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T-REX: A Deliberative Autonomous System for Ocean Observation and Sampling

Abstract

AUV’s have increasingly become an important tool for oceanographic research demonstrating their capabilities to sample the water column in up to 6000m depth, far beyond what humans are capable of visiting, and doing so routinely and cost-effectively. However, command and control of these platforms has relied on fixed sequences for execution of pre-planned actions limiting their effectiveness for measuring dynamic and episodic ocean phenomenon. We present an autonomy system developed to overcome this limitation through on-board planning. Our design relies on in-situ deliberation using Constraint-based Reasoning approaches, which allow our vehicles to deal effectively with uncertainty in the environment with limited onboard resources as well as with dynamic and evolving phenomenon of scientific interest.

Introduction

Oceanography has traditionally relied on ship-based observations for decades. More recently these have been augmented by robotic platforms with a range of instrumentation making measurements of ocean temperature, salinity, oxygen, nitrogen content among others for process studies, for observing and sampling the water column for subsequent analysis for bio-geo-chemical studies, for collecting living creatures from the deep ocean for marine biology, micro-biology and genetics and for surveying and mapping the ocean floor for marine geology. These platforms are routinely deployed for collection of long-term time series data to track large scale phenomenon including those impacted by global climate change. These studies have resulted in studying ocean processes in a more cost-effective manner, and in most instances reaching parts of the water column where sustained human presence is either not economical or simply infeasible. The platforms include Lagrangian surface drifters, profiling floats, tethered Remotely Operating Vehicles and Moorings, all a range of complex sensors.

Another such platform, the Autonomous Underwater Vehicle (AUV) [1] has become increasingly important in this harsh domain since it is untethered and able to carry a payload covering large areas of the deep ocean and doing so economically. Various AUV designs are in use; however the most common structure relies on a modular tube like structure with propulsion at the stern and various sensors, computers and batteries taking up the bulk of the tube. Such powered AUV’s have demonstrated their utility in gathering time series data by repeated water-column surveys [Ryan/Chavez refs], provided detailed bathymetric maps of the ocean floor in areas of substantial tectonic activity [Axial-ref[, hazardous under-ice missions [Jim-ALTEX ref], surveyed pipelines and infrastructure damage after Hurricane Katrina []Under
-sampling remains a primary limitation in coastal oceanography, and this limitation is being addressed by recent advances in AUV’s that permit frequent, high-resolution mapping of coastal waters [ref?]. Novel sensors and diverse sensor suites on AUVs are advancing the spectrum of measurements needed to solve complex, interdisciplinary problems.

These
 AUV’s use a control system based on the layered Subsumption architecture []. Mission operations require an operator to specify waypoints and a mission profile prior to the mission, which is downloaded to the main vehicle computer (MVC). During the course of the mission, tasks are executed as fixed sequences; in the event of any off-nominal condition, the onboard control is pre-programmed with a run-out or abort sequence, which typically shuts down the propulsion, drops a weight making the AUV rise to the surface
. Communication with an AUV when underwater, while possible, is of limited use since methods such as Ultra
-Short Baseline navigation, result in significant energy consumption of limited onboard stored battery capacity. Thus AUV’s communicate
 only when at the surface. With such an approach, while the vehicle is able to demonstrate following of dynamic ocean gradients (such as pycnoclines, thermoclines, or thin layers), the system is currently unable to take advantage of opportunistic science events or respond to off-nominal conditions where pre-planned trajectories and sampling regimes are either unrealizable or unrealistic. Tele-operation using tethered ship-based cables, while also possible in some cases, limits spatial flexibility and carries a large logistics support cost. 

While this mode of operation of AUV’s has served the oceanographic community well to date, a new class of problems have become important to scientists especially in studying the impact of anthropogenic and global climate change phenomenon. Capabilities are needed on such mobile robotic assets to enable tracking, mapping, sampling and characterizing phenomenon such as
, Harmful Algal Bloom’s (HAB) and effluents from hydrothermal vents and cold seeps among others. Such a requirement calls for a platform that is robust and opportunistic in the face of environmental and operational uncertainty in the deep sea where observability is limited and the harshness of the environment precludes human intervention. While a number of attempts have been made to date to build control mechanisms for adaptive sampling [], these have either been limited to reactive techniques using dynamical approaches
, or where efforts in deliberative techniques [] have stopped short of fully closing control loops
. Our efforts will therefore likely to be an early attempt at closed-loop commanding using abstraction, introspection and deliberation with techniques from automated planning, model-based diagnosis and execution.

