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Abstract- MBARI’s Division of Marine Operations regularly runs two Autonomous Underwater Vehicles: the Mapping AUV and the CTD AUV.  Both are Dorado Class, 54 cm (21 inch diameter).  Lengths vary from about 3 m (10 feet) to 5.18 m (17 feet); air weights from about 476 kg (1050 pounds) to 635 kg (1400 pounds).  The interiors of the AUVs flood when in the water; electronics are contained in either one-atmosphere hermetic housings or in pressure-compensated enclosures.  Both AUVs are equipped with self-contained navigation equipment, as well as an Iridium Satellite Short Burst Data (SBD) modem.

   The Mapping AUV performs routine operations to 1500 meters depth; all the components are rated to 6000 meters.  The Mapper has three Sonar systems onboard: a multibeam echosounder, a sub-bottom profiler, and side-scan sonar.  

   The CTD AUV runs unattended overnight operations several times a month inside and in the vicinity of Monterey Bay, performing a time-series of measurements.  It has also done a survey of the Davidson Seamount.
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I. Mapping AUV Description

   MBARI’s Mapping AUV is a Dorado class vehicle with a diameter of 54 centimeters (21 inches) and a length of  524 centimeters (17 feet).  The vehicle’s weight in air is 636 kilograms (1400 pounds); full of seawater it weighs 1018 kilograms (2240 pounds).

   Main power is provided by a one-atmosphere Lithium Polymer battery stack (Eagle Picher Inc.) with a capacity of 154 Amp-Hours.   A 24 VDC backup battery pack runs the Radio Direction Finder beacon, GPS receiver, Iridium transmitter, and the strobe; it has enough capacity to operate for up to one week.

   Propulsion and control is accomplished with a propeller enclosed in a ducted tailcone mounted on a gimbel; the AUV has no other control surfaces.  Stepper motors with Acme leadscrews move the tailcone horizontally and vertically, and a brushless DC motor drives the propeller, providing 52 Newtons (12 lbf) of thrust at 300 revolutions per minute.  The tailcone’s electronics and motors are pressure-compensated with mineral oil (Tellus 22).

   The Mapping AUV performs routine operations to 1500 meters depth; all the components are rated to 6000 meters.  Typical speed is three knots—1.5 meters per second.  Mission range is 55 to 85 kilometers, depending on the sonar load.  Turning diameter is less than 20 meters.  The maximum climb/dive rate is greater than 30 meters per minute.

   The AUV has three Sonar systems onboard.  The Reson 7100 Multibeam generates data at 1 meter resolution when flying autonomously at 60 to 90 meters altitude.  When mounted on an ROV, flying at 20 meters altitude, the vertical precision is 300 cm.

   The Edgetech Sidescan sonar operates at 110 and 410 kHz, imaging the seafloor at approximately 10 cm resolution.

The Edgetech Subbottom Profiler can image features up to 50 meters below the seafloor with 20 cm resolution.

   Ancillary instruments include the Seabird SBE-49 FastCat, a conductivity and temperature sensor, used for sound velocity calculations.  A pressure sensor,  the Paroscientific UCB7000, provides precise depth information; it has  a 7000 meters depth range,  and 0.005% full scale accuracy (35 cm) accuracy.

   The Mapper’s navigation system includes the Kearfott SeaDevil Inertial Navigation System (INS), a 24 centimeter ring laser gyroscope, an RDI 300 kHz Doppler Velocity Log (DVL), an Ashtech GPS system (which operates while the AUV is at the surface), and a Kalman filter which integrates data from the navigation instruments.  The Ultra Short Base Line system transmits position fixes from the ship to the AUV during descents on dives deeper than 200 meters.

   Navigation position accuracy is 0.05% DT CEPR (Distance traveled, circular error probability).  Heading accuracy is 0.1 degree.  Roll and pitch accuracy is 0.025 degree.

