Plan generationAction dispatcherOperationVirtual robot instructionsTask specificationVirtual robot levelExecution control levelNominal feedbackNon-nominal feedback(2)(1)Task instructionsTask level

- 1 -INFORMATION ARCHITECTURE CONCEPTS FORAUTONOMOUS CONTROL1L.O. Hertzberger1, G.D. van Albada1, G.A. den Boer21 Department of Computer Systems2 CMG Informatietechniek B.V.University of AmsterdamLaan van Kronenburg 14Kruislaan 4031180 AK Amstelveen1098 SJ AmsterdamAbstract. In this article concepts of an information architecture for complexautonomous systems will bediscussed, thatshould beconsidered when autonomouscontrol systems have tobedesigned. These concept are: architectural abstraction,virtual machine layering and logical sensoring. They are based on experiencegained with various robotics and CIM projects. They will beillustrated using ourMARIE mobile robot architecture as example. In our opinion these concepts are morewidely applicable than toautonomous control systems only.Keywords: Autonomy, system architecture, system design, exception handling,virtual machine layering1 This paper was published in in "Intelligent Autonomous Systems - IAS-4", Proceedings of theInternationalConference, Karlsruhe, Germany, March 1995, eds. U. Rembold, R. Dillman, L.O. Hertzberger, T . Kanade,pp. 190-197, IOS Press, Amsterdam, Oxford, Washington DC (1995)INTRODUCTIONInformation systems for autonomous controlsystems are part of a general class of systemsthat can bequalified as complex informationsystems. The typical characteristic of this typeof system is that the sensor-actuator controlloop plays a dominant role in the informationarchitecture. Not only does this loop putaheavy demand on real-time interaction, it i s absolutely essential for the system capabili-ties. The task of the information control archi-tecture is not only to make it possible toextractall that information, butalso tocreate a flexi-ble system in which all the foreseenautonomous system functionalities, demand-ing decision support capabilities are realised.To that extent modern systems distinguishdifferent levels of abstraction, such as themission, task, action, or elementary operationlevels. The purpose of this is tohide unneces-sary details and only concentrate on aspectsthat are important torealise the capabilities ofthat level. Information hiding and dataabstraction are the key issues when designinginformation system architectures includingthose for autonomous robotics.In autonomous robotics it can beobserved thatthe architecture and the design of such systemsis more or less done on an ad hoc basis. This i s not a great problem as long as toy systems orexperimental platforms are involved, thathave as a their main goal toexperimentallyverify some of the concepts of autonomousbehaviour. Examples could bethe verificationof planning concepts, or logical sensorconcepts, or concepts of behaviour, or neuralnetwork control, for instance, for road follow-ing. In all these situations it is sufficient onlytoillustrate the possibilities of the conceptsunder study and toabstract, as much as possi-ble, from issues that are important for the restof the system.However, in situations where the emphasis i s on the design and implementation of completesystems that have tooperate in real worldenvironments (like in air traffic or roadtraffic control, space or CIM systems) issues ofcomplex information system design play a farmore dominant role. Not only do these systemshave a far longer life cycle in whichmodifications tothe software system willbecome necessary, the design of the software ofthese systems will almost always bethe resultof a collaborative effort of team of people. Thismakes a more systematic approach tosystemarchitecture necessary. From that point of

- 2 -view the fundamental issue in those systems isthat the various system components have towork properly as entities, while they also haveto work together, in order tohelp fulfilling thesystem task as a whole. Therefore other(additional) aspects that partly have todo withthe intended real world application (likeredundancy, or software engineering aspectslike interfaces including human interfaceetc.), play a far more important role than i n toy, or purely experimental systems, that havea short life span.ARCHITECTURE CONSIDERATIONSIn the research we undertook, which mainlyconcentrated on aspects of exception handlingas one of the major properties for realisingautonomous control, we concentrated onhybrid architectures combining symbolictechniques for decision making at the highlevel and numeric control techniques at thelow level. Because the research activities com-prised a large number of researchers, not all atthe same location, it became necessary todefine the architecture concepts already in a n early phase of the project. However, because ofthe research orientation, it could beexpectedthat substantial modifications would becomenecessary to add new functionalities in a laterstage. Such new functionalities can havesevere impact on the system architecture,particularly when modifications involveseveral different modules that influence eachother. As a consequence a choice for a struc-tured approach was made, allowing flexiblemodification when more functionalitybecomes necessary.SYSTEM ARCHITECTURE ABSTRACTIONIn our system architecture three levels ofabstraction were distinguished, each repre-sented by its respective model, viz.:¥Functional architecture model: concernsitself with the functional behaviour thesystem