Domain Uncertainty
: The sub-sea oceanic domain is a challenging environment for any untethered sensor platform for the following key reasons. First, the platform has to rely entirely on carrying its own energy source. For scientific ocean exploration, this is exacerbated
 by the lack of measurements of physical and bio-geo-chemical processes at depth, which are known to impact the entire water column
. For example, upwelling events, involving large bodies of dense nutrient rich cold water migrating to the upper reaches of the ocean, result in changes to the chemical balance and consequently to the biota. However, definitive measurements of this dynamic and episodic phenomenon are still not available to scientists to understand the precise nature of chemical and biological changes in the upper waters. To make such measurements, AUV’s and other ocean platforms need to carry batteries for mission durations of up to 24 hours
. This power source is used not only for propulsion, but also for navigation sensors, science instruments and sample acquisition devices. Secondly, stratification of the water column in addition to the physical properties of ocean waters makes real-time reliable communication with a vehicle challenging. Acoustic communication is limited not only by the speed of sound in water but also due to energy dispersion as well as differing water densities in the water column. Even if range were not a critical factor, such attenuation of energy implies that substantial energy has to be expended both at the transmitter and receiver to reliably communicate at depth. Observability of a vehicle in such an environment therefore is acutely limited by these two critical factors.

As if these challenges are not formidable, three other sources of uncertainty arise for scientific exploration. Environmental uncertainty is generated by substantial white noise in the water; coupled with bio-fouling of sensors when organisms latch onto sensor intakes, the lack of visible light beyond the photic zone
 (upper 150m) and hazards due to uncharted underwater terrain including kelp forests near-shore and seamounts in the deep ocean, ocean currents, among others, makes perception and sensing even more challenging than traditional terrestrial environments as well as those in outer space
. In addition typical sources of uncertainty arise coupled with the state of the platform itself; sensors may fail, sudden battery bank failures could result in substantial loss of onboard power, impaired mobility due to entanglement in fishing lines add to the difficulty of operating in this environment. Finally, scientists long surviving on simple instrumentation cast off ships, are looking at mobile and adaptive platforms such as AUV’s as a way to deal with event response situations where opportunistic science can finally be a reality. Sudden changes in the mid-ocean ridges where sudden and episodic changes at hydrothermal vents have long defied sustained observation where bio-geo-chemical evolution could be studied. Near-shore processes such as upwelling and algal blooms while more accessible, have also yet to fully measured and characterized because of their dynamic and episodic nature where bringing substantial sensory assets for study are economically or logistically challenging. In such situations, scientists desire to be present at the initiation of an event and to be able to monitor it with a sustained presence using advanced sensors on mobile or immobile platforms.

These factors do not fully encompass issues of exploration where navigation, localization and path planning play important roles such as in bathymetric mapping, for instance
. However, our interest in the near term is to incorporate a decision-making capability on AUV’s, to solve the above-mentioned key issues of immediate concern to scientists and operations personnel, and then subsequently tackle further issues of unsupervised ocean exploration. In such a case, adaptability coupled with robustness to failures in its operations would result in making these vehicles a formidable tool for ocean exploration. We therefore address the key issues in this paper in the following sections…

Platform Description

MBARI’S AUVS

MBARI has two continuing AUV campaigns; time-series hydrographic measurements, and bathymetric mapping.  Each campaign has a custom-designed  AUV. The primary mission of the hydrographic vehicle, also called the CTD vehicle, is to build a data base of the variation of physical, chemical, and biological properties of seawater over time.  This requires the vehicle to periodically repeat a fixed course around the Monterey Bay.  Figure xx shows the vehicle trajectory for a recent mission.  
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The CTD vehicle carries instruments that measure conductivity, temperature, nitrate concentration, dissolved oxygen, optical backscatter, chlorophyll fluorescence, bioluminescence, plankton concentration and size, and transmissivity and particle size.    These data enable studies of upwelling, algal blooms,  nutrient levels, carbon-nitrogen cycle, and other topics.  (more here?).  Figure xx shows representative hydrographic data.

