written as follows: 
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Introducing 27 in 31 and defining 
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Where  
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We define a Lyapunov function 
[image: image206.wmf]Pe

e

2

1

V

T

=


Where P is a positive definite symmetric 4X4 matrix which satisfies the Lyapunov equation 
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 (Q is an arbitrary 4X4 positive definite matrix. The derivative of the Lyapunov candidate function gives:
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In order for 
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 to be bounded we require that V must be bounded that means 
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Substituting 34 in 33, we have:
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Using the known properties of the dynamic model of robot in general which stipulate that the inertia matrix and its inverse is positive definite and bounded (i.e. 
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If we define 
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where 
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Substituting equation 37 in equation 36, we obtain
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7. Illustration of the proposed NF Controller

The implementation of this controller on the real robot (which is not a negligible task and which can prove to be difficult because of the interaction between the software and the hardware) was not going to give us quantitative and qualitative measurements allowing the comparison of this controller with the range of some considered controllers and that in various situations. It is for that reason we have recognized the need of having a software to simulate dynamically the leg of the robot. We have used the simMechanics toolbox of the MathWorks, Inc. The Figure 12 shows all the block diagrams of the considered controller. This diagram has the leg model of the AMRU5 (block legModel) and the initial PD-like Fuzzy Logic Controller as subsystems. Figure 13 shows the comparison between the proposed adaptive controller and the initial controllers (PD-like controller) when tracking a square signal. We can see on this Figure how fast the adaptive controller reaches the set point and how small is the final error. On the simMechanics legModel, we have an entry where we can change the external force acting of the robot (it can be the case when the robot is on a slope, the payload is changed by adding for example devices on the robot (battery, sensors…)). Doing that (5N acting horizontally at the foot), we can see on Figure 14 that the response of the non-adaptive controller becomes worse while the adaptive controller adapts to the new situation.
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	Figure 12: The blocks of the ANFIS controller 
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	Figure 13: Response of the adaptive controller (solid line) and of the initial controller (dashed line) to a square signal
	Figure 14: Response of the adaptive controller (solid line) and of the initial controller (dashed line) to a square signal and change of the load


8. Conclusions

In this paper, we have shown the way to derive parameters of a zero-order Sugeno Fuzzy Logic Controller from the Ziegler-Nichols method. This method makes a Fuzzy Logic Controller to behave as a classical controller (PID, PI, PD, P). As zero-order Sugeno Fuzzy Logic is a particular case of known fuzzy reasoning methods (Mamdani, first-order Sugeno, Tsukamoto), we can conclude that the performance comparisons between a PID and Fuzzy Logic controllers  which can be found in some paper are debatable. A Fuzzy Logic Controller includes the classical PID controller but it is a non-linear controller and it can cope with more complex situations like variable payload. We have also developed a method on how to find the model and the parameters of the process using the adaptive Fuzzy Inference System. We have tested this method on a two link planar manipulator because we have a mathematical model of it. The comparison between the outputs of the method developed and the mathematical mode show the validity of it. Our method is very general because it is based on the properties of the equation describing the dynamic model of robots. Finally, we have presented the way to adapt parameters of the initial controller design. The Lyapunov method has been used to prove that the controller designed is bounded. This method is based on the model of the process obtained, on the estimation of the lower and upper bound of the inertia matrix and also the upper bound of the matrix containing the Coriolis, the centrifugal, the gravitational and the frictions vectors.
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TRIDEM (ROBUDEM) Robot control 
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La première tâche a été de remettre en état de fonctionnement le robot Tridem et d’apporter quelques modifications pour qu’il soit à mesure de suivre une trajectoire définie. Nous avons pour cela remplacé une roue conventionnelle avec une roue folle castor  pour éviter les redondances provoquées par 3 roues disposant des 2 degrés de liberté chacune (un pour l’entraînement et l’autre pour l’orientation). Nous avons ensuite réalisé un simulateur 2D sous Matlab en utilisant Simulink toolbox, les « S-function » et l’interface graphique. Cela nous a permis d’étudier la manière dont le contrôle haut niveau peut être réalisé en vue d’un suivi de trajectoire. Tous ces travaux ont fait l’objet d’un travail de fin d’étude dont les parties importantes sont reprises ci-desssous. Ce travail a été réalisé par le SLt Jonathan Houpin à partir des travaux que j’avais entamés et sous ma direction. Les travaux concernant la suivie de trajectoire réalisés sur le robot Tridem peuvent être adaptés au robot Robudem moyennant quelques modifications.

Travaux sur le Tridem ayant fait l’objet du TFE du SLt J. Houpin

Présentation du projet

I) Description  du TRIDEM

Le TRIDEM est un robot lié à un programme de recherche pour le déminage humanitaire nommé HUDEM dont les utilisateurs finaux seront le Service d’Enlèvement et de Destruction des Engins Explosifs. L’objectif de ce programme est d’augmenter la détection, la rapidité de détermination de la zone contaminée et de tracer le plan de déminage à l’aide du robot.