should exhibit,¥Operational architecture model: compris-ing the way in which the desired behaviourcan berealised taking into account con-straints on the system, as well as the envi-ronment in which it has to operate,¥Implementation architecture: comprisingthe way in which the system is realised. Atthis level a full implementation of hard-ware and software modules is realised.The rest of this article will concentrate on thefunctional and operational architecturemodels. Given the fact that the most importantdesign decisions will have tobetaken at theoperational level, this level will bediscussedon most detail.FUNCTIONAL ARCHITECTURE MODELIn the functional model the emphasis is on thefunctionality the system should posses. Ithasto be decided at this level which type of featuresthe system should posses in order realise itsoverall functionality. This level describes i n no way how these features are realised. Giventhe example of the MARIE autonomous robot,Den Boer etal. (1993a, 1993b, 1995) it wasdecided at this level that the system shouldhave three functionalities; perception, reason-ing and control. The computations involved inthe reasoning process were decided tobemainly of symbolic nature, the computationsin control would bebased on numericaltechniques. Perception would apply numerictechniques for low level sensor processing andsymbolic techniques when providing stateinformation for path planning, exceptionhandling and collision avoidance.The part of the system that performs thereasoning process will bedefined as the tasklevel or plan generation system, whereas theperception and control system responsible forthe actions of the system will bedefined asplan execution system. The interaction withthe plan generation system is at the task level.Typically, a human operator will give a taskinstruction tothe plan generation system.Such an instruction is inherently incomplete,i.e. information is only partly specified oreven invalid. The reasoning process has todecompose the task into a set of actions thatwill have to beexecuted in order toachieve thedesired state change. During the execution ofthese actions exceptions will have tobecopedwith. An exception is defined as an unexpectedoccurrence, being the difference between whatwas defined during plan generation and theactual situation observed.Because the task definitions the human opera-tor presents tothe system are inherentlyincomplete, several alternative ways of execu-tion, depending on the state of the environ-ment, will have tobeconsidered. For this

- 3 -reason and tocope with exceptions, the plangeneration system in our situation comprisestask planning and scheduling, as well asparameter planning. The objective of the plan-ning is to define all required activities neces-sary tocomplete a given task. Run-timecontrol over the order in which activities areexecuted is important in order torealise theflexibility required tooperate in an unstruc-tured environment. Therefore a task schedul-ing activity has tobedefined. The end situa-tion should always be a series of activities thatcan be executed in order toachieve the desiredgoals of the task presented to the system.OPERATIONAL ARCHITECTURE MODELMost of the system design decisions for therobot architecture have to bemade at the opera-tional level. At this level not only the systemcapabilities are defined, butimportant envi-ronment constraints also have to be dealt with.For instance, it makes a large differencewhether a robot system, beit an arm or avehicle, has tooperate in a structured envi-ronment where planning is straightforward,or whether the environment is unstructuredand obstacles and exceptions are likely tooccur. In the last situation perception is indis-pensable toinform the robot system about thestate changes in the environment. Indiscussing the operational architecture model,the last situation is presumed. As was alreadyobserved, the mechanism that was designed tocope with unpredicted changes in the environ-ment is the exception handling model.However, before going in detail about thearchitecture of the operational model, somemore general architectural concepts that wehave applied in our work will bediscussed.We have adapted a method of abstraction andinformation hiding stemming from computerarchitecture. This method is called the layeredvirtual machine approach. Analogously, wehave defined the layered virtual robotapproach.The Virtual Machine and Virtual RobotMethodologyThe virtual or abstract machine concepts stemfrom computer architecture research. Avirtual machine layer Tanenbaum (1990) i s defined by an instruction set, and a virtualmachine that can interpret and execute thisinstruction set. The instruction set fullydefines the capabilities of that particularlayer. An N+1 level virtual machine willexpress an instruction that it wants toaccom-plish into a sequence of instructions of level N.The lower level will then interpret each ofthose instructions, one at a time, and produce anumber of instructions for level N-1. A soft-ware system is built by placing several layerson top of each other, each having more complexinstructions at its disposal. A human operatorcould communicate with the system through aninterface often connected tothe highest level,using the instruction set of that level. As wasobserved, a high level instruction is inter-preted by several lower level interpreters, oneinstruction at a time. The lowest level of theinstructions are executed by the computerhardware. However, for reasons