The CTD vehicle now has a new instrument, the Gulper, that takes 2 liter seawater samples and returns them to the ship for subsequent lab analysis on shore.  (More possible here too).
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It is essential that all of the data above be accurately geo-referenced.  The CTD vehicle’s navigation system is essentially Dopper Velocimeter Log (DVL)-aided dead reckoning, corrected with periodic GPS position fixes.  The DVL measures velocity with respect to the bottom, or if the bottom is out of range, with respect to a water layer below the vehicle.  The DVL operates at 300kHz and has a range of 200 meters. An Attitude and Heading Reference System (AHRS) provides a gyroscopically stabilized magnetic heading.  Accelerometers measure pitch and roll.  The overall accuracy of the vehicle’s navigation  system is typically 2-4% of distance traveled, assuming the vehicle surfaces approximately every 45 minutes for a GPS fix, and that the DVL can track the bottom.

The CTD vehicle is powered by  a Lithium-Ion rechargeable battery with a capacity of 6.0 kWHr.  Under normal operating conditions the vehicle has a maximum range of around 90 km, traveling mostly at 3 knots.  This is sufficient for a complete circuit of the Monterey Bay as shown in Fig. xx. Bear in mind that when taking data this vehicle does not fly level, but oscillates up and down over a depth range of 300-500 meters.    (Duration of recharge and data download)

The mapping vehicle payload consists of a 200 kHz multibeam sonar, 110 and 410 kHz sidescan sonars, and a 2-16 kHz sub-bottom profiler.  Consequently it produces three corresponding types of maps.  The map resolution is much higher than previously attainable with ship-based sonars because the AUV can maintain a constant altitude, and is not far from the seafloor in deep water,  as is a ship.  After post-processing, the final bathymetric maps have achieved 0.3 meter vertical precision, and a lateral resolution ranging from sub-meter to 2 meters depending on the vehicle altitude.  Sub-bottom maps can achieve 10 cm resolution with 50 meter penetration in soft sediments.  Figure xx shows a bathymetric map of the Eastern rim of the caldera at the Axial Seamount, produced by MBARI’S mapping program [reference Dave Caress et al. at Fall AGU 06
].

To achieve such high resolution, a very accurate navigation system is required.  The mapping vehicle has a ring-laser based Inertial Navigation System from Kearfott, that in best-case accrues an error of 0.05% of distance traveled (CEPR).  This requires a careful INS alignment and GPS fix aboard the ship before launch, and constant DVL contact with the bottom before and during the survey.  In deep water where the Dvl range is exceeded the navigation system requires a position fix once the vehicle dives to within DVL range of the bottom.  This is accomplished by telemetering the shipboard USBL tracking solution down to the vehicle over an acoustic modem.

In post processing, the navigation accuracy is further improved by using multibeam data to determine relative position error at points where the vehicle trajectory crosses itself.  The error is found by correlating matching bathymetric features.  Vehicle survey patterns are specifically designed to contain crossing points for this purpose. The post-processing algorithm then determines perturbations to the measured trajectory that minimizes the position error over the entire survey.  It computes adjusted speed and accelerations as well.  The processed trajectory typically has a relative error less than 2 meters, and an absolute accuracy of 3-5 meters for surveys that start within DVL range of the bottom.
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T-REX Architecture

