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his way, keep track of his own position, avoid the obstacles in the cluttered cor-ridor, and so on. However, this task also requires some higher level capabilities,like reasoning about alternative ways to perform a given task, and reconsideringthe available options in face of new events. Our ability to develop intelligentmobile robots and to deploy them in real-world environments will critically de-pend on our ability to integrate these two aspects of the autonomous navigationproblem.Today's research on mobile robotics has produced a large number of tech-niques for robust robot navigation in real environments in the presence of un-certainty. These techniques typically focus on the navigation problem, and donot engage in abstract reasoning processes of the type encountered in the abovescenario. On the other hand, research in intelligent agency has resulted in a num-ber of interesting theories for reasoning about actions and plans. Unfortunately,these theories are typically stated at a very abstract level, and ignore the odditiesand uncertainties that arise from operating in a real, physical environment.This paper is a preliminary attempt at integrating results and techniquesfrom the areas of robot navigation and of intelligent agency. Our two mainingredients are: (i) a theory of intelligent agency based on the interplay be-tween beliefs, desires and intentions, commonly referred to as `BDI'; and (ii) abehaviour-based robot navigation system grounded in fuzzy logic, called `Think-ing Cap'. In what follows, we outline the characteristics of these ingredients thatare relevant to this paper, and discuss how we can integrate them. We also showan illustrative example based on the above scenario.2 The BDI modelIn the past few years there has been a lot of attention given to building formalmodels of autonomous software agents; pieces of software which operate to someextent independently of human intervention and which therefore may be consid-ered to have their own goals, and the ability to determine how to achieve theirgoals. Many of these formal models are based on the use of mentalistic attitudessuch as beliefs, desires and intentions. The beliefs of an agent model what itknows about the world, the desires of an agent model which states of the worldthe agent �nds preferable, and the intentions of an agent model those states ofthe world that the agent actively tries to bring about.The development of the BDI paradigm was to a great extent driven by Brat-man's theory of (human) practical reasoning [1], in which intentions play a cen-tral role. Put crudely, since an agent cannot deliberate inde�nitely about whatcourses of action to pursue, the idea is it should eventually commit to achiev-ing certain states of a�airs, and then devote resources to achieving them. Thesechosen states of a�airs are intentions, and once adopted, they play a central rolein future practical reasoning [2, 3].It should be noted that the current popularity of the BDI paradigm in thearea of software agents is due to more than just an anthropomorphic desire toattribute mental states to inanimate objects. On the contrary, the use of such



ideas has strong justi�cation from a software engineering perspective, allowingthe modular development of systems by partitioning the information about adomain into di�erent categories which are handled in di�erent ways. In addition,the BDI approach has proved e�ective as the basis of a number of exactingapplications, including the monitoring and control of spacecraft systems [5], andmanaging the 
ow of aircraft arriving at an airport [6].A major issue in the design of agents that are based upon models of inten-tion is that of when to reconsider intentions. An agent cannot simply maintainan intention, once adopted, without ever stopping to reconsider it. From time-to-time, it will be necessary to check, for example, whether the intention hasbeen achieved, or whether it is believed to be no longer achievable [3]. In suchsituations, it is necessary for an agent to deliberate over its intentions, and, ifnecessary, to change focus by dropping existing intentions and adopting newones.In [15] we started the formal analysis of this problem. In particular we pro-posed a notion of optimality of deliberation, which can be glossed as \an agentis optimal if it always deliberates when deliberation will change its intentionsand never deliberates when deliberation would not change its intentions", andshowed that this can be used to develop a formal description of agents whichare bold and cautious in the sense of Kinny and George� [8]. The idea is thatdi�erent types of environment require di�erent types of strategies. In rapidlychanging environments it makes sense for an agent to spend a lot of time de-liberating in order to avoid spending time trying to achieve things which havebecome impossible. In more static environments there is much less call for agentsto deliberate because once they have adopted an intention there is only a smallchance that the world will change so as to make that intention impossible toachieve.3 The `Thinking Cap'The `Thinking Cap' (TC) is a system for autonomous robot navigation basedon fuzzy logic which has been implemented and validated on several mobileplatforms. A full description of the TC can be found in [11]. Parts of the TCwere previously reported in [13, 12, 14]. The main ingredients of TC are:{ a library of fuzzy behaviours for indoor navigation, like obstacle avoidance,wall following, and door crossing;{ a context-depending blending mechanism that combines the recommenda-tions from di�erent behaviours into a tradeo� control;{ a set of perceptual routines, including sonar-based feature extraction, anddetection of closed doors and blocked corridors;{ an approximate map of the environment, together with a positioning mech-anism based on natural landmarks;{ a navigation planner that generates a behaviour combination strategy, calleda B-plan, that achieves the given navigation goal; and



