High-Resolution Multibeam and Subbottom Surveys of Submarine Canyons and Gas Seeps Using the MBARI Mapping AUV
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Abstract - The Monterey Bay Aquarium Research Institute (MBARI) has developed an autonomous seafloor mapping capability for high resolution mapping of the deep ocean seafloor. The MBARI Mapping AUV (MAUV) is based on the 21” diameter, Dorado-class vehicle and equipped with a 200 kHz multibeam sonar, 110 kHz and 410 kHz sidescan sonars, and a 2-16 kHz subbottom profiler. Using precise navigation and attitude data, the MAUV system can image the seafloor and shallow subsurface structure with much greater resolution than is possible with hull-mounted sonars (see Figure 1 below). Several MAUV expeditions are planned for 2006, including surveys of Monterey and Barclay submarine canyons, a gas seep in Santa Monica Basin, and the summits of Davidson and Axial seamounts. We will present results from the Monterey and Santa Monica Basin surveys.

The MBARI Mapping AUV (MAUV) is a 21” diameter, Dorado-class vehicle, rated to 6000 meters, and equipped with four sonar systems: a 200 kHz multibeam sonar; 110 kHz and 410 kHz chirp sidescan sonars; and a 2-16 kHz sweep subbottom profiler. A cylindrical pressure housing, located in the center of the vehicle, contains all of the mapping sonar electronics. The main vehicle control and acoustic communications electronics are located in a separate pressure housing in the vehicle tail section. A single tailcone unit featuring an articulating propeller provides propulsion and steering. The MAUV is powered by Li-ion batteries providing 5 kWhr and a mission duration of 10 hours at a typical speed of 1.5 m/s.

 Navigation and attitude data are obtained from an inertial navigation system (INS) incorporating a ring laser gyro and a 300 kHz Doppler velocity log (DVL). The vehicle is tracked from the mother ship using an ultra-short baseline (USBL) system. Vehicle navigation can be enhanced using acoustic communication of USBL fixes. 

The mapping vehicle can be used in either a fully autonomous configuration or in an ROV-mounted configuration, affixed to a toolsled beneath ROV Ventana. The ROV-mounted configuration is used for near-bottom surveys in very restricted terrain such as the axis of Monterey submarine canyon.
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Fig. 1. Comparison of multibeam bathymetry resolution achieved in water depths of 1000-1400 m using (A)  a hull-mounted 30 kHz multibeam and (B)  the MBARI Mapping AUV operated at an altitude of ~60 m.
The vehicle was assembled and underwent initial sea trials in 2004, and then progressed to successful survey missions during integration testing. In the upper Monterey Canyon, the Mapping AUV package was used in the ROV context (mounted on a toolsled beneath ROV Ventana) to conduct high-resolution multibeam bathymetry surveys of the active channel at five sites in the upper canyon (at canyon axis depths of 100 m, 300 m, 520 m, 1000 m, and 1400 m). These sites will be repeatedly surveyed in coming years to document any bathymetric changes associated with sediment transport events. The initial surveys achieved a lateral resolution of 1 m and a vertical precision of 30 cm, revealing fascinating 1-2 m high bedforms in the active channel’s “river of sand” that are most pronounced in the uppermost canyon, but persist to depths of at least 1000 m. 

The vehicle also performed a fully autonomous multibeam survey of the upper neck of Smooth Ridge, covering a 1 km by 5 km region in seven hours. The AUV flew at a 50 m altitude, achieving a 2 m lateral resolution. This survey covered the most problematic portion of the submarine cable route for the MARS seafloor observatory, and has proved invaluable for the detailed planning of the cable installation.

Several MAUV expeditions are planned for 2006. The repeat mapping sites in Monterey Canyon will be surveyed during February, June, and October. The high-resolution morphology and subsurface structure of a vigorous gas seep and authigenic carbonate mound site in Santa Monica Basin will be surveyed in June. The summits of Davidson Seamount, an extinct volcano offshore of central California, and Axial Seamount, an active volcano along the Juan de Fuca Ridge offshore Washington state, will be surveyed over the summer. Finally, hydrate deposits will be mapped in Barclay Canyon, offshore Vancouver Island. We will present initial results from the Monterey and Santa Monica surveys.