of increase inexecution speed, straight compilation of a highlevel machine towards machine levelinstructions is often realised.By going upin the hierarchy of layers infor-mation hiding and data abstraction areapplied. A virtual machine is capable ofexecuting its instructions without furtherassistance of the higher levels. This approachmakes it possible tohide system dependentdetails from the higher levels. The virtualmachine concepts allows the programmer toconcentrate on the problems in his particularvirtual machine layer without being distractedby implications at other layers. This makes itpossible tobreak complex problems intosmaller problems by applying the principles ofvirtual machine layering, abstraction andinformation hiding. Thus we can imposeorder, clarity, consistency and tractability i n a multitude of interacting system components.A straightforward translation of thesetechniques to autonomous control results in themodel of a stack of control levels, each repre-sented by a language or a program represent-ing a certain functionality in a particularlanguage. The bottom layer is that of the robotcontroller’s electronics (or general purposeprocessor with I/O controller), taking datafrom sensors and driving the robot actuators.The immediate level above corresponds totheinterpreter of the robot controller1. The1 Sometimes, a level is internally divided upinto sub-levels. E.g. at the lowest level onemay find the drivers for individual actuators;at the next highest level, coherent robot controlis realised by using all actuators in concert.

- 4 -language of this level is either a specialpurpose robot language supplied by the robotcontroller manufacturer, or a general purposeprogramming language augmented with robotmotion instructions.The power of the method is that the implemen-tation details of one level are not visible for theuser of the higher levels. Therefore, the execu-tion of robot programs by the robot controller ora general purpose computer can behidden at asufficiently high level.However, in our research, we have gone onestep further in the application of the virtualmachine concepts towards autonomousrobotics. The power of the methodology allowsone todefine several high level applicationspecific programs, each specifying an applica-tion specific instruction level with its applica-tion characteristic instruction set. By applyingthe methodology of virtual machine layeringin robotics the higher level instruction sets are,from robot programming point of view, morepowerful and specify different levels (such asplanning, task, execution control etc.) that canbe used to deal with robotics specific problems.The lowest level of this hierarchy will specifythe robot basic (lowest) sensor as well asactuator capabilities. For this specification ahigh level programming language (like CorFORTRAN) can be used that is executed eitherthrough compilation or interpretation on therobot controller hardware.Fig. 1 presents a simplified illustration of ourautonomous robotics specific control modelillustrating two autonomous robotics specificlayers, the task level and virtual robot level.Virtual RobotElementary operationsTask level, autonomous robot functions Additional virtual machine layers Physical machine layer: Robot controller or General purpose computer

Fig. 1. The virtual robot and task level of theautonomous robot controller.Let us assume that the task level of a roboticssystem has toberealised in order tostudyautonomy. To define the architecture at thislevel, the next lower level has tobedefined.This is called the virtual robot level and repre-sents a virtual machine capable of executinginstructions for the robot defined at the highest(task) level. Ithides the implementationdetails from the task level user.The virtual robot is modelled with the conceptof elementary operations analogous to elemen-tary or assembly instructions of the virtualcomputer architecture. The ElementaryOperations (EO’s) are the generalisation of allavailable actions of a robot and its sensors. A n action of a robot is always a combination ofsome actuator motions, some sensor readingsand a particular feedback law. The feedbacklaw specifies how the sensor readings are usedtogether with the information on the state tobereached, to compute the steering signals for theactuator. The elementary operations areinstructions which define the manipulationand sensing capacities of the virtual robot. Theset of all elementary operations of a robotdescribes all of the robot’s capabilities.To fulfil a task or toreach the objectives of amission, the robot has to carry out a sequence ofelementary operations. A task of a robot can bea complex mission or it can be very simple andbeaccomplished by one or two elementaryoperations of the robot. The actions of the robotdescribe how the task should becarried out,based on the explicit task description. For oneimplicit task, there might bedifferent explicittask descriptions possible. The importantfactors are:¥the capabilities of the robot which carries outthe task, and¥the external conditions under which thetask must be completed.The capabilities are described by the EO’s ofthe robot. The combination of a task instruc-tion and the external conditions determinehow the task is going tobeexpressed in theexplicit EO’s. The task and the external condi-tions are, therefore, the meta instruction of thetask level control. A meta instruction defineswhat has tobeaccomplished, and implicitlyspecifies how this will be done.

