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Preliminary Results for Model-Based Adaptive Control of an Autonomous Underwater Vehicle

Motivation, Related Work and Problem Statement
The ocean plays a crucial role in the ecosystem of our planet. This vast, hostile, unstructured and unpredictable environment has proven resistant to extensive scientific study. Its depths are largely inaccessible to humans, and impervious to surface and space based observation techniques. Autonomous Underwater Vehicles (AUVs) offer the potential to bridge this gap. Their extensive payload capacity and operational versatility provide a cost-effective alternative to traditional ship-based oceanographic measurements. Successful applications of AUVs include surveying the water-column in the coastal ocean [1] and mapping the ocean floor in areas of tectonic activity [2].
The capabilities of AUVs and the challenges of ocean exploration provide a compelling domain to motivate and evaluate advances in robotics. Our research is focused on software techniques to enhance the robustness, adaptability, usability and utility of AUVs in the pursuit of important scientific questions in the deep ocean. The majority of fielded AUV’s use behavior-based executives [3], the strengths and weaknesses of which have been described elsewhere [4]. The idea, which we embrace, to augment reactive systems with a deliberative capability has been around for quite some time [5]. Like behavior-based systems, and in contrast to 3-tiered architectures (e.g. [6, 7, 8]), we structure the decomposition of system-control around the notion of task-achieving components. This approach to decomposition naturally localizes computation and permits encapsulation of internal details. This however, poses two key problems for our work: 1) how to compose task-achieving components in a manner that is scalable and 2) how to implement task achieving components in a manner that supports reaction and deliberation in a natural yet systematic way. To address the first issue we require an alternative to Subsumption as a means to compose and co-ordinate behavior. To address the second issue we seek a seamless integration of planning and execution that is fast enough for a real-world environment.
Technical Approach
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We view an agent as a collection of semi-independent control loops. Each control loop can be considered an instance of a goal-directed feedback controller. We call such a controller a Teleo-Reactor reflecting goal-directed behavior and reactivity to the environment. Each reactor can send and receive goals and observations. Goals reflect desired states in the future. Observations reflect actual states in the present. Goals may be rejected or recalled. Observations always dominate goals. If one reactor posts goals to, and/or receives observations from another, it establishes a dependency relation. The dependencies between reactors form a directed acyclic graph. The essence of composition and co-ordination of reactors is the synchronization of observations and the dispatching of goals through this graph.  The design of this co-ordination framework is detailed in [9].

We developed a system employing three Teleo-Reactors organized hierarchically as shown in Figure 1. The Mission Manager is responsible for control at a high-level of abstraction, considering the full temporal scope of the mission. It receives goals to sample along a path, to survey a volume, or to be at a specific pickup location by a designated time. The Navigator is responsible for vehicle navigation (e.g. depth, heading and waypoint calculations) and selected instrument control (i.e. firing a water sampler when a phenomenon of interest is detected). It is also responsible for adherence to flight rules (e.g. surface every 30 minutes to localize with a GPS fix). The Vehicle Control Subsystem (VCS) receives low-level command requests (e.g. ascend, get a GPS fix, descend); feedback from the VCS takes the form of vehicle and command state updates. Observations are received and propagated at a rate of 1Hz. The Mission Manager and Navigator have a common internal structure. Each is an instance of a Deliberative Reactor that embeds flexible plans and planning at the core of execution. The Deliberative Reactor uses a Plan Database to store internal state in the past, present and future. A declarative model is used to encode domain details and is applied to the Plan Database using propositional inference and constraint-based reasoning. The Synchronizer inserts observations in the database and ensures the resulting database is compliant with the model at the execution frontier (i.e. the current time). A Planner is used to synthesize plans to accomplish requested goals that are consistent with observations.  The Deliberative Reactor was developed using the EUROPA planning library [10]. Further details of its internal structure are provided in [11].

