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Abstract – The Monterey Bay Aquarium Research Institute (MBARI) has developed an autonomous underwater vehicle (AUV) for deep ocean seafloor mapping. The MBARI Mapping AUV is a 21” diameter, torpedo-shaped 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 will also include acoustic modem and long-baseline navigation capabilities. A central cylindrical pressure housing contains all of the mapping sonar electronics, the main vehicle control and acoustic communications electronics are housed in a separate pressure housing 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 now 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 images subsurface structure to depths of 60 m in soft sediments.
I. INTRODUCTION

Development of high resolution bathymetric maps for science has quickly 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 also 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. 

To gain the highest resolution possible the technical analysis clearly demonstrated that using today’s technology would require operating as close to the bottom as possible. Trade-offs were performed to establish the best balance between area coverage, endurance, safety, and resolution. The results of technical analysis led to an AUV based platform operating on average at 100 meters altitude from the seafloor. The spectrum of science requests for data in the same area included topology, acoustic imagery, as well as subsurface stratification. It was apparent that a variety of mapping sensors running simultaneously would be beneficial. The solution was to specify individual sonars for each data type. This was the only way to address the spectrum of requests. Combining multiple sonar devices in one package allowed data to be collected in one transect versus multiple passes with individual sonars. An additional benefit is obtained by this package, simplifying the data correlation for integrated science maps. All navigation post processing corrections are also coordinated. To accomplish this however the technical integration would require precision timing between sonar pings and periods of listening to prevent acoustic interference. 

The autonomous underwater vehicle (AUV) mapping payload is comprised of a multibeam sonar, a dual frequency side scan sonar and a chirp sub-bottom sonar. There are also other acoustic devices such as the Doppler velocimeter log (part of the navigation system), ultra-short baseline positioning, acoustic modem, and an obstacle avoidance sonar. All of the systems were integrated to a common computing control center in the vehicle that can externally trigger any sonar on command. This same system also commands the time to begin listening. This is accomplished by employing a precision clock pulse to synchronize the various sonar sub-systems. The clock pulse is