- 5 -The task level interprets each task instructionand expresses it in terms of the explicit EO’s ofthe virtual robot. Depending on the nature ofthe task to be executed, the execution order theseinstructions need not be fully specified. Itcan,e.g. beexpressed in terms of a precedencegraph, allowing the run-time system toselectthe most appropriate ordering. The virtualrobot executes the EO’s according toa certainsequence of sub tasks in the graph byinterpretation. If all the EO’s are interpretedby the virtual robot, the task instruction is com-pleted. At the task level, the next task instruc-tion can be selected for execution. Fig. 2showsa snapshot of the flow of execution between thetask level and the virtual robot level.Virtual RobotElementary operationsTask level, autonomous robot functionsT1T2TnEO1EO2EOmElementary operationsfor task T2Fig. 2. Flow of execution between task leveland virtual robot.In our mobile robot control architecture, thetask level consists of the task tree in a sym-bolic language. If only one possible executionflow is possible, the execution model of the tasktree follows a depth first search strategy.However, we are interested in the freedom ofexecution of the task decomposition when thereare more ways toexecute a sub task. In such acase, the execution flow of the sub tasks notonly follows the depth first search, but includesdisjunctive elements (OR connections) ofalternative execution sequences as well.Historically autonomous robotics architec-tures use hierarchical decomposition orabstract layering for decomposing a robotsystem into more manageable units. Virtualmachine layering is, however, not the same asabstract layering, although they both work onmore abstracted data as the level increases.The difference is that with abstract layeringobtained via hierarchical decomposition thehigher levels always have to be in control of thelower ones. Virtual machine layering does notimpose such a restriction. Itdefinesinstruction sets, not processing hierarchies. Inaddition , as we have seen, virtual machinelayering provides an executable specificationof abstract layering when that is required.We have applied the virtual machine conceptsto the operational as well as to the implementa-tion architecture models of our MARIE mobilerobot architecture (Den Boer, 1993b, 1995). Asan illustration of the power of this methodologythe operational architecture model will bepresented.MARIE OPERATIONAL ARCHITECTUREMODELWithin the MARIE operational model, whichis illustrated in fig. 3, the methods and tech-niques for accomplishing the autonomousbehaviour have tobedefined. The descriptionof the various levels is presented at the lefthand side in this figure, the correspondingvirtual machines on the right hand side. Inbrackets the type of (virtual) machine instruc-tions are given. The actual implementationlevel is not touched upon at this point. Instead,operational constraints that could have con-sequences for the methods and techniques bywhich the actual problems are solved are takeninto consideration. For the MARIE researchthe most important operational aspect was thecapability tohandle exceptions for the purposeof realising autonomous behaviour.Therefore, exception handling had tobea n integral part of the system architecture. Theconsequences for the design of the operationalmodel were that plan generation as well asplan execution must support the incorporationof exception handling in their respective tasktrees. The consequences of this approach forthe task generation level are that alternativeseries of activities have tobeadded tothe tasktree. Exception handling further has a consid-erable impact on the various levels of the planexecution system, and in particular on theexecution control and virtual robot levels.From fig. 3it can beobserved that the plangeneration system comprises only one layer,whereas the plan execution layer comprisesthree levels; the execution control, virtual robotlevel and the interface level. At the bottom theactual hardware can be distinguished which i s shielded by an interface layer toimposefurther hardware independence.