Un premier concept a été développé de manière à démontrer les capacités tout terrain d’une plate forme à trois roues. Suite à cela un second concept a vu le jour de manière à insérer un nouveau châssis et des moteurs plus puissants pour assurer les capacités tout terrain. Ce concept est le TRIDEM. La partie mécanique de ce concept a été développée par Université Libre de Bruxelles et la partie contrôle et électronique par l’Ecole Royale Militaire.

Le TRIDEM est un robot de grande mobilité équipé de trois roues orientables et motorisées. Les roues sont liées à un châssis qui supporte et protège le système de contrôle et les batteries (schéma 1).
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	Schéma 1: vue éclatée du TRIDEM
	Schéma 2: module roue


a) Spécificités mécaniques
Les roues ont un diamètre de 12 pouces. Leur rotation libre autour  de  l’axe  vertical  est assurée  par un moteur et une transmission par chaîne et pignons. Leur entraînement est assuré, quand à lui, par un moteur pour chaque roue et une transmission par chaîne et pignons (schéma 2). La source d’alimentation des six moteurs assurant l’entraînement et l’orientation est un ensemble de deux batteries de 16A/h chacune fournissant une tension de 12V. C’est une batterie identique qui alimente les trois moteurs assurant la motricité.  

b) Circuit électronique
Le microcontrôleur de bord est un microprocesseur Motorola MC68332 possédant 256 KRAM, 256 K Flash EEPROM. Il est alimenté par batterie de 2A/h fournissant une tension de 12V.

II) Déplacement actuel du robot

Le TRIDEM est piloté au moyen d’un joystick ou d’un ordinateur. Le TRIDEM est piloté au travers d’un joystick relié au robot par un câble. Le joystick ne possède que 5 positions possibles : déplacement vers l’avant, déplacement vers l’arrière, déplacement vers la gauche, déplacement vers la droite et la position stop. Le robot ne peut donc se déplacer qu’en ligne droite puisque les trois roues ne prennent que le même angle. De la même façon les trois roues ne peuvent avancer qu’à la même vitesse. Pour des trajectoires assez élaborées, il est aussi possible de piloter le robot en temps réel au moyen d’un ordinateur lié au robot par un câble série. Dans ce cas, les trois roues peuvent avoir une vitesse de rotation différente et un angle de rotation différent. La suivie de la trajectoire exploitera ces capacités du robot.

III) Nouveau déplacement souhaité pour le robot

Le but initial du projet étant de faire parcourir une trajectoire au robot pour définir la position exacte des mines anti-personnel, l’objectif est donc déjà atteint. Mais cela demande encore aux démineurs d’intervenir sur la zone à risque pour marquer l’endroit où la mine a été détectée, avec tout les risques que cela comporte. En effet, n’ayant aucun contrôle exact sur la trajectoire du robot on ne peut pas déterminer avec exactitude sa position sur la zone sans le suivre. De plus, ayant défini une trajectoire au préalable, si le robot n’est pas sur cette trajectoire, il n’est pas capable de la rejoindre de lui-même. Le but de mon étude sera donc de programmer un contrôle à distance du TRIDEM par informatique pour déterminer avec exactitude sa position actuelle et pour lui permettre de rejoindre une trajectoire lorsqu’il en est éloigné. Pour cela je vais utiliser le logiciel MATLAB et les applications qui en découlent pour réaliser une simulation informatique. Une fois que cette simulation sera réalisée on pourra l’appliquer au TRIDEM et faire des vérifications pratiques.

Etude du TRIDEM parfait

I) Pourquoi  qualifier ce robot de parfait ?

Pourquoi qualifier le robot que l’on va étudier dans ce chapitre comme parfait ? Cela provient du temps de réponse que mettent les moteurs du robot à : soit donner l’angle désiré, soit tourner à la vitesse angulaire voulue. On considère que le robot est parfait en raison de son temps de réponse nulle : lorsque l’on soumet un moteur du TRIDEM à une impulsion il répond immédiatement. Un moteur servant à l’entraînement communique immédiatement la vitesse angulaire que l’utilisateur lui indique et un moteur servant à la direction donne à la roue  l’angle souhaité de façon immédiate.

Si l’on trace V=f(t) ou ω=f(t), lorsque l’on soumet un moteur à une variation de tension, la courbe pourrait être la suivante (schéma 8), où t1 est l’instant à partir duquel le moteur est soumis à une tension.
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Schéma 8 : temps de réaction d’un moteur

II) Création de l’interface graphique

La première nécessité pour pouvoir simuler le contrôle du TRIDEM par informatique est de créer une interface graphique (schéma 9). Pour cela on n’a pas utilisé la fonction GUIDE de MATLAB mais on a créé l’interface graphique grâce à une S-function.