Introduction: T-REX is a goal-oriented system, which allows users to specify what they want the AUV to do without necessarily describing how. Scientists would specify objectives as high-level goals, which would be the basis for the list of observations the AUV will execute in the light of uncertainty. The system is reactive and deals with unpredicted situations, scales to the complexity of the tasks required for execution and degrades gracefully in the event of failure all within a modest computational footprint. Our deliberative approach is based on Constraint-based Planning (CBP) techniques pioneered [] within the last decade and used for control and command of terrestrial and space vehicles. CPB approaches allow for a systematic approach to deal with generating partial-order plans, which offers robustness when dealing with execution in dynamic and unstructured environment, by allowing a scalable way to incrementally solve smaller problems with least-commitment which can be easily assimilated into more complex plans and available for further refinement during execution. Expressiveness of CBP approaches allows us to represent and reason about durative actions as well as metric resources. Further, the representation of the model-based planner we use [] allows our architecture to be both deliberative (while generating long-term mission plans) as well as reactive while re-planning due to off-nominal or opportunistic science events. To do so, we need to be able to separate the functional and temporal scope of the control task so that the overall system is responsive while being projective. This separation implies a strong and formal foundation to deal with timely information exchange between the different control tasks. Finally our desire in this effort is to enable routine scientific operations at our institute, rather than as a demonstration test bed while being informed by our past experience of onboard deliberation.

Agent Architecture
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Figure 1

 REF _Ref42765083 \h Error! Reference source not found. represents a conceptual view of a Teleo-Reactive Agent. The name is inspired by Teleo-Reactive Programs from [Nilsson 94] where the term teleo reflects the goal-oriented nature of the control, and the term reactive indicates it must provide control in response to exogenous events. An agent is executed in a single process and control loops are represented by the abstraction of a Teleo-Reactor (or reactor for short). The arrows represents a publish and subscribe protocol, allowing exchange of facts and goals between reactors; blue thin arrows represents observations from the environment while the thick red arrows represent goals and commands. Reactors have the semantics of concurrent execution at any instant, as though the system were multi-threaded. In the rest of the paper, we refer to T-REX as an agent within the entire physical system of the AUV platform. Reactors are sub-systems of the T-REX agent and encapsulate the decision making within the framework.

Control loops are differentiated by:

· Functional & temporal scope: indicates the look ahead window of this component to take decision, the state information observed and the possible control actions produced.  

· Timing requirements: the frequency at which this component will produce an output.

· CPU requirements: the computation time needed to accomplish control.

In our example there are 4 different reactors:

· The Mission Manager role is to provide high-level directives to satisfy the scientific goals of the mission: its temporal scope is the whole mission and it deliberates at a relatively low frequency. 

· Navigator and Science Operator are managing the execution of local goals generated by the Mission Manager: their temporal scope is similar and they mainly differentiate by their functional scope. Indeed navigation and management of science goals are 2 relatively independent tasks that can be separated. Each of them is able to refine high-level directives into executable commands depending on the current system situation.   
· The Executive provides an interface to the AUV system it will dispatch commands and provides information about the current state of the system. Its temporal scope is restricted to the next time as it is a purely reactive component.   

Each reactor has an internal and external state to both, share as little information as necessary to mitigate system performance, and to share as much information as necessary to ensure adequate coverage of causal justification for each action. Reactors can task each other although that tasking is hierarchical in practice allowing composition of sub-goals to delegate a task to more adaptive reactors.

Information exchange within T-REX is provided through the following mechanisms:

· Observations: representing the knowledge on past state of the world with sensory input flowing upwards to different reactors.

· Goals: Desired system state for the future flowing downwards from a deliberative to a reactive reactor.

· A clear ownership model: Variables are owned by one and only one reactor. Ownership implies that only that teleo-reactor can instantiate the value of a variable. Others are allowed to suggest a new value for a variable, but enforcement is left to the reactor that owns it.

· Rules of when information can and cannot be shared to enable consistency maintenance at the execution frontier: this will provide a clear policy on what information has to be published by one agent to ensure a correct execution of the system.

Representational primitives: T-REX has a strong notion of time with all reactors synchronized by an internal clock. Within this timing framework, a tick describes the granularity of the time between which deliberation occurs. At tick boundaries the synchronization of all reactors is achieved. A timeline captures the evolution of a system variable or state over time – past, present and future. An example is given in Figure 2 depicting a timeline for the depth of an AUV. It is a sequence of tokens, which correspond to a contiguous interval of time where specific variables respect attached constraints (for example between tick 0 end tick 20 the depth value is equal to 0). The minimum duration of a token is a tick giving a discrete synchronous view of the state of the world. Token start and end times can be defined as intervals allowing for temporal flexibility. Reactors will exchange observations and goals:

· An observation refers to statement about the variable at a time in the past or the present. For example “at tick 0 the depth is equal to 0”.
· [image: image8.png]{0} {20} {21} [22 80] [90 +0]
depth

T=22



[image: image9.wmf]QuickTime™ and a

 decompressor

are needed to see this picture.