- 6 -The task level has as virtual the "plan genera-tor" with instructions called tasks. At the tasklevel a particular plan corresponding toacertain task is pre-computed and scheduled,and thereafter presented towards the planexecution control layer. This layer takes thetask tree and translates them tothecorresponding operations for the virtual robotlayer.Task levelExecution control level Virtual robot level Interface level Hardware level [Task instructions] [Action instructions] [Virtual robot instructions][Virtual hardware instructions] [Hardware instructions] User interface Operations Action dispatcher Plan generator Virtual hardware Actual hardware Fig. 3 . MARIE operational model :The first level of the plan execution system i s the execution control level. Ittakes care ofparsing the task tree, and controlling theexecution of activities. The execution controllevel has as virtual machine the �actiondispatcher�. The instructions of this level arecalled actions. Each action is interpreted bythe action dispatcher, which breaks it downinto more primitive instructions, belonging tothe adjacent lower level. When exceptions aredetected, this level will stop the currentlyactive operations, and use alternative actionsto overcome the exception. System autonomy i s implemented at this level. By manipulatingthe alternatives, exceptions are handled with-out outside interference.The next lower level is the virtual robot level.Its virtual machine is the "operations". Theinstructions are called virtual robot instruc-tions. The operations take care of the actualexecution of the activities. At this level percep-tion, reasoning, and control activities are usedthe enforce and observe a required systembehaviour. At this level there is no knowledgeabout exception handling anymore. However,activities will focus on restoring normaloperating conditions. In fact, the virtualmachine at this level is an aggregation ofseveral operations each represented by avirtual machine of its own. As operations havetowork in parallel, so can the virtualmachines. In the remainder of this article thethree most important levels (task, executioncontrol and virtual robot) will befurtherdiscussed putting emphasis on the last two.Task levelThe task level represents the lowest level of theplan generation system. As was discussed,several planners are used by the plan genera-tion system. As far as parameter planners areconcerned, they are placed in the plan execu-tion system because they operate on numericaldata. Furthermore, they are also neededduring plan execution. Since plan generationwas not a subject in our research, the internalworking of the task level virtual machine i s simulated by an interactive task generator. Itaccepts task instructions from the user inter-face, and builds a task tree. For that purpose anumber of task scenarios are used. Althoughwe do not concentrate on task generation, it i s necessary todefine an interface between theplan execution, and the plan generationsystem.Execution control levelThe action dispatcher implements the virtualmachine of the execution control level. Itinterprets action instructions which are theinstruction set at this level, and sends opera-tion control instructions tothe adjacent lowerlevel. An action is an operational capabilitythat the system can exhibit toaccomplish arequired environment state change. Becausethe mobile robot of MARIE is part of the envi-ronment, this means that, by activating capa-bilities of the vehicle, this state change i s enforced. The environment state is an impor-tant entity for guiding the execution of actions.An action defines a set of operations that mustbeexecuted in parallel. Actions are examplesof meta instructions discussed before. Theydefine what state change will beachieved, butnot how this is realised. Therefore, an action

- 7 -could achieve the same state change, usingdifferent operations. For example, a wallcould bedetected by employing either ultrasonic, or infra-red based perception opera-tions.The task tree, which is used torepresent theactions, is parsed by the dispatcher. When a n action is encountered, it is scheduled forexecution. After it is finished, the parsing ofthe tree is continued in order toschedule thenext action. This process continues until thewhole tree is parsed. Subsequently, the taskgenerator is notified of completion, and theaction dispatcher waits for a new task tree.Matters are complicated by the fact that theaction dispatcher has toco-ordinate properexecution of operation control instructions. Ithas to wait for them tofinish execution, whichcan either bedue tonormal termination, or tothe occurrence of an exception. In the first casethe next action is taken, and scheduled. In thesecond case, all the currently executing opera-tion control instructions are stopped by theaction dispatcher, and an alternative action i s scheduled.ExceptionsAn autonomous system should becapable ofhandling exceptions during plan execution.Exceptions are inter-related with nominal,and non-nominal feedback. The definition ofan autonomous system implies that exceptionsshould behandled by the plan executionsystem. For MARIE, autonomy is realised atthe execution control level, being the highestlevel of the plan execution system. Sinceactions constitute the instruction set of thislevel, they also represent the autonomousbehaviours the robot can exhibit.Plan generationAction dispatcherOperationVirtual robot instructionsTask specificationVirtual robot levelExecution control levelNominal feedbackNon-nominal feedback(2)(1)Task levelTask instructionsFig. 