   Communications from the surface vessel to the AUV is accomplished with a Freewave Ethernet link at 57.6 kilobits per second while the vehicle is on the surface.  Once the vehicle dives, communications is via a Benthos ATM-891 acoustic modem, running at 8 to 15 kHz.

   Vehicle location aids include a strobe, a radio direction finder beacon, a PTT Argos satellite radio beacon, an Iridium satellite system transceiver, and a Homer Pro acoustic transceiver.  A 10 kilogram (22 pound) dropweight can be released from either the onboard computer or via acoustic command.

   Institutional support at MBARI includes mechanical, electrical, and software engineers and technicians.  We have a complete machine shop and a waterjet cutter.  There is also a 10 meter deep saltwater test tank for testing and ballast and trim operations.

   During routine operations from MBARI’s RV Zephyr (a former San Francisco Bay pilot boat) the Launch and Recovery System (built by Brook Ocean Technology) is used to deploy and retrieve the AUV.  We have also performed operations from ships of opportunity with a low freeboard (RV Shana Rae, RV Sproul) using an articulated ramp with rollers.  On high freeboard vessels (MBARI’s Western Flyer, RV Thompson) we have utilized a custom saddle-shaped head mounted onto a conventional Hiab sea crane.  For mapping operations in the narrow Monterey Canyon, we can attach the AUV underneath the Ventana Remotely Operated Vehicle, which makes tighter turns than the AUV.  An added capability when operating in this “Verado” mode is real-time control of sonar parameters and on-the-spot mission modifications.

   After AUV retrieval, data is downloaded across a deck tether with a 10 Base T ethernet connection. Data Processing is accomplished using the MB System software suite [1], which produces high resolution seafloor maps.

II. Mapping Results

A. [image: image5.emf]

Monterey Canyon Time Series

   Measurement of sediment transport events.  Series of operations from the RV Zephyr.

B. Mars Cable Route Survey

Mapping operations from the RV Zephyr for a power and communications cable for the Monterey Accelerated Research System.

C. Davidson Seamount

Mapping operations from the RV Zephyr.

D. Santa Monica Basin

Mapping of a hydrate ridge, mounds, and channel deposits.

E. Axia Seamountl

Submarine Volcanism project, five AUV deployments, September 2006, operations from the RV Thompson.

F. Big Sur

Mapping operations for the Navy in Santa Lucia Canyon, March 2007, operations from the RV Zephyr.

G. Dana Point

Operations from the RV Zephyr, July 2007.

III. CTD AUV  Description

   MBARI’s CTD AUV is 54 centimeters (21 inches) in diameter, 366 centimeters (12 feet) long, weighs 476 kilograms (1050 pounds) in air, and weighs about 907 kilograms (2000 lbs) when the interior is flooded with seawater.  From the start, the vehicle was designed to be modular, facilitating configuration modifications.

   Main power is provided by three pressure tolerant Lithium Polymer rechargable batteries (Bluefin), which have a combined capacity of about 6 kilowatt hours.  There is also a 12 volt alkaline battery pack which runs the Radio Direction Finder and strobe after the main power pack has been exhausted.

   Propulsion and control is accomplished with the same ducted tailcone assembly that the Mapping AUV uses.

   Vehicle Range and mission time is approximately 80 km, about 20 hours.

   On board sensors include:

· A CTD Pair: Conductivity and Temperature: SBE3F with temperature sensor accuracy 0.001 degree C, and conductivity sensor acuracy 0.0003 S/meter (Seabird Electronics).

· Oxygen: SBE43 Oxygen sensor with a 2% accuracy of saturation (Seabird Electronics).

· An In Situ Ultraviolet Spectrophotometer (ISUS). Ultraviolet light source and spectrometer measures nitrate concentration.  Accuracy: 2 uM.  (Satlantic).

· A Laser In Situ Size and Transmissometer (LISST): Laser diffraction measurement of particle sizes (1.25 to 250 microns) using a multi-ring detector.  (Sequoia).

· A Laser Optical Plankton Counter (LOPC):  Measures cross-sectional profiles from 1mm to 40mm. (Brook Ocean Technology).