Dans la partie initialisation, on crée donc un graphique dans lequel on pourra voir l’évolution du TRIDEM que l’on représente par un triangle. Ensuite on forme les boutons qui permettront le contrôle de la simulation. Dans la partie supérieure, on introduit un bouton sélectionnable appelé Trajectoire qui nous permettra de visualiser ou non l’évolution du centre de gravité au cours de la simulation. Le bouton Effacer quand à lui nous permet d’effacer la courbe suivie par le centre de gravité. Dans la partie inférieure, on introduit une zone de texte qui indique le nombre de fois où les calculs ont été effectués.
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Schéma 9: interface graphique permettant la visualisation de l’évolution du TRIDEM

A coté on ajoute le bouton Commencer la simulation qui est évolutif. Une fois appuyé sur le bouton Commencer la simulation, il est remplacé en un bouton Stop et un bouton Pause qui est lui aussi évolutif. Lorsque l’on clique sur ce bouton, il se décompose en un bouton Continue et un bouton Décomposer qui permet de décomposer le mouvement du robot. Pour simplifier le contrôle de la simulation on introduit un bouton Aide, qui nous indique ce que l’utilisateur doit faire, et un bouton Fermer. 

Dans une autre partie, on programme le contrôle des boutons, c’est-à-dire que l’on définie les actions engendrées par un clic sur un bouton. C’est ainsi que le bouton Commencer la simulation évoluera en deux boutons Stop et Pause. Il en est de même pour le bouton Pause.

A tout cela on ajoute une partie qui contrôle la progression du robot. A chaque instant on donne le couple de coordonnées (x,y) du centre de gravité G du TRIDEM ainsi que l’angle φ que fait l’axe horizontal et la droite passant par G et la roue de devant. C’est à partir de ces trois données que l’on peut retracer en tout instant la position du TRIDEM sur le graphique et le tracé suivie par le centre de gravité au cours du temps grâce à la fonction Trajectoire.
Grâce à cette interface graphique on peut simuler le déplacement entre deux points. Par contre, entre ces deux points le robot ne réalise que le déplacement le plus direct, c’est-à-dire un déplacement en ligne droite. Or de multiples chemins sont envisageables pour relier ces deux points : le déplacement en ligne droite (angles d’inclinaison des roues identiques) ou le déplacement en courbe (angles d’inclinaison différents pour les roues).

III) Mise en équation de la trajectoire
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Données : 2a est la longueur de la base

θ1 est l’angle pris par la roue 1

θ2 est l’angle pris par la roue 2

vG est la vitesse du centre de gravité

dt est le temps entre chaque calcul

Pour la mise en équation de la trajectoire, on utilise le principe d’Ackerman relatif au déplacement des véhicules à trois roues et plus.

On peut donc donner les coordonnées des axes des roues dans le repère lié au robot :

R1=(-1/3b ;a)                   R2=(-1/3b ;-a)                    R3=(2/3b ;0)

A partir de là il s’en suit une longue suite de calculs géométriques.

Equation de la droite perpendiculaire à la roue 1 passant par R1
tan (θ1+П/2) = -1/tan (θ1) = (y-a) / (x+1/3b)

y = - (x+1/3b) / tan (θ1) + a

Equation de la droite perpendiculaire à la roue 2 passant par R2
tan (θ2+П/2) = -1/tan (θ2) = (y+a) / (x+1/3b)

y = - (x+1/3b) / tan (θ2) – a

Calcul des coordonnées du centre de rotation CR

On calcul le point d’intersection entre les deux droites calculées précédemment et on obtient :

xCR = -2a * tan (θ1)*tan (θ2) / (tan (θ1)-tan (θ2)) – 1/3b

yCR = a * (tan (θ1)+tan (θ2)) / (tan (θ1)-tan (θ2))

Calcul de la courbure

C = 1/r
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Calcul de θG

Connaissant les coordonnées du centre de rotation on peut déterminer l’équation de la droite qui passe par les centres de gravité et de rotation. C’est à partir de cette équation que l’on calcul θG.

tan(θG+П/2) = -1/tan(θG) = yCR/xCR
tan(θG) = [6a tan(θ1)tan(θ2)+b(tan(θ1)-tan(θ2))] / [3a(tan(θ1)+tan(θ2))]

Calcul de θ3
De la même façon que θG on calcul θ3.

tan(θ3+П/2) = -1/tan(θ3) = yCR / (xCR- 2/3b)

tan(θ3) = [2a tan(θ1)tan(θ2)+b(tan(θ1)-tan(θ2))] / [a(tan(θ1)+tan(θ2))]

Une fois ces calculs géométriques faits il faut calculer les évolutions de x, y et φ en fonction du temps.  
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Données : θG est l’angle entre x et vG
Calcul de φ(t)

φ(t) = φ(t-1) + dα
Or   |dα| = vG / dt

D’où   dα = sign (yCR) * vG / dt

Ainsi   φ(t) = φ(t-1) + sign (yCR) * vG / dt

Après discrétisation on trouve donc :

φ(t) = φ(t-1) + sign (yCR) * vG / Δt

Calcul de x(t)

x(t) = x(t-1) + cos (θG + φ(t-1)) * vG * dt 

Après discrétisation on trouve donc :

x(t) = x(t-1) + cos (θG + φ(t-1)) * vG * Δt

Calcul de y(t)

y(t) = y(t-1) + sin (θG + φ(t-1)) * vG * dt

Après discrétisation on trouve donc :

y(t) = y(t-1) + sin (θG + φ(t-1)) * vG * Δt

IV) Création du modèle Simulink permettant le calcul de x(t), y(t), φ(t)

En complément de l’interface graphique on ajoute un modèle Simulink (Schéma 11) qui va calculer les variations de x, y, φ en fonction du temps. Les données seront l’angle θ1 pris par la roue 1 (In1), l’angle θ2 pris par la roue 2 (In2), de la vitesse vG du centre de gravité (In4), de la longueur de la base (In3) et du temps entre chaque calcul (In5).