Adaptive Mission

Controller (AMC)

QuickTime™ and a

 decompressor

are needed to see this picture.

Adapter Client

Adapter Server

Main Vehicle

Computer (MVC)

A goal describes an expected or desired outcome for a variable over some interval in the future.  In Figure XYX the semantics of the highlighted token is “between tick 22 and 80 and ending after tick 90 the depth of the AUV has to be between 300 and 500.
Timelines and information flow: Reactors use timelines to interact with each other, exchanging goals and observations. To accomplish a well-defined ownership model for the state of each timeline we define two different types for timelines as they are configured within reactors:

· Internal timeline: is owned by a specific reactor, which in turn provides observations for the values on this timeline. The values are generated from the result of the execution of a task or sensory data from an instrument.
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External timeline: are proxies to an internal timeline. A reactor can use it to read observations from the owner of the timeline and/or to provide goals or expectation for their future value.  

Fig yyy illustrates the flow of information in term of observations and goals. In this example the system contains 3 reactors: The
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Mission Manager keeps track of Science goals to give directives to the Navigator using the Action external timeline. The Navigator manages the navigation of the AUV with one internal timeline where the navigation route is described and will select the appropriate commands to send to the Executive according to its current configuration. To do so, this reactor has 3 external timelines: Position and Attitude timelines to keep track of the current AUV configuration, and a Command timeline to be able to send commands to the Executive .The Executive in turn has 3 internal timelines for Attitude, Position and the actual commands that should be sent to the system. The state of this last timeline corresponds to the command currently being executed by the AUV. 
The architecture imposes a number of other conditions on the way timelines, observations and goals can be used in order to ensure a complete and consistent view of system state is retained at the execution frontier:

· All tokens finished before or at the execution frontier are fixed. Their value cannot be changed anymore. 
· All tokens that have started in the past can only be restricted. The assumptions made in the past are valid but they can be refined as time progress. 
· We do not allow ’holes’ in the timeline. If no observations are provided the agent will consider that the previous value(s) of observation on the timeline is still valid.
· At the end of every tick, all observations must be consistent. This is a strong requirement on reactors. It is necessary in order to ensure the integrity of system state by requiring all reactors to move with the same view of the system state at the execution frontier. 

· An observation received at a tick applies to that tick. It cannot refer to the past or only by restricting the values of a token that is actually running (i,e. end time in the future). It is necessary to ensure the prior requirement on the past to be monotonic. It cannot refer to the future, as it would then be a projection, or expectation, rather than observed reality.
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Observations are dispatched, or published, by the reactors who own their timelines. The fact must be locally consistent within the reactor. Consider the case described in Figure 3, then suppose that the Executive is reading information about attitude and position at each tick from the sub-system. Its role is to read these new values and compare them to the old ones, if there is any change it has to publish it. The agent mark it has an observation and dispatches it to clients of the timeline. This operation is made at the tick frontier before starting the deliberation phase of reactors for this cycle. The execution cycle of an agent can be described as the algorithm in Fig YYY.

Dispatch rules for goals

Definitions:

· ( - The latency of the reactor is the worst-case number of ticks to deliberate.​ 

· ( - The planning window of the reactor indicating how to quantify the look-ahead for deliberation.