· A Bathyphotometer: measures Biolumenescence. Photomultiplier tube and pump, agitates water sample and counts light flashes.  (UCSB Life Science Lab).

· A HydroScat-2 Backscattering Sensor and fluorometer measures turbidity at 420 and 700 nm and chlorophyll fluorescence. Hobi Labs.

· OCR-507, a seven channel irradiance sensor which measures from 400 to 865 nm (Satlantic).

   The pressure sensor is a Digiquartz series 8000 depth sensor has 0.01% accuracy to 7000 meters of water.  (Paroscientific).

   Dead Reckoning Navigation is accomplished with the Doppler Velocity Log (DVL). This unit makes sonar measurements of altitude and speed.  (Teledyne RDI.) The Kearfott accomplishes dead reckoning navigation based on speed and heading. To measure roll, pitch, and yaw we use an Attitude Heading Reference System (Microstrain).

   Communications on the surface is accomplished with a wireless ethernet link based on a PCFW-104-ETH PC/104 Ethernet card on the AUV.  (Microbee).  There is an FGR115RE 900 MHz on the support vessel. (Freewave).  Range of the Freewave system is about one kilometer, depending on sea state.

   Location and recovery aids include a visible strobe, an RDF transmitter, a PTT Argos transmitter, an Iridium modem and antenna, a 5 kilogram Drop Weight, and a Homer Pro.

IV. Gulper Description

   The Gulper is an array of ten syringe-like water samplers mounted in the mid-body which take two-liter specimens when commanded by mission software.  These recent additions were installed when all the other oceanographic instruments were moved forward into the new blunt-shaped nose.  Each Gulper has a one-way valve opening which extends through the fairing.  An electromagnetic pin-puller releases a dual spring array under tension which causes a plunger to suck in the water sample in about two seconds.  

   After the mission, these water samples are analyzed either on board the mother ship or back at the laboratory.  An on-going software effort is developing the capability to trigger the Gulpers based on the measurements of other on-board instruments. [5]

V. Mission Planning

   Mission plans for the Mapping AUV are generated by an interactive GUI.  The operator defines a box on an electronic chart, and the software constructs a “lawnmower pattern,” which fills the box with waypoints and a survey line of AUV tracks that will allow the sonar returns to slightly overlap.

   We plan missions manually for the CTD_AUV.  After many years of doing similar operations, we usually find ourselves making rather small modifications to previously planned missions.  In the case of planning a new mission, we usually receive a series of waypoints from the chief scientist, or in some cases, a box to survey.  We enter the waypoints into the electronic chart (WinFrog), and construct a survey line connecting the dots.  
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   Next, we ensure that there is a waypoint approximately every 3300 meters, which translates to about 40 minutes of running time at 1.5 meters per second, or 3 knots.  When the AUV approaches a landmass or a sharp turn, we break up the preceeding leg of the mission with another waypoint, so that the AUV will surface and get a GPS position fix about 1000 meters from the upcoming turn.

   Our mission scripts have a set of global definitions at the top of the file.  During the run, if the value of one of these items is exceeded, the mission will abort, and fifteen minutes later, the dropweight will release.  The globals are:  mission time in seconds, minimum depth (zero), maximum depth (275 meters, to avoid crushing the oceanographic instruments), abort depth (300 meters), abort altitude (2.5 meters above the bottom), and abort lockout depth (10 meters, to avoid false altitude aborts on schools of baitfish).

   The mission scripts execute from the bottom up, but for clarity, we show a leg sequence top down.  A mission leg is constructed from five behaviors, which execute in order.

Get GPS

    While on the surface, the AUV searches the sky for GPS satellites and records a defined number of hits.  The script defines behavior duration in seconds, number of hits to record, and whether to abort on timeout.

Setpoint

  Once the GPS position hits have been attained, the AUV speeds up on the surface to 1.5 meters per second and turns towards the commanded compass heading.  The script defines behavior duration, heading, and speed.