Grâce à des sous systèmes et des fonctions on va pouvoir calculer XCR, YCR, θG et la courbure. Les sous systèmes sont des sous systèmes conditionnels qui prennent pour condition la différence entre θ1 et θ2. Cela permet d’éviter les divisions par 0. A partir de ces résultats on peut déterminer les différentes évolutions en fonction du temps.
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Schéma 11 : modèle simulink permettant le calcul de X(t), Y(t) et φ(t)

Lorsque l’on couple ce modèle à la S-function qui anime le TRIDEM dans un modèle que l’on appelle modeltridem (schéma 12) on peut obtenir aussi bien un déplacement rectiligne qu’un déplacement courbe. C’est dans ce modèle que l’on calcul l’angle θ3 pris par la roue 3 pour pouvoir représenter leur orientation.
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Schéma 12 : modèle nommé modeltridem

C’est ainsi qu’en enregistrant la matrice A suivante, où la première ligne représente les différentes temps de simulation, la seconde ligne les variations de l’angle θ1, la troisième ligne les variations de l’angle θ2, la quatrième ligne la vitesse vG, la cinquième ligne la longueur de la base et la sixième le temps entre chaque calcul,

A = 
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On obtient le graphique suivant :
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Schéma 13 : évolution du TRIDEM suite au couplage entre modeltridem et la S-function

Le cas réel du TRIDEM

I) Critère de qualification

Dans la réalité le temps de réponse n’est pas nul : lorsque l’on soumet un moteur du TRIDEM à une impulsion il répond de façon progressive.

Si l’on trace V=f(t) ou ω=f(t), lorsque l’on soumet un moteur à une variation de tension, la courbe pourrait être la suivante (schéma 14), où t1 est l’instant à partir duquel le moteur réagit suite à une variation de tension.

[image: image243.jpg]



Schéma 15: temps de réaction d’un moteur

II) Problème de contrôle posé par ce temps de réaction

Comme les moteurs n’atteignent pas immédiatement l’angle que l’utilisateur indique lorsqu’il veut changer de trajectoire, le principe de Ackerman n’est plus respecté. En effet, si les moteurs n’atteignent pas immédiatement l’angle, il en est de même pour les roues. Dans ce cas, 2 roues vont créer un centre instantané de rotation au niveau de l’intersection des deux axes des roues, mais la troisième roue n’aura pas obligatoirement un axe passant par ce centre instantané de rotation. Une des roues est donc redondante dans ces conditions. On décide donc, pour améliorer le contrôle, de rendre une roue folle, c’est-à-dire que l’on supprime les moteurs de rotation et d’entraînement. Notre décision est confortée par l’étude du robot ROVER
 (des autres chercheurs avaient été confrontés au même problème avec un robot trois roues constatant une redondance dans les roues (annexe 2). Ils avaient décidé, de leur côté de relier les trois roues par une chaîne, ce qui implique que les trois roues prennent le même angle perdant ainsi une grande liberté de manoeuvrabilité. De notre côté nous ne perdons que de la motricité puisque la troisième roue prendra automatiquement l’angle voulu pour respecter le principe de Ackerman. En effet, pour que cette roue prenne automatiquement l’angle voulu on la remplace par une roue castor, ce qui introduit un moment autour de l’axe de rotation et donc favorise sa rotation.

III)
Equation cinématique

a)
Etude du TRIDEM

[image: image244.jpg]Y





Le référentiel de référence est Rb et le référentiel lié au robot est Rm. Soit v l’angle entre Xb et Xm.

On considère que le robot n’évolue que dans un plan à 2 dimensions. On représente donc la position du robot par le vecteur ζ.
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On peut donc écrire la matrice  R(v) de passage de Rb à Rm :
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Le robot étant constitué de deux roues conventionnelles et d’une roue castor, on va étudier les conditions de roulement sans glissement sur ces roues.

b) Etude des roues conventionnelles
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Schéma 16 :   représentation graphique                                                roue conventionnelle

La roue conventionnelle ( Schéma 16 ) est caractérisée par une rotation autour d’un axe vertical passant par le centre de la roue. La position de la roue par rapport au robot est caractérisée par 3 constantes : l, α, r et son évolution par deux angles fonction du temps β(t) et φ(t).

Les conditions de roulement sans glissement nous fournissent les équations suivantes
 :

   * ( -sin (α+β)    cos (α+β)    l*cos β )  R(v)  dζ /dt + r dφ/dt  =  0

   * (  cos (α+β)     sin (α+β)    l*sin β  )  R(v)  dζ/dt                  =  0

c) Etude de la roue castor
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Schéma 17 : représentation graphique                                                            roue castor

La roue castor ( Schéma 17 ) est caractérisée par une rotation autour d’un axe vertical ne  passant pas par le centre de la roue. La position de la roue par rapport au robot est caractérisée par 4 constantes : l, α, r, d et son évolution par deux angles fonction du temps β(t) et φ(t).