· ( - The execution frontier expresses the current time and is a boundary between the past and the future.
For the Executive, which is a purely reactive component, ( = ( = 0 for this reactor. Consider Fig ZZZ for purposes of illustration. To satisfy the goal Go(31.73, -121.80, 100) in its Action timeline the Navigator decides that it needs to send the command descend(100) at tick 10 for a duration between 50 and 55 ticks and then to achieve waypoint(31.73, -121.80) after the successful termination of a descend of the AUV in the water-column. Since (=0 we should dispatch the goal no later than its start date – tick 10 for descend and 60 for waypoint. Moreover, we should not dispatch a goal before its start date since ( = 0. As a consequence these two goals have to be dispatched exactly at their start date. The Executive will then receive the goal, make the function call, generate the observation within the tick, thus satisfying the plan.
More generally the dispatching window for a timeline is a time window that depend on the latency and the look ahead of the reactor owning the timeline. This dispatch window, HD is defined by the following formula illustrated on Fig ZZZ

HD = [( + (, ( + ( + (]
Goals that fall within this window will be dispatched ensuring that the reactor has sufficient time (() and necessary information (() to deliberate on the best way to satisfy this new goal. 
Deliberative Reactor: Deliberation is based on a model-based paradigm, which segregates the world model from the control algorithms allowing our focus on the model rather on the reusable search strategies and their internal representation. We have done so by leveraging off of EUROPA-2, a Constraint-based Temporal Planner. The core construct within EUROPA is the Plan Database (PlanDB) which stores the queries, facts and an instantiated representation of the partial plan over which a propositional inference engine and constraint propagation mechanism are layered. In addition to the database, a planner or plan solver is a construct used by PlanDB to resolve inconsistencies in the plan using standard AI search strategies found in the literature (see Fig UUU). The planner reasons over the look-ahead window to generate goals or commands for dispatch to other reactors by exploiting propositional inference, constraint propagation and heuristic search at its core; the constraint propagation engine rapidly resolves flaws along tick boundaries. The World Model is a declarative description of the physics of the platform containing its Domain knowledge (see Fig III for an example of a World Model), which is the source of knowledge to instantiate tokens on timelines. We leverage a single model for control at various levels of abstraction and at various speeds of execution. The planner reasoning window is configurable allowing multiple instances of this solver to be used within T-REX; for instance with the exception of the executive, all of the reactors in the preceding sections are built from instances of a EUROPA solver. The design of the EUROPA planner is out of scope for this paper; details can be found in [].


Experimental Setup and Preliminary Results

The T-REX Agent and the Vehicle Control System (VCS) form a client-server architecture, connected over  Ethernet and TCP/IP, implementing a simple protocol to affect changes in the mission behavior stack. Executive reactor initiates and then modifies an AUV mission by sending messages containing behavior objects to the server VCS  process. The VCS provides information to the Executive through messages containing  the current physical vehicle state and messages triggered by transitional events  on the behavior stack. The Executive controls mission execution through three types of messages to the VCS server. The VCS begins a mission only after receiving an Initialize message containing the behaviors required to get the vehicle moving and to some depth. After the vehicle obtains a desired state, the AMC will extend the mission by sending Insert messages to add the behaviors required to achieve the next goal. Delete messages are used by the Executive to erase behaviors from the stack when T-REX concludes that a different approach is necessary.   Messages flowing from the VCS to the Executive provide the information needed for T-REX to decide a course of action for the vehicle. A steady pulse of Status  messages to the AMC enables it to maintain a representation of the vehicle's  physical state (i.e., depth, heading, etc.), and to detect trends that may  affect mission goals (e.g., low battery voltage level). Changes that occur on  the behavior stack are reported by the VCS in Stack-Event messages. These  messages are triggered when a behavior starts and finishes and can be used by T-REX to dispatch additional behaviors or pursue other goals.
We have made initial experimentations using such a connection from VCS to T-REX. T-REX reactors in place are the Executive, the Navigator and a sub-part of the Mission Manager
. The results provided below are based on a simulation dealing with the dynamic of the AUV on ocean water. As these results look promising we are planning to do a on-sea experimentation before the end of June.


Mission description: The objective of our mission was to make a transect of the water-column between two points. This goal provided to the Mission Manager had to be transformed into a yoyo pattern (which is the behavior used for this kind of task) by the Navigator. For long runs like this one the AUV needs to go to the surface periodically to fix its position using GPS. Our Navigator models take this into account. 
The figure JJJ illustrates one part of the plan with representation science goal timeline, its refinement on the Action timeline, the commands sent to the AUV and a graphic view of the path executed. We cn see here the task refinement mad by T-REX from the high-level goal to a sequence of basic commands to the VCS. Moreover one can note that the Navigator reactor handled the maximum duration between two GPS window and interrupted inline the Transect mission to go back to the surface and fix the AUV position. 