Descend

  After the AUV has come up to speed, it turns the ducted tailcone down and dives.  The script defines dive duration, heading, tailcone pitch, speed, maximum depth, and minimum altitude.

YoYo

   On the way to the next waypoint, the AUV performs a yoyo pattern in order to make measurements of the entire water column of interest.  We define behavior duration, speed, minimum depth, maximum depth, minimum altitide, maximum number of cycles, capture radius, and latitude and longitude of the target waypoint.

Ascend

   When the AUV reaches the next waypoint, the yoyo behavior terminates, and the AUV ascends, either straight ahead, or in a spiral pattern.  The script defines behavior duration, heading or rudder mode, pitch, speed, and ending depth.

Get GPS

  The above pattern repeats until the final waypoint is reached at the end of the mission.

VI. Typical Day of Operations

Preparations prior to day of operation

   We like to prepare the mission script as far in advance as possible before running the AUV.  This gives us time to check and re-check the script for errors and ommissions.

   The day before AUV operations, we verify that all instruments are installed and connected, put the syntactic foam blocks in place, and install the fairings.  If any changes have been made to the vehicle configuration, such as adding or removing an instrument, we take the AUV to the saltwater test tank to insure the ballasting and trim are correct.  We test the functionality of every instrument and subsystem.  If the batteries need charging, we can let the charging program run overnight unattended.

   We talk with the Zephyr crew to agree on a departure time and share an overview of the upcoming mission.

Day of operations

   On the morning of the day of operations, we prepare the Gulpers and install them into the AUV.  Once again we test all instruments and subsystems.  We make sure the Launch and Recovery System, capture pole, and recovery line are in good order.

   During the transit to the launch location we make sure the Iridium SBD messages are getting through, and continue to monitor the health of all the systems.  If this is a newly-scripted mission, we continue to examine the code until just before launch.

   When we arrive at the launch point, we turn off the deck power supply, and let the onboard batteries power the AUV.  We ensure that all three batteries are discharging.  Using the LARS lifting straps, we position the AUV on the deck cradle so that the nose will nest into the capture cushion, and then hoist the AUV into the upper stops.

   The captain extends the LARS out over the stern of the Zephyr, and down until the AUV is about a meter or so off the surface of the water.  Just before releasing the straps, the captain surges the boat forward slightly.  He watches the incoming swells, and times the release so that the AUV can exit the LARS without damage.
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   Once the AUV is in the water, we check the health of the system one more time, and await permission from the captain to start the mission.

   When we get approval, we start the mission by sending the mission script to the AUV from the control laptop across the Freewave ethernet link.  We watch the syslog messages on the control laptop as the AUV goes through initialization of all instruments, gets GPS fixes, spins the propeller, turns into the correct direction, and dives.

   We generally stay in the area for a waypoint surfacing or two, to ensure that all is well, before starting other work, or returning to the harbor.

   Before we leave for the evening, we agree on tomorrow’s departure time.

   We watch the SBD messages throughout the night on our home computers.

Routine Recovery

   We have a good idea of the AUV’s location throughout the night, and forecast its position for recovery.  If the mission has terminated early due to a problem, we are able to predict an intercept position by plotting the drift.

   We leave the harbor, and turn on the RDF unit.  If it is still dark, we watch for the strobe.  On the way out, we thread the capture line through a hole the LARS nose capture cushion and tie off the bitter end.  We thread the wire portion of the line through a hoop on the end of a long extendable pole.

   Upon arrival at the pickup location, the captain extends the LARS until it’s about a meter off the surface, and positions the Zephyr so that the AUV is just off the port stern.  The ship’s engineer mans the capture pole, and hooks the line into a latch on the AUV’s nose.

   We pull in the line and position the Zephyr so that the nose of the AUV nests into the LARS nose capture cushion, then pull hard to bring the rolling assembly all the way forward.  The captain reels up the lifting straps, and once the water has drained out of the AUV, brings the LARS back into the stowed position.  We gripe down the LARS, set up the deck cradle blocks, and lower the AUV back down.  Then we gripe down the AUV.