Les conditions de roulement sans glissement nous fournissent les équations suivantes
 :

   * ( -sin (α+β)    cos (α+β)    l*cos(β) )  R(v)  dζ /dt + r dφ/dt  =  0

   * (  cos (α+β)     sin (α+β)    l*sin(β)  )  R(v)  dζ/dt  +d dβ/dt  =  0

d) Etude cinématique du TRIDEM
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On écrit donc les conditions de roulement sans glissement pour chaque roue.

Pour la roue 1 on obtient:

4. ( -sin (β1)    cos (β1)    a*cos (β1) )  R(v)  dζ /dt + r dφ/dt  =  0

5. (  cos (β1)    sin (β1)     a*sin (β1)  )  R(v)  dζ/dt                  =  0

Pour la roue 2 on obtient:

6. (  sin (β2)   -cos (β2)    a*cos (β2) )  R(v)  dζ /dt + r dφ/dt  =  0

7. ( -cos (β2)  -sin (β2)     a*sin (β2)  )  R(v)  dζ/dt                  =  0

Pour la roue 3 on obtient :

8. (  cos (β3)     sin (β3)        
[image: image253.wmf]a

3

*cos(β3)   )  R(v)  dζ /dt + r dφ/dt  =  0

9. (   sin (β3)   -cos (β3)    d + 
[image: image254.wmf]a

3

*sin(β3)  )  R(v)  dζ/dt  +d dβ/dt  =  0

On peut donc regrouper ces six équations en un système de deux équations avec des matrices.

4. J1 ( β1 , β2 , β3 )  R(v)  dζ /dt  +  J2 dφ/dt  = 0    (1)
5. C1 ( β1 , β2 , β3 )  R(v)  dζ /dt  + C2 dφ/dt  = 0    (2)
avec :   J1 ( β1 , β2 , β3 )  =  
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         C1 ( β1 , β2 , β3 ) =  
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                       J2 = 
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Ce système nous donne donc :

(1)
(  
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 EMBED Equation.3  [image: image260.wmf]÷
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(2)
( 
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Après développement cela nous fournit les deux équations suivantes :

(1)
(  
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(2)
(  
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On isole les deux premières lignes de la matrice formant la deuxième équation que l’on regroupe au sein d’un système (3).

(3)
( 
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La solution de ce système est connue à une constante près. Pour 
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 on trouve :

(3)
(
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On peut donc simplifier 
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 et 
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 en prenant
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(3)
(
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On peut alors dire que les solutions possibles pour les vitesses suivant x, y et angulaire du robot seront reliées par la relation suivante :
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où η est le degré de mobilité.

Comme cette relation dépend de β1 et de β2 on peut alors ajouter les relations incluant les changements de ces orientations, ce qui conduit à :
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Les variables η, ζ1, ζ2 peuvent être considérées comme des entrées de contrôle qui sont en relation avec les couples des moteurs du robot.

IV) Création de la phase de contrôle

A partir de l’équation cinématique nous espérons créer la phase de contrôle. Disposant de l’équation  
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 on cherche une matrice K=K1*K2 telle que  lorsque l’on exprime u de la forme K*z on obtient : 
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L’indice d correspond à la valeur théorique que l’on aurait souhaité obtenir.

Le but de la phase de contrôle est de choisir K2 telle que 
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 tend vers 0 quand t tend vers l’infini. Pour cela, il faut que K2 ait des valeurs propres dont la partie réelle est négative.

Si la matrice A avait été inversible nous aurions pu poser K1=A-1. Mais A n’étant pas carrée, elle n’est pas inversible. On écrit donc K sous la forme 
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 et on exprime chaque élément de la matrice en cherchant pour quelles valeurs de ces coefficients les valeurs propres de 
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 sont négatives. Pour cela, on utilise la fonction Symbolic MATLAB. Malheureusement, même MATLAB n’est pas capable de résoudre le problème.

On va donc être obligé, contre toute attente d’étudier la dynamique du robot TRIDEM.

V) Etude de la dynamique du robot TRIDEM

Par souci de gain de temps nous allons utiliser l’étude Hybrid Control Design for a Wheeled Mobile Robot menée par Thomas Bak, Jan Bendtsen et Anders P. Ravin (voir la bibliographie).

On dispose de l’équation cinématique 
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que l’on décompose de la façon suivante :
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On pose :
ξ = ( x,y,v )T
βc = ( β1,β2 )T
χ = ( ξ,η,βc )T

γ = 
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x1 = T(χ) = 
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On utilise la décomposition fournit par l’étude pour exprimer x1 de la façon suivante:
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Si on choisit une loi de contrôle de la forme   
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  on obtient   
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  qui tend vers 0 quand t tend vers l’infini si l’on choisit K1 telle que  (A1-B1*K1) possède des valeurs propres dont la partie réelle est négative.