4. Exception handling based on non-nominal feedbackThe definition of nominal and non-nominalfeedback are illustrated in fig. 4— an adaptedversion of the one given in Meijer (1991). Incontradiction toMeijer we use virtual levels.This has the advantage that exceptions can bemore explicitly represented.Each control loop of a motion operation in thisfigure makes use of sensor feedback, which i s used torelate the desired state of the robotsystem with the actual state. Both are used tocalculate a new state for the robot. Normally,there are several actual states that can lead to anew legal state. Therefore, each control loophas a working range, in which sensor feed-back can beprocessed successfully. If controlfeedback falls within this working range, it i s called nominal feedback, and the robot systemis in a nominal state. As long as the feedbackis nominal, the robot can continue its normalway of operation. Itis illustrated in fig. 4thatnominal feedback takes place between theexecution control, and the operation controllevels. When the feedback of the sensors doesnot fall within the working range of the controlloop, it is called non-nominal. At that point itis not possible to generate a new legal state. Inthat case the robot system is in a non-nominalstate, and normal execution is not possibleanymore because an exception has occurred. Amajor source for non-nominal feedback liesin the use of incomplete and inaccurate modelsof the environment. The uncertainty in themodels can have a variety of causes, e.g.:limited resolution of sensors, kinematicalconstraints of the actuators and actions of otherindependent "agents" in the environment.This uncertainty is the reason why unforeseensituations can occur. Non-nominal feedbackoccurs at operation control level, andpropagates tothe actions and task nodes.However, unforeseen situations like amalfunctioning part of the robot system, ormissing parts in an assembly task also causenon-nominal feedback. Also in this situation,the control loop can not enforce nominal feed-back, and can not continue. This type of feed-back occurs at the execution control level, andit propagates from an action or sub-task toaparent sub-task. Non-nominal feedback atthis level interrupts the flow of control ofexecution of the robot actions. Itleads toa n interruption of the pre-planned flow of opera-tion. This feedback is always handled by theplan generation system.

- 8 -The occurrence of non-nominal feedback i s referred toas an exception. The process ofrestoring normal operation is called exceptionhandling (Meijer, 1991).Exception handlingException handling is the process of restoringnormal operation conditions for the robotsystem after an exception occurred.Traditionally, exceptions are handled by theplan generation system. For every exception,plan execution is stopped, and an alternativeplan is generated at the task level whichshould restore normal operation conditions.This approach is typical for systems with adecomposition, where the plan generationsystem always has tobein control. Itworkshierarchical satisfactory when internal errorsare the only likely cause of exceptions. In apartially structured environment the primarysource of errors is external, making theprobability for the occurrence of an exceptionfar higher. Often existing models areincomplete, and unknown objects are likely toappear. Such situations will then lead tothegeneration of an exception, and a subsequentinvocation of the plan generation. Thisapproach is often too time-consuming toprovide a real-time response. Regularlyactivating the plan generation system resultsin a poor responsiveness of the system.Therefore, an approach is needed, whereexceptions are handled by the plan executionsystem. When that is done, normal operationcan continue. Fig. 4 shows two possible ways torecover from non-nominal feedback. The firstway, shown dashed, is toactivate the plangeneration system directly from the virtualrobot level. Our virtual machine approachpurposely discourages such skipping of levels.The second way is by invoking the next levelup, i.e. the plan generation system from theexecution level (1), or the plan executionsystem from the virtual robot level (2). In allcases, the goal is tobring the system back intoa state of nominal feedback. In the last situa-tion it is handled as an interruption, i.e. a n event that is anticipated during plan genera-tion. Itleads toan interruption of the normalflow of operation. Interruption handling is theprocess of restoring normal operation condi-tions for the robot system after an interruptionoccurred.The difference between exceptions and inter-ruptions is that the latter are the result of non-nominal feedback for which a recovery proce-dure was anticipated. During plan generationan alternative plan was generated, and addedto the task tree. When only nominal feedbackoccurs, these alternatives are never used. Onthe other hand, when the system gets into anon-nominal state, the alternatives can beused right away. The advantage of thisapproach is that non-nominal feedback i s handled must faster. The interruptionhandling mechanism can also beutilised tohandle situations where alternatives areanticipated that are equally desirable.Note that the definition of exception handling,and interruption handling is effectively thesame: both strive torestore normal operationcondition. Only when