Experiments

The key questions posed in this preliminary phase of our work relate to: 1) the efficacy of the declarative model-based programming method to implement controllers that cover deliberation and execution at different levels of abstraction and over different temporal scales; 2) the robustness of the approach to uncertainty; 3) the computational efficiency of the approach. To evaluate these issues we conducted a series of sea trials in the Monterey Bay over the course of a year. The missions fall into one of 2 broad categories: path-constrained surveys with multiple goals, and volume constrained surveys with adaptive navigation and instrument control.
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Path-constrained surveys utilize a path-network that is a directed graph where nodes are locations in latitude and longitude and links represent traversable connections between nodes. Science goals express a requirement to survey the shortest path between 2 nodes (which may or may not be directly connected). An operator goal specifies a pickup at the end of the mission at a given location. Survey goals also include min and max depth ranges, as well as the desired vehicle speed, and priority. The vehicle must complete the mission by a certain time. All goals may not be feasible for a number of reasons such as strong sub-surface currents, anomalous conditions on the vehicle or lack of adequate resources such as an available water sampler. The Mission Manager must find a feasible tour for a subset of the goals while maximizing utility. It must manage the execution of that tour in conjunction with the Navigator, and re-plan if the active solution proves infeasible during execution.

Adaptive volume surveys are bounded horizontally by a trapezoid and vertically by minimum and maximum depth. Often the purpose of the survey is to locate and map dynamic and unpredictable phenomena such as a plume [12] or an Intermediate Nepheloid Layer (INL) [13]. We use an online estimation technique [14] to determine the probability of observing the signal of interest based on a priori cluster learning. Based on this estimate, the system can reactively control vehicle navigation to control resolution density and to trigger the water-sampler within a hotspot inside the feature of interest.

Results

We have been to sea on 6 occasions in a variety of conditions. The agent runs on a 367 MHz EPX-GX500 AMD Geode stack running Red Hat Linux. In September 2007, we successfully completed a full science mission lasting 11619 seconds. During that mission, the agent had to repair the plan twice. In both cases, the repair was confined to the Navigator and the initial mission plan generated by the Mission Manager was executed without fault. Fig 2 illustrates results from our most recent science mission conducted over the Monterey Canyon in January 2008. This mission was an adaptive volume survey in the region shown by the rectangle. A contiguous but highly patchy signal was observed througout the survey resulting in  water samples taken as shown. A single declarative model was used for the Navigator and Mission Manager. The model included high-level discrete variables for volume and path survey goals, as well as low-level continuous variables for 3-D position. Controllers were encoded which operated at 1Hz (e.g. for signal tracking) as well as over longer time scales (e.g. managing surfacing events to localize). 3 reactors were used, with a total of 27 state variables. The efficiency of the system in general was well within the allowed performance limits with the majority of time spent at or less than 10% CPU utilization. The aggregate cost of deliberation was 1%. Most of the processing was purely reactive and thus executed as part of synchronization. The cost of synchronization between reactors is based on the rate of change of the shared state variables over the shared time horizon. This makes the partitioning overhead small in practice. The combination of a flexible plan representation, the ability to refine a plan based on feedback from execution, and the capability to re-plan in the event of failure make this Hyrbid Executive effective for dealing with the extensive environmental uncertainty of this domain. This is evidenced by the successful adaptation of navigation and instrument control based on feedback from state estimation, as well as the relatively low level of plan-repair encountered. The confinement of repair to a single reactor demonstrates encapsulation of effects that looks promising for future scalability.

Challenges

Although many aspects of the system worked well, many missions failed. The most common reason for mission failure was due to assumptions in the model that bounded the uncertainty of the environment too tightly. For example, when going to a given waypoint, the model projected a very conservative lower bound on arrival time. However, it happened that there was a very large position error (25% of distance traveled) due to excessive current and a loss of bottom lock to track speed over ground. When the vehicle localized at the surface, the corrected position was beyond the target waypoint, much earlier than it was projected to be. The model did not discriminate an estimate that could be revised, from a constraint that was entailed by an observation.

Hard constraints can be problematic. On one mission, a spatial separation constraint suppressed acquisition of a water sample even though the constraint was almost satisfied (e.g. 680 meters apart instead of 700) and the signal was very strong. The scientist would have preferred to take the sample. It is desirable to have a more nuanced technique for specifying and enforcing constraints.

Finally, mission failures due to model bugs suggest that a-priori testing was insufficient. This was despite extensive simulation tests prior to each deployment. The reality is that the uncertainty of the environment is so large that many simulations with different variations in the environment must be tried in order to expose problems. This is an inherent problem with an adaptive system in a highly unpredictable environment and will be a focus of future work.
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Fig. � SEQ Figure \* ARABIC �2�: Volume survey for INL 
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Figure � SEQ Figure \* ARABIC �1�: Integrated System Design

