Grâce à un M-file et à la fonction Symbolic MATLAB, on crée un programme qui recherche les valeurs propres de la matrice (A1-B1*K1) en fonction des coefficients de la matrice K1. Une fois que l’on obtient ces valeurs propres on cherche à les rendre toutes négatives. Par manque de mémoire MATLAB est incapable de nous fournir les résultats. 

Pour résoudre ce problème on va donc utiliser le critère de Hurwitz
. On fixe donc tous les coefficients de K1 sauf trois k11, k22, k33 et l’on exprime  la matrice (A1-B1*K1). 

On obtient :
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On exprime par la suite le déterminant de la matrice suivante qui est un polynôme de degrés 6  


[image: image304.wmf]11

22

33

00100

00010

00001

1020305070

1020305070

1020305070

x

x

x

kx

kx

kx

-

éù

êú

-

êú

êú

-

êú

+

êú

êú

+

êú

+

êú

ëû


et on cherche pour quelles valeurs de k11, k22, k33 ce polynôme respecte le critère de Hurwitz.

En prenant k11 = -500000, k22 = -400000 et k33 = -300000 on trouve un polynôme qui vérifie le critère. 

En prenant la matrice K1 égale à:

K1 = 
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On obtient les valeurs propres suivantes :

λ1 = -10.8583 + 699.4635*i

λ2 = -27.0903 + 621.5794*i

λ3 = -37.0516 + 561.5730*i

λ4 = -37.0512 - 561.57309*i

λ5 = -27.0903 - 621.57946*i

λ6 = -10.8583 - 699.46351*i

On constate que ces valeurs propres ont des parties réelles bien négatives, inférieures à –10, mais aussi supérieures à  – 40. L’avantage d’obtenir des valeurs propres dont les parties réelles sont comprises dans cet intervalle réside dans le fait que le robot ne va ni être trop lent à corriger une erreur, ni être trop rapide. Si les parties réelles des valeurs propres sont proches de 0, le robot, s’il n’est pas instable, va mettre énormément de temps à corriger une erreur s’il s’éloigne de la trajectoire. Inversement, si les parties réelles des valeurs propres sont inférieures à –70, le robot va vouloir corriger trop rapidement une erreur. Dans ce cas, s’il s’écarte de la trajectoire, il va essayer trop rapidement de s’en rapprocher et par la même occasion, il va la dépasser, réalisant ainsi de nombreuses oscillations autour de la trajectoire au moindre écart de celle ci.

VI) Modélisation cinématique du TRIDEM

Dans un premier temps nous avons utilisé Simulink pour modéliser les équations dynamique et cinématique respectives suivantes :
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On crée donc le modèle suivant :
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Schéma 18 : modèle de simulation du TRIDEM réel

Le sous-système control (Schéma 19) représente l’équation dynamique.
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Schéma 19 : modèle simulant l’équation dynamique

Le sous-système ciématiq (Schéma 20) représente l’équation cinématique.
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Schéma 20 : modèle simulant l’équation cinématique

Malheureusement, étant donné la taille des calculs, et notamment la complexité de l’inverse de la matrice δ(χ) (annexe 4),  MATLAB rencontre beaucoup de problèmes et met énormément de temps pour simuler un petit déplacement. On décide donc de remplacer les deux blocs représentant l’équation dynamique et l’équation cinématique par un seul bloc représentant l’équation suivante :
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  (1)
Cela nous donne donc le modèle Simulink (Schéma 21) suivant:
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Schéma 21 :nouveau  modèle de simulation du TRIDEM réelle

Le sous-système Subsystem (Schéma 22) est celui qui modélise l’équation 1.
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Schéma 22 : modèle simulant l’équation 1

Dans ce sous-système (Schéma 22) on ajoute des blocs qui permettent d’obtenir les angles pris par les roues 1 et 2. Dans la simulation, entre deux points rapprochés, le robot ne se déplace qu’en ligne droite. Sur cette ligne droite les trois roues prendront donc le même angle et celui-ci sera égal à l’angle entre la droite constituée par ces deux points et l’horizontale. On a donc :
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Il nous est ainsi possible de représenter à chaque instant les angles pris par les roues.

On enregistre la matrice A, où la première ligne représente les différents temps de simulation, la seconde ligne les variations de l’abscisse x, la troisième ligne les variations de l’ordonnée y, la quatrième ligne la vitesse suivant l’axe des abscisses, la cinquième ligne la vitesse suivant l’axe des ordonnées, la sixième la vitesse de rotation, la septième l’accélération suivant l’axe des abscisses, la huitième l’accélération suivant l’axe des ordonnées et la neuvième l’accélération de la rotation. De même, on enregistre la matrice B de manière à prendre l’erreur initiale désirée. La première ligne représente les différents temps de simulation, la seconde l’écart initial entre la trajectoire et la position initiale du robot suivant l’axe des abscisses, la troisième l’écart initial suivant l’axe des ordonnées, la quatrième l’écart angulaire initial et les trois dernières, respectivement les vitesses initiales suivant l’axe des abscisses, l’axe des ordonnées et la vitesse angulaire.