The global mission executed by the AUV controlled by T-REX is similar to what is described by hand for this kind of missions. This demonstrates clearly that such technique could be used to enable operation management teams to put their focu on the purpose of a mission than the way to execute it. Moreover, this architecture is able to modify online its plan which offer more adaptability to the situation. 

These tests where made with a computer identical to the one onboard the AUV. During the mission execution the CPU usage of the T-REX agent was around 12% with few peaks at 16% during initial planning or conflicts resolutions
. T-REX was always able to react on time to new information coming up from the VCS. These results looks very promising and allow us to think that we will be able to deal with much more complex problems for the future. 
Related Work

There have been a number of previous attempts at deliberative architectures, on AUV's and other platforms. TREX's legacy is derived from the Remote Agent Experiment [] which demonstrated the first on board closed loop deliberative system on a spacecraft. The RAX used three distinct components for high-level deliberation, plan execution and fault-diagnosis isolation and recovery all loosely coupled with substantially different representations and modeling languages to deal with differing abstractions. IDEA (Intelligent Deployable Executing Agents) was a follow on to the RAX architecture which rationalized the design to allow for a common representation and with one database to track plans, constraints and execution progress. TREX has taken the key ideas from IDEA for a light-weight and extensible design. The Autonomous Sciencecraft Experiment [] conceptually follows the same path as RAX with CASPER a planner that is both deliberative and reactive; however execution is not embedded within CASPER which in turn relies on a dispatching executive. The LAAS architecture [] provides decisional capabilities using a constraint-based symbolic planner fully integrated with reactive components for autonomy. Nevertheless, it is a 3-layered architecture where all the different components (functional modules, execution controller, functional executive and planner) are manipulating different kind of formalisms specified on heterogeneous modeling languages. Such an approach tends to make platform design and integration difficult [] and prone to mistakes.

While a number of reactive architectures have been built[], from an AUV control architecture perspective TREX is closest to ORCA[], DAMN [] and ITOCA[] all of which include on board deliberation. The key differences have been that both DAMN and ITOCA are behavior or reactive based in that the central tenant is the manipulation of behavior execution with a Subsumption style architecture[]. DAMN considers the melding of behaviors using a fuzzy decision making process, while ITOCA uses a variation of plan libraries (called Sub-goals) which instantiate a specific set of behaviors on the control stack for execution. TREX on the other hand uses Constraint-based Planning[] techniques pioneered in the Artificial Intelligence community, using the EUROPA Planner [] as a substrate for deliberation , reaction and dispatching agent goals. By unfolding the layered-control architecture the MBARI vehicles  previously had and retaining the behavior code base, our intent has been to demonstrate the applicability of deliberative architectures to existing vehicles and doing so within the context of ongoing scientific research in oceanography.

Simulation Description:
The Auv simulation is unusual because it compiles in with the flight code as an add on, and runs on the target processor.  The guidance, navigation and control code, along with actuator and sensor servers, are thus unchanged.  This creates a very realistic simulation environment.

The simulation works by intercepting rudder and elevator commands that would be sent to the hardware driver code, and then instead computing the forces imparted to the vehicle.  These are applied to a six-degree-of-freedom dynamics model, which is based on Gertler’s standard equations of motion for submarine simulation. [Gertler, M., Hagen, G.R.  [June 1967].  Standard Equations of Motion for Submarine Simulation.  Naval Ship Research and Development Center Report 2510.]  After solving for vehicle attitude, location and rates, the simulator models the effects of various sensors, such as the DVL, the AHRS, forward-looking sonars, etc.  The simulated sensor signals then replace the actual sensor signals in the flight code, completing the control loop.  