{ a monitor that reinvokes the planner whenever the current B-plan is no moreadequate to the current goal.For the goals of this paper, we regard TC as a black box that provides a robustnavigation service, and that accepts goals of the form `(goto X)'. There arehowever two peculiar characteristics of TC that are important here.Firstly, navigation goals in TC are fuzzy: in `(goto X)', `X' is a fuzzy loca-tion in the robot's map. (More precisely, a goal is formally de�ned in the TCframework as a fuzzy set of trajectories.) This means that a goal in TC can bemore or less satis�ed, as measured by a degree of satisfaction, a real number inthe [0; 1] interval. Typically, this degree depends on the distance between therobot and the desired location, but more complex goals may have more complexdegrees of satisfaction.Secondly, the `adequacy' of the current B-plan which is monitored by theTC is in fact a degree of adequacy, again measured by a number in [0; 1]. Thisdegree of adequacy is the result of the composition of three terms. (i) A degreeof `goodness', that takes into account the prior information available about theenvironment; for example, a B-plan that includes passing through a long andnarrow corridor has a small degree of goodness. (ii) A degree of `competence',that dynamically considers the truth of the preconditions of the B-plan in thecurrent situation; for example, if a door that has to be crossed is found closed thisdegree drops to 0. And (iii) a degree of `con
ict', that measures the con
ict be-tween the behaviours which are currently executing in parallel. Both the degreesof satisfaction of the current goal and the degree of adequacy are recomputedby the TC at each control cycle (100ms).4 Integrating the BDI model and the Thinking CapOur work is based on the premise that the BDI model and the Thinking Cap rep-resent two ends of the spectrum as far as the mental abilities of an autonomousrobot are concerned. The TC can construct plans to achieve a single high levelintention (like \go to the lab"), but has little to say about when such a planhas either failed or should be reconsidered because it might now be impossibleto carry out. In contrast, the BDI model (at least in so far as we have analysedit with respect to intention reconsideration) is only concerned with high levelintentions and whether or not they should be reconsidered as its beliefs aboutthe world themselves change.A consequence of this premise is that it might be pro�table to combine theTC with a BDI architecture of the kind proposed in [15]. Our �rst attempt tointegrate these two di�erent systems is to consider them as separated blockswith a minimal interface between them, as shown in Fig. 1.The BDI deliberator generates high-level intentions of the type (goto X) andsends them to the TC. (In future versions, intentions may include manipulationor observation activities.) The TC receives these intentions and considers them asgoals. For each goal, it generates a B-plan, and starts execution. It also monitorsthis execution, and switches to a new B-plan if the current one turns out to



Fig. 1. Integration between a BDI deliberator and the Thinking Cap.be inadequate. During execution, it constantly computes the current degrees ofsatisfaction and of adequacy, as mentioned above.These degrees are sent back to the BDI deliberator. From the point of viewof the deliberator, the degree of satisfaction measures how much the current in-tention has been achieved, and the degree of adequacy measures how much thisintention is considered achievable. Di�erently from the standard BDI model,however, this information is not given by binary values, but by continuous mea-sures. It is these indicators of the state of the world vis �a vis the current intentionwhich help the deliberator determine when it is appropriate to reconsider its in-tentions.More precisely, the deliberator uses these values in two ways. Firstly, to decidewhen it is time to deliberate. Two of the possible causes that lead the deliberatorto reconsider its intentions are: (i) an increase in the value of satisfaction; and(ii) a drop in the value of adequacy. Secondly, to actually deliberate, that isto reconsider its intentions in light of the new information. Deliberation mayinvolve comparing the available options, and possibly adopting a new intentionwhich is then sent to the TC. As we shall see below, considering degrees insteadof binary values allows the deliberator to take more informed decisions.5 ExampleWe report a simple experiment where we execute the potato crisp scenario ina simulated environment. We have used the Nomadic simulator, which includessimulation of the sensors and some moderate sensor and positioning noise. Thisexperiment is meant to illustrate the concepts and mechanisms involved in ourintegrated approach to robot deliberation and navigation. The successive phasesof the simulated run are shown in Figures 3, 4, and 5. Fig. 6 shows the values ofadequacy and of satisfaction of the currently executing intention at each momentof the run.Initially, the BDI deliberator considers the new task and decides a strategy,represented by the intention tree shown in Fig. 2 (left). (The details of how this
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Goto LabGoto B Goto A... ... ...Fig. 2. Two intention trees for our example task.is done are not relevant here; the dots indicates other intentions, like picking upthe crisp, which we ignore.) The deliberator then passes the �rst intention (gotoA) to TC, which generates a suitable B-plan for it. In this case there are twopossible B-plans, one for each possible door leading to A, and the TC selects theone with the highest degree of (expected) goodness. Since the TC knows aboutthe low degree of traversability of the lower corridor,1 the selected B-plan is theone that goes through the main door of A, the one on its left wall. Milou startsexecuting this B-plan from the lower left corner, as indicated by (1) in Fig. 3.
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(3)Fig. 3. Milou has the intention (goto A), but this turns out to be di�cult to achieve,and adopts the new intention (goto B).When Milou arrives to this door (2), the sonars detect that the door isclosed. Since one of the assumptions in the B-plan is that the door must betraversable, the degree of adequacy of this plan drops to 0 (Fig. 6 at about20 s). The TC notices the problem, generates a new B-plan that goes throughthe second door, and starts executing it. However, this B-plan has a low degree1 Currently, this information is stored in the map; in the future, the robot may acquirethis knowledge during exploration.