I. INTRODUCTION
Development of high resolution bathymetric maps for science has become an important factor in many disciplines of oceanography [1]. The advancement of multidisciplinary and observatory science in the littoral waters as well as deep sea has increased the need for higher resolution and better geo-located mapping methods [2]. Another expectation is to produce the desired maps in a more timely fashion and at a lower cost. Accurate maps greatly enhance the quality of understanding and efficiency in obtaining those insights with regard to the scientific questions being posed today. Oceanographic investigators interested in detailed maps include the biological sciences as well as the expected geologic community [3]. The Monterey Bay Aquarium Research Institute (MBARI) mapping development team has constructed a system to provide the data needed to create the high resolution maps today’s science community is requesting.
The MBARI Mapping AUV Dorado-class vehicle equipped with a 200 kHz multibeam sonar, 110 kHz and 410 kHz sidescan sonars, and a 2-16 kHz sweep chirp subbottom profiler. The multibeam sonar incorporates a circular receive array conformal to the vehicle hull, providing 1 degree X 1 degree beam resolution over a 150 degree swath. Navigation and attitude data are provided by an inertial navigation system integrating a laser ring gyro, accelerometers, and a 300 kHz Doppler velocity leg (DVL). The vehicle is tracked during missions using an ultra-short baseline navigation system. The vehicle also includes acoustic modem and long-baseline navigation capabilities. A cylindrical pressure housing, located in the vehicle mid-body, contains all of the mapping sonar electronics. The main vehicle control and acoustic communications electronics are contained in a pressure housing located in the vehicle tail section. Propulsion and steering are provided by a tailcone including an articulating propeller. Li-ion or Li-polymer battery packs allow for a 12 hour mission duration. The assembled package is rated to 6000 m depth. The mapping payload is also designed for ROV mounting, enabling low altitude (< 20 m) high precision missions in topographically challenging sites. The Mapping AUV has been operated in both autonomous and ROV modes in and around the upper Monterey Canyon, successfully collecting high-resolution multibeam bathymetry and subbottom profile data. Near-bottom surveys of the canyon axis achieve bathymetric coverage with a lateral resolution of 1 m and a vertical precision of 0.3 m. The subbottom profiler can image subsurface structure to depths of 60 m in soft sediment
II. SPECIFICATIONS

Specifying the general requirements for Dorado vehicles at MBARI began by gathering the science mission requirements, which were used to drive design decisions and trade studies. With help from scientists eager to use the Dorado vehicles to conduct research, MBARI engineers developed numerous concepts of operation. Missions studied included deep water (6000 m) seafloor mapping, autonomous low-light organism detection, 50 km overnight CTD transects without a support ship, upper-water column bioluminescence detection, and deep-water AUV docking as enabling technology for future oceanographic research.

The concepts of operations led to trade studies on topics including navigation solutions, battery chemistry, communication bus architecture onboard the vehicle, offboard communications (satellite/RF/acoustic), and vehicle size. The studies followed the standard engineering practice of trading off cost, size, weight, performance, lead-time, safety, reliability, etc. The study for batteries was the most necessary since there were many options that all seemed to fit the vehicle, and the choice of chemistry was going to have a significant impact.

The following Dorado specifications resulted from those trade studies [4]: A nominal depth rating of 4500 m, with the capability of reaching 6000 m; Minimum and maximum speeds of 0.5 m/s and 2.0 m/s respectively; A torpedo-shaped hull with an outer diameter of 0.5334 m (21”); A length that can vary between 2.36 m (93”) and 5.56 m (219”) by adding or subtracting modular sections; Energy storage met with multiple 2 kW-hr battery packs paralleled onto the bus; Main vehicle navigation sensors consisting of a Doppler velocimeter log (DVL) and a compass with gyro stabilization. For mapping missions, which require stricter navigational capabilities, an inertial navigation system (INS) with an integrated DVL and ring laser gyro was specified.