the interruption can notberesolved at the plan execution system, a n exception is generated. This results in theactivation of the plan generation system,which ultimately could be a human being.Virtual robot levelVirtual robot instructions form the instructionset of the virtual robot level. Its virtualmachine is an aggregate of several opera-tions. Each operation is a virtual machine i n its own right, able tooperate concurrently withother operations. While actions define whatstate change should be accomplished, operationcontrol instructions define how this is done.Each virtual robot instruction maps directlyonto an operation. Furthermore, each has acorresponding set of parameters. In essence,an operation is a reference tocapability of thevirtual robot level. The parameters define theexact behaviour of the capability they areassociated with. At the virtual robot level thereis no awareness of how operations aremanipulated. Each operation runs withoutknowing about others that are also active. Ifinformation is needed toaccomplish a goal, itsimply is requested under the assumption thatan operation that produces such information,is active. An operation can make this assump-tion because the action dispatcher will takecare that the other necessary operations will beactivated. Furthermore, the requesting opera-tion will only bestarted after the actiondispatcher made it certain that all necessaryoperations are actually available. In fig. 5theexecution control, and the operation controllevels are shown in more detail, presenting thethree classes of operations we distinguish:perception, on-line-reasoning, and pathcontrol.

- 9 -¥Perception operationsPerception operations process sensor data toconstruct models of the environment. A diver-sity of models, needed throughout the system,are produced. They can beused for featureextraction and for direct perception-controlfeedback.¥On-line-reasoning operationsOn-line-reasoning operations supply infor-mation for plan generation as well as for pathcontrol. They form a collection of parameterplanning functions that operate on geometricmodels.¥Path control operationsPath control operations are used toactivate therobot actuators toenforce a required statechange.Execution control levelVirtual robot levelInterface level Hardware levelAction dispatcher Sensor Interface Actuator Interface Sensor Hardware Actuator Hardware Perception Path control On-line reasoning Fig. 5: Details of the MARIE operationalmodelOperations from each of the classes arecombined into an action, and, thereby, define anew capability of the plan execution system.Perception operations produce models for bothdirect perception-control feedback such asnecessary for collision avoidance and highlevel reasoning as necessary for exceptionhandling. Defining on-line reasoning opera-tions at this level is related tothe fact that i n our research on autonomy we concentrate onthe plan execution system. Within this system,functions are provided that are needed by theplan generation system, to achieve its goal.For perception, sensor data is used. Instead ofacquiring the data directly from the sensorhardware, an interface layer is used. Ithidesthe hardware details from the rest of thesystem, and converts sensor specific signalsinto a more suitable format. At the path controlside, a similar arrangement is used. Againhardware details are hidden by the actuatorinterface. The sensor interface comprises anumber of dedicated interfaces that form thelower levels in a perception network.Because only the perception system has furtherarchitectural consequences some aspects willbe shortly presented here.Perception and logical sensorsPerception within MARIE takes a distributedapproach in which several models are main-tained, for both direct perception-control feed-back, and higher level modelling. The basicperception processing unit is the logical sensormodule. A number of modules were defined,and linked upinto a perception network. Thenetwork on its turn provides a number ofperception operations. The approach we havetaken in designing our perception system is acombination of the layered perception systemof Payton (1986), and the logical sensors ofHenderson et al. (1988).A virtual sensor (Payton, 1986) is a goodconcept for setting upa perception network.Several may run in parallel, each providingits own models. Their output is available toother modules. Together with reflexivebehaviours they provide direct perception-control feedback. On the other side, they lack agood definition of their functionality. The waythey have to be controlled, or connected togetherto form a perception network, is not clear. Thesame arguments hold for realising robustfunctioning modules. Virtual sensors hideinternal details from the external envi-ronment. Consequently they provide a n example of how sensor data can beused i n hybrid architectures, but their definition lackssufficient details on how to implement them.A better description of both perception modules,and a network is provided by the logical sensorspecifications. They were defined for use in afunctional architecture models in order tomaintain a centralised environment model.Because their description provides details forrobust operation and hiding of internalprocessing it became possible toextend themtowards usage in our operational architecture.In addition, a control vector providessufficient means to manipulate logical sensormodules. Their primary goal is todefine arobust network.