of goodness because it includes passing through the cluttered corridor. Thiscauses a drop of the adequacy level to a low 0.2. This is soon2 noticed by theBDI deliberator, which reconsiders its options. Since the current intention turnsout to be di�cult (although not impossible) to achieve, and since there is analternative way to perform the task (Fig. 2 right), the BDI deliberator decidesto swich to this alternative way and to reverse the order of visiting the twoproduction lines. Hence, it sends the new intention (goto B) to the TC (Fig. 6at 30 s). The TC generates a new B-plan for this intention and swaps it in. PoorMilou then stops its travel to the lower corridor (point (3) in Fig. 3 left), turnsaround, heads to room B, and eventually reaches the collection point in front ofconveyer belt B.
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Fig. 4. Milou again has the intention (goto A).The achievement of the intention (goto B) is re
ected in the rise of thesatisfaction level (Fig. 6 at 75 s). This is noticed by the BDI deliberator, whichthen sends the next intention to the TC: in our case, this is again the intention(goto A). Since the information about closed doors inside the TC is transient,the TC again generates a B-plan for this intention that goes through the maindoor. Milou �nds its way from room B, but unfortunately it �nds that the dooris still closed (Fig. 4). As before, the TC generates an alternative B-plan goingthrough the lower corridor and starts to execute it. This produces a drastic dropin the adequacy level, which is noticed by the BDI deliberator (Fig. 6 at 160 s).However, this time there is no alternative option, so the deliberator decides tokeep with the current intention, even if it is di�cult to achieve. The navigationfunctionalities of the TC allow Milou to safely, if slowly, get around the obstacles,and reach the collection point in front of conveyer belt A.2 We add some delay on the adequacy level in order to leave the TC the time to tryand �x problems (like the closed door) before the deliberator does something.
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Fig. 5. Both previous intentions are ful�lled, and Milou adopts the intention (gotoLab).The �rst two intentions are now ful�lled, and the BDI deliberator sends thelast one (goto Lab) to the TC. Again, the TC tries the main door �rst. This timewe are lucky, since someone has actually opened this door, and Milou eventually�nds its way to the lab, thus completing the mission (Fig. 5).6 DiscussionThe problem of how to integrate the execution of low-level navigation primitivesto high-level reasoning processes is at the heart of autonomous robot navigation.Several proposals have already appeared in the literatures that use a BDI ap-proach for this goal. For example, the Saphira architecture [9] uses a simpli�edversion of PRS [4], a computational incarnation of the BDI model, at the higherlevel, and fuzzy navigation behaviours at the lower level. In that architecture,the PRS system arbitrates the on-o� activation of individual fuzzy behaviours,which are seen as ground level intentions. A similar approach is taken in [7] andin [10], where PRS-like systems are used to arbitrate low-level processes.Our proposal departs from these approaches in the way we partition theresponsibilities between the Thinking Cap and the BDI deliberation system.We rely on the underlying navigation abilities of the TC to take care of fuzzybehaviour arbitration and blending in a sophisticated way. And we limit therole of the deliberation system to take care of higher level decisions about whichoverall navigation goal should be pursued next. This partition allows us to makea better use of the respective powers of the TC and of the BDI level. By passingthe adequate performance measures from the lower to the upper level we allowthe latter to take more abstract, yet still fully informed decisions. We have shown
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(goto A) (goto B) (goto A) no change (goto Lab)Fig. 6. Measures of adequacy (top) and satisfaction (bottom) sent by the TC to thedeliberator during the run. The arrows indicate the deliberation points, and the newintentions generated.that the use of measures instead of crisp values helps the higher level processes togenerate the best possible intentions given the oddities and uncertainties that areinherent in real-world operation. We believe that a careful integration betweenthese two levels in face of uncertainty is pivotal to our ability to deploy fullyautonomous mobile robots.The work presented above is still preliminary, and should be taken as afeasibility study more than a report of assessed results. Many variations of, andextensions to, the simple ideas presented here are possible, and their investigationis part of our current work. Firstly, the information passed by the TC to theBDI level can be much richer. For example, it may include the reasons whya B-plan has (partially) failed, the conditions that would increase its level ofadequacy, or indications about the existence of alternative B-plans and theirdegrees of adequacy. Secondly, in our framework the BDI level does not haveany way to recognise new opportunities that arise at the navigation level, likean open door that o�ers an unanticipated shortcut. Thirdly, and related to theprevious point, we have not addressed the important issue of which informationabout the environment is available to the BDI level. Currently, no perceptualinformation is passed to this level by the TC, but this will clearly have to bechanged in the future. Fourthly, more measures about the quality of executioncould be communicated between the TC and the BDI deliberator, e.g., a measureof the current positional uncertainty. Finally, the choice of the strategy used todecide when the BDI should deliberate and when it should let the TC do itsjob depends on the characteristics of the environment, and it may itself be theresult of another, higher level deliberation. Including this idea in our frameworkwould lead to a \tower of meta-controllers" similar to the one suggested in [15].Such an approach would allow the robot to dynamically adjust its policy forredeliberation if it �nds that its current policy is incorrect with respect to itscurrent environment.
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