A = 
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                                  B = 
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C’est ainsi que l’on obtient le graphique suivant :
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Schéma 23 : suivie d’une trajectoire après le rattrapage d’un écart initial

On constate (Schéma 23) donc que le TRIDEM est capable de rejoindre une trajectoire sur laquelle il n’est pas à l’état initial et de suivre la trajectoire que l’utilisateur lui indique sans jamais s’en écarter. De plus, on peut vérifier que les évolutions de x, de y et de v (Schémas 24, 25 et 26) sont bien celles que nous lui avons indiquées grâce à la matrice A.

Sur le graphique représentant y = f(t) on peut constater que le TRIDEM réalise quelques oscillations à t = 0 et ceci en raison de la petite erreur que nous lui avons introduite grâce à la matrice B. Ces oscillations ne durent que l’espace d’une à deux secondes. Après le TRIDEM suit les indications que nous lui avons fournies. Ces oscillations engendrent aussi des oscillations à t =  0 sur le graphique représentant v = g(t) qui s’estompent, elles aussi, rapidement.
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	Schéma 24 : évolution de x au cours de la manipulation
	Schéma 25 : évolution de y au cours de la manipulation
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Schéma 26 : évolution de v au cours de la manipulation

Conclusion

Après une découverte de MATLAB nous avons utilisé ses fonctions pour créer une interface graphique qui nous a permis de visualiser l’évolution du TRIDEM qu’il soit parfait ou réel. Le TRIDEM que l’on qualifie de parfait représentant de trop loin la réalité, nous avons étudié la cinématique et partiellement la dynamique après avoir modifié la géométrie initiale du robot. Suite à cette étude nous avons construit, avec succès, la simulation du contrôle du robot lors du suivi d’une trajectoire. Le TRIDEM est ainsi capable de rejoindre une trajectoire et de ne plus s’en écarter jusqu’à la fin de la manipulation.

Toutefois, afin d’améliorer le contrôle du robot, il serait envisageable de réaliser une étude plus approfondie de la dynamique du robot. Effectivement, cette phase, nous fournissant des relations où intervient le couple des moteurs, nous permettrait de prendre en compte leur accélération dans le contrôle du robot. Pour autant, si l’on voulait implémenter ses équations dans les organes de contrôle du robot cela nécessiterait d’ajouter un ordinateur embarqué au TRIDEM, de manière à augmenter son potentiel de calcul. De plus, pour accroître la liberté du robot, on pourrait envisager de remplacer le câble série qui le relie à l’ordinateur par une liaison radio.
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Annexe 9

Télé-opération

Ir Gaetan Pierrard

A. Commande du robot à distance.


Depuis 2003, une radio commande de modélisme permet de commander le robot à distance. Cette radio commande permet de donner la vitesse et les orientations de trains avant et arrière. Même si cette radio commande reste fort utile il convenait de pouvoir commander le robot via un périphérique: un joystick.


Un programme a donc été développé pour acquérir les flux de données du joystick et pour renvoyer les commandes via le réseau. Ainsi tout autre robot connecté au réseau peut être commandé par le joystick. 


- réception des images par émetteur-récepteur analogique.


Une caméra avec un objectif grand angle a été placée sur l’arrière du Robudem et légèrement en hauteur. Ainsi l’environnement et le robot sont inscrits dans la même image.


Le signal de la caméra est transmis par les ondes sous forme analogique. Le récepteur délivre ce signal et l’image peut alors être vue sur un écran de téléviseur.


Pour analyser l’efficacité de cette méthode de télé opération, le but était sortir le robot du labo par la porte.


Différentes astuces ont permit de diriger le robot avec précision :

1. Un repère sur le centre avant du robot pour voir dans quelle direction il évolue.

2. Utiliser la géométrie du châssis (panneau MDF) pour aligner le robot dans la porte (équidistance entre les éléments de lignes de la porte et les lignes du panneau).

B. Communications

1.  Création des communications entre processus.


Chaque élément qui effectue une acquisition ou un contrôle via un port série, USB ou autre, fait appel à un processus indépendant. Chaque processus communique avec un processus principal que l’on a appelé ‘proxy’. Pour ce faire, la communication s’effectue par le réseau, via des sockets.


Cette méthode permet aux différents processus de travailler à leur propre rythme. Ainsi un programme effectuant l’acquisition du sonar délivre moins d’information que le processus qui lit le flux d’un joystick. Le processus du joystick, qui est très rapide, n’a donc pas besoin  d’attendre que les autre processus aient finit leurs lectures pour transmettre les commandes.


Cette approche est analogue au multi-threading, à la différence que les algorithmes tournent sur des processus différents. Les processus peuvent également tourner sur des machines différentes reliées en réseau.

2. sécurisation des processus communicants.


Les processus communiquent via le réseau. Ils ne sont pas sur la même machine et certains dépendent d’une électronique d’acquisition. Une coupure de courant au niveau électronique ou un problème dans les liaisons réseaux peuvent amener le robot à être hors contrôle.