- 10 -The disadvantage is that they do not explicitlydefine the possibility of providing informationfor other purposes than for other logicalsensors. Internally, models are maintained,butthese are only published through thecharacteristic output vector, through whichother logical sensors are connected. We foundit useful toadd the mechanism of providingseveral models for numerical as well assymbolic information, stemming from virtualsensors, tothe logical sensor concept. In thisway each logical sensor can supplyinformation for both direct perception-controlfeedback, and higher level modelling. Eachmodule publishes its internal model for use byall other modules. The consumers of thepublished information can either beotherlogical sensor modules, on-line-reasoningoperations or path control operations. Such itbecomes possible toaccess models, externallytothe logical sensor, butthe internal workingremains hidden. This overcomes thepreviously mentioned disadvantage.Our perception network supplies geometricaldata at three levels of abstraction, and spanstwo virtual machine layers. Within thenetwork, three levels of abstraction are distin-guished: processed sensor data, geometricalfeatures, and geometrical models. They havein common that they all define geometrical(numerical) entities. They differ in thecomplexity of their models.CONCLUSIONSItwas illustrated that the following conceptsare useful when defining system architecturesfor autonomous robotics:a) architecture abstractionb) virtual machine layeringc) logical sensor conceptsIn particular the concept of virtual robotmachines we found very useful when appliedat the operational system architecture level.The difference with the concepts of hierarchi-cal decomposition were discussed. The appli-cation of the virtual machine concepts and thelogical sensor concepts towards the MARIEautonomous robot were presented, illustratingthe flexibility and power of the methodology.ACKNOWLEDGEMENTSPart of the work presented here containsimportant contribution by G.R. Meijer. Thework was supported by ESPRIT II 2034, MobileAutonomous Robot in Industrial Environment(MARIE) as well as by a grant from SION partof the Dutch Research Foundation (NWO).REFERENCES:Boer, G.A. den, Albada, G.D. van,Hertzberger, L.O., Koburg, C., and Mergel,M. (1993a). The MARIE autonomous robot.International Conference on IntelligentAutonomous Systems: IAS-3, Pittsburgh PA,15-19 February, 1993, pp. 164-173Boer, G.A. den, Albada, G.D. van,Hertzberger, L.O., Meijer, G.R., Thevenon,J.-B., Gaussens, E.J., and Arlabosse, F . (1993b). An exception handling modelapplied toautonomous mobile robots.International Conference on IntelligentAutonomous Systems: IAS-3, Pittsburgh PA,15-19 February, 1993, pp. 297-306Boer, G.A. den (1995) An Autonomous MobileRobot Architecture PhD Thesis, Amsterdam,in preparation.Henderson, T., Weitz, E., Hansen, C., andMitiche, A. (1988) Multisensor KnowledgeSystems: Interpreting 3D Structure, TheInternational Journal of Robotics Research,Vol. 7, No. 6, December 1988Meijer, G.R. (1991). Autonomous ShopfloorSystems; A study into exception handling forrobot control. PhD. Thesis, Amsterdam,June 1991.Payton, D.W. (1986) An Architecture forreflexive Autonomous Vehicle Control, IEEEInternational Conference of Robotics andAutomation, San Francisco, April 7-10, 1986,pp. 1838-1845Tanenbaum, A.S. (1990), Structured ComputerOrganization, Prentice-Hall International,1990.