III. DESIGN

Dorado vehicles are modularly constructed, with sections joined together mechanically and electrically so payloads and energy modules can be swapped as needed during operations. The modular layout is diagrammed in Figure 2.
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Fig. 2:  Mapping AUV Layout.

A Dorado-class AUV is typically comprised of three or more sections. A nose section and tail section are required at a minimum to provide power and propulsion. Payload sections can be added depending on the science instruments required for a mission. The ABS hull modules consist of top and bottom fairing sections joined together along “toothed” rails that run along the interior edges of each side. The tops and bottoms then have vertical threaded fasteners to secure the top and bottom rails together.  These toothed sections are placed in shear when the vehicle is lifted and assist in providing longitudinal stiffness. Modules are joined together by an ABS semi-ring that is bonded to the interior ends of each hull section. An aluminum stiffening hoop is secured between each semi-ring, and a stainless steel band clamp secures all of these together. These items not only connect each of the hull modules, but also secure the modular sections together to comprise the total vehicle length. The syntactic foam used for flotation in the various modules is rated to 4500 meters. This foam provides the necessary flotation to assure slightly positive buoyancy.

[image: image3.emf]
Fig 3: Mapping AUV with top fairings and foam removed
The mapping payload is packaged in a single Dorado AUV mid-body section. The design allows the Mapping AUV to be used, in turn, as a payload on a remotely operated vehicle (ROV). Figure 3 shows the Mapping AUV vehicle, configured in the ROV-mode, mounted to the ROV Ventana. The ROV operational mode allows MBARI to operate the mapping system in dangerous terrain such as places where the flight characteristics of the AUV have a higher likelihood of collision. Although the external appearance of the nose and tail will remain relatively the same, there is substantial space to vary much of the internal equipment (i.e. add/delete instruments and batteries). The middle portion of the vehicle can exist as one or two midsections depending on mission requirements. 
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Fig. 4:  Mapping AUV mounted on ROV Ventana.

IV. OPERATIONS
Technical analysis clearly demonstrated that, in order to get the highest resolution using the latest sonar technology, the AUV should operate as close to the bottom as possible. Trade-offs studies balanced area coverage, endurance, safety, and resolution and concluded that the AUV-based mapping platform should operate at an average altitude of 100 meters from the seafloor. The solution to the spectrum of data requirements – including topology, acoustic imagery, and subsurface stratification - was to combine the individual sonar devices into one package and running them simultaneously, allowing data to be collected in parallel on a single transect. This approach is also the most energy efficient and simplifies the data correlation process for integrated science maps. All navigation post processing corrections are also coordinated and apply to each data set. To accomplish this, however, the integration requires precision timing between sonar pings and periods of listening to prevent acoustic interference.

To achieve the high-quality images required by researchers and made capable by the sonar devices, the position and orientation of the MAUV must be precisely known and logged during a science mission. This operational data is used during post-mission data processing to create the most accurate images possible. Therefore, the MAUV was designed to employ sophisticated navigation equipment and control algorithms to measure and maintain a stable platform and to record the vehicle’s track. The vehicle’s position and attitude is measured using an inertial navigation system that is integrated with a DVL and laser ring gyros. MAUV missions start on the surface where the vehicle will begin a spiral descent after achieving a valid GPS fix. Once off the surface the MAUV must rely on position updates sent from the support ship, since reliable bottom tracking is not possible during descent. The support ship packages USBL tracking data of the vehicle then transmits messages over an acoustic modem link. The vehicle responds to tracking messages with messages updating the operators on the vehicle status. After operational depth is achieved, missions are typically composed of a sequence of straight lines that connect at waypoints. The control algorithm uses the navigated position to compute the distance of the vehicle from the line joining the previous waypoint to the next. This position “error” is the input to a control loop that computes a heading command and positions the rudder. 
V. RECENT MAPPING AUV MISSIONS

A. Dorado Repeat Canyon Mission 

B. Dorado MARS Survey Results
C. Dorado Santa Monica Results
VI. MBAUV FUTURE PLANS

VII. CONCLUSION
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