   Next we rinse the instruments with fresh water and install the deck tether.  We turn on the deck power supply and take the load off the batteries.  We download the data onto the control laptop, and check the recorded mission data for navigation, control, and scientific data.

   If we are going to re-launch, we start up a high current charge.  At this time, the Zephyr starts other operations or returns to the harbor.

VI. Results 

   Once the Zephyr returns to the harbor, we copy the data from the hard drive in the Main Vehicle Computer across the WiFi link to MBARI’s Shore Side Data System (SSDS).  The data is automatically processed by Matlab scripts into human-readable diagrams.
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VII. Lessons Learned

USBL Frequency

   Once the AUV has started a mission and is below the surface, the USBL system can display the AUV’s position on an electronic chart, but only if the ship’s transmit/receiver is set to the correct frequency.  Without sonar tracking, if the AUV fails to surface at the next expected waypoint, we are faced with a dilemma: do we run downline to the next waypoint, or do we stay put and hope the AUV surfaces at the first waypoint?

Missing Syntactic Foam Block

   The AUV is ballasted to have approximately 10 pounds positive buoyancy.  If a piece of syntactic foam is accidentally left out of the AUV when the fairings are put into place, the AUV will float at the surface, if the bouyancy of the missing piece is less than 10 pounds.  But once the AUV dives, if something goes wrong, a battery meltdown, for instance, the AUV may not be able to rise to the surface.

Stand Off Survey Line

   Complacency is the killer.  During attended operations, on a day with warm sunny weather, operating close to shore, with all systems working fine and the AUV surfacing at the expected times at each waypoint, it is all to easy to relax.  If the mother ship is running between waypoints too close to the survey line, the AUV may come up beneath the ship, and sustain considerable damage.

Be Sure ‘resetdw’ Is Running

   The dropweight controller in each vehicle incorporates a watchdog timer, which gets reset to zero every ten seconds by the mission controller laptop computer on the mother ship, across the Freewave ethernet link.  While a mission is underway, the watchdog timer is disabled.  But if the AUV is on the surface not running a mission, unless the ‘resetdw’ utility is running on the laptop, in fifteen minutes the timer will countdown, and release the dropweight.

Cock the Gulpers

   Each gulper contains 2 liters of volume.  When ballasting operations are conducted, the gulpers are full of seawater.  Therefore, the AUV will not be able to dive if the gulpers are full of air.  They need to be in the “cocked” position before launch, so the upper chambers can fill with seawater when the AUV is launched.

Check and re-check mission scripts

      A syntax error in the mission script will keep the mission from starting; it is much better to do a test run of the script while the AUV is still on deck and there is time to find the bug before launch.  Some of the behaviors are set to cause a mission abort if they time out, therefore the correct amount time must be allotted for each behavior, or the mission will end prematurely.  

   It is considered poor practice to run the AUV into the bottom, so it’s essential to check and re-check water depths throughout the survey line.  Autonomous underwater operations in Monterey Bay are challanging due to the topography: narrow canyons and steep walls.
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VIII. Ongoing and Future Enhancements

   We always have several on-going enhancements and improvements to both of the AUVs, such as installing newly requested instruments, installing doors in the fairings for less invasive access to accomplish frequent tasks, upgrading launch and recovery hardware, and redesigning electronics for greater efficiency.  

   Larger, more involved, and expensive improvement projects require formal approval and institutional support, such as upgrading tailcone steering actuators to brushless motors, increasing endurance with low power computers and sleep mode, integration of an anchoring mechanism.

   An ongoing Deliberative Autonomy project integrates a second computer in the one-atmosphere glass housing; this will add the capability of making realtime adjustments to the mission for following events such as nephaloid layers or internal waves.  Gulper software continues to be developed and enhanced.  A proposal has been made to add a seafloor imaging capability to the Mapping AUV.
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