Le but de la sécurisation est de s’assurer que les transferts s’effectuent à des cadences réalistes. Si la transmission d’une donnée prend un temps beaucoup plus long que de coutume, il convient d’appeler une procédure d’urgence qui va stopper le robot.


L’architecture actuelle est représentée ci-dessous.
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C. Implémentation d'un laser


- implantation physique sur le robot.


Un support a été créé pour fixer le laser au Robudem. Ce support permet d’ajuster l’inclinaison du plan de lecture du laser. Les plans ont été réalisés par deux étudiants Roumains.  


- contrôle du moteur en vitesse.


Le système laser comporte un miroir qui tourne autour de l’axe du laser incident. Un petit moteur DC effectue la rotation. Un montage électronique a été réalisé pour contrôler la vitesse de rotation.


- acquisition et traitement sous PC Linux.


Le laser a été livré avec les protocoles de communication de son port série. Un algorithme a été écrit pour acquérir les lectures du laser sous Linux. Le processus correspondant renvoie les données par le réseau et il est possible de sauvegarder toutes les lectures dans un fichier.


Le traitement permet de convertir les lectures brutes en une série de coordonnées de points relatifs à l’environnement. 

D. Acquisition d’environnement


- acquisition de l’environnement en mouvement.


Le système laser ne peut faire des mesures que dans un plan. Comme le laser est fixé au robot, les acquisitions représentent les points autour du robot à un instant donné. Si le robot est immobile, l’acquisition ne donne que l’intersection plan-environnement.


Si le Robudem est en mouvement, le plan se déplace et balaye l’environnement devant le robot.


- calcul des coordonnées spatiales (XYZ) du scan.


En guise de test, le robot a comme mission de se déplacer en ligne droite à vitesse lente et constante. Pendant ce temps le laser balaye l’espace à vitesse de rotation constante. Toutes les données sont enregistrées de manière organisée dans un fichier. 

· traitement et expression graphique sous Matlab.

L’enregistrement des acquisitions comme décrit au paragraphe précédent permettent d’effectuer un post traitement. Matlab a donc été choisi pour faire le calcul des projections et changement de système d’axe. En effet, le robot étant en mouvement, une mesure prise au temps i est décalée de v.(ti-ti-1) par rapport à la mesure ti-1, dans la direction du déplacement. 

Cette expérience simple permet de se familiariser avec les acquisitions. Elle permet également de voir si les résultats sont cohérents et utilisables.
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E. Suivi de trajectoire


· Mise en pratique d’anciennes programmations pour un TFE.

Un travail de fin d’étude de l’année académique 2003-2004 consistait à générer des trajectoires par le Robudem. Mon rôle, ayant de l’expérience avec ce robot, a consisté à épauler l’étudiant dans sa compréhension du problème et dans sa résolution. L’étudiant a donc pu profiter de mon expérience. 

Les questions qui ont été posées et les réalisations pratiques ont permis de faire avancer le service de robotique dans le développement du Robudem.
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� The IST Programme has a total budget of 3.6 billion Euro for the period 1999-2002. IST is part of the 5th EU Framework Programme (FP5) for Research, Technological Development and Demonstration. For more information about IST, see � HYPERLINK http://www.cordis.lu/ist��http://www.cordis.lu/ist�� HYPERLINK http://www.cordis/lu/ist���


� The GROWTH (Competitive and Sustainable Growth) Programme has a total budget of 2.7 billion Euro for the period 1999-2002. GROWTH is also part of FP5. For more information about GROWTH, see � HYPERLINK http://www.cordis.lu/gro

wth��http://www.cordis.lu/growth�.


� For more information about the 6th EU Framework Programme, see: � HYPERLINK http://europa.eu.int/comm/research/fp6/index_en.html��http://europa.eu.int/comm/research/fp6/index_en.html�.


� IST in FP6, see � HYPERLINK http://www.cordis.lu/ist/fp6/fp6.htm��http://www.cordis.lu/ist/fp6/fp6.htm� 


� For more information see � HYPERLINK http://www.cordis.lu/fp6/nmp.htmc��http://www.cordis.lu/fp6/nmp.htmc� 


� For more information about this initiative, see � HYPERLINK http://www.cordis.lu/ist/fetro.htm��http://www.cordis.lu/ist/fetro.htm�


� All specification documents over CORBA are available on the OMG web site: http://www.omg.org.


�  Cette étude à été faite l’université de Carnegie Mellon (USA) et publié dans Kinematic
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� Pour un polynôme P(x)=a0*x6+a1*x5+a2*x4+a3*x3+a4*x2+a5*x+a6 la condition de Hurwitz pour la stabilité          asymptotique est :


a0 > 0   a1 > 0   a2 > 0   a3> 0   a4 > 0   a5 > 0   a6 > 0   a3*(a1a2 - a0a3)-a1*(a1a4 – a0a5) > 0


(a1 a2 – a0 a5)*[a5*(a4 a3 - a2 a5)+a6*(2a1 a5 – a32)] + (a1 a4 – a0 a5)*[a1 a3 a6 - a5*(a1 a4 – a0 a5)] – a13*a62 > 0
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