Figure xx shows a simulated vehicle trajectory expressed in meters.  The simulation begins at the origin, and initially the vehicle is set to the north by a simulated ocean current of 20 cm/sec.  The magenta color denotes Gps contact, thus showing the vehicle is on the surface.  After the AMC initiates propulsion, the vehicle submerges and circles to the southeast to attain a heading of 118 degrees, and maintains this heading for 72 seconds.  The next behavior is a waypoint, which commands the vehicle to follow a straight line, shown in red.  The vehicle begins to turn to the north to get on the track,  but then the simulated mission ends as the waypoint declares itself complete.  Completion is caused when the vehicle passes over a line perpendicular to the trackline located at the endpoint (not shown).  This is a very short simulation, and had the waypoint been further away, the vehicle would have come on to the trackline, and followed it.  The control loop contains an integrator on cross-track error, which will trim the rudder to crab the vehicle into a cross current, should one exist.

The mission was composed of three sequential behaviors; the first two commanding fixed headings, and the third a waypoint, which closes an outer loop based on cross-track error, and commands heading.  The case shown here is nearly identical to normal operation where the three behaviors are listed in a file before the mission starts.  Here, the AMC placed each behavior on the stack when the preceding one terminated, during flight.  
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class Action extends AgentTimeline {


   /* ... */


   predicate At{Node location;}


   predicate Go{Node from; Node to; /* ... */}


}





Action::At {


  /* ... */


  met_by(Going g);


  eq(g.to, location);


  contained_by(Position p);


  eq(p.value, location) ;


}





Action::Going {


   met_by(At p);


   eq(p.location, from);





   meets(At s);


   eq(s.location, to);





   reachable(from, to, duration);


   /* ... */


}





Figure � SEQ Figure \* ARABIC �4�: algorithm of T-REX agent.
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On new tick event  {


   observations ( poll for reactors observations


   goals ( poll for reactors goals


   dispatch(observations, goals)


   while( !end(tick) ) {


       r ( next active reactor


       r.deliberate()


   }  


}
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Figure � SEQ Figure \* ARABIC �3�: Information flow between 3 reactors
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Figure � SEQ Figure \* ARABIC �5�: Illustration of goal dispatching window
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Figure � SEQ Figure \* ARABIC �2�: A timeline for AUV depth. ( corresponds to the execution frontier





Figure � SEQ Figure \* ARABIC �1�: Example of a 4-reactors agent.








�That was an ROV, not an AUV.


�I caution the use of ‘these’ without being more specific. Can we exactly state which class of AUV’s we are referring to and be clear/sure on the common control architecture?


�Note that it does not necessarily drop the weight. It will only do this if the operators do not retrieve the vehicle in time. Stopping the prop is usually sufficient to have the vehicle ascend.


�Do we mean Acoustic Modem here?  


�I suggest not  calling this open loop.  Autonomous already implies no communication.


�Already mentioned in the preceding paragraph.


�What is a dynamical approach?


�I am unsure of  what is meant here – can u explain?


�This is a key section and should be brought in earlier. It covers some of the material already presented. It can be made much more succinct.


�Not sure what is exacerbated??


�The point u r making here is that we want to work at depth and that costs energy. It just reads awkwardly.


�This sentence suggests that if you have such a duration you will be able to make the necessary measurements and that you do not need more than that? Is 24 hours an important number?


�I don’t believe we currently have any sensors that rely on visible light.  If we ever get a camera in an AUV, it will have to have a strobe.


�What traditional terrestrial environments? May want to be more precise here.


�Not sure about path planning.  Production of a bathymetry map usually requires a regularly spaced survey grid, so there isn’t too much opportunity for real-time path planning


�“Mapping AUV Survey of Axial Seamount,” Thomas, H., Caress, D., Conlin, D., Clague, D., Paduan, J., Butterfield, D., Chadwick, W., Tucker, P.  American Geophysical Union, Fall Meeting, 2006, V23B-0615.


�We may want to update the figure in this section to have a terminology consistent with the rest of the document (AMC has to become T-REX Agent for example). 


�To be confirmed by Conor : I know that he had the idea to make an experiment with this kind of structure … 


�I have put this sentence for the reviewers. It can be also removed … 


�These information need to be confirmed. But, if I remember well this is what Conor gave to us recently.


It would be interesting to give some spec of the CPU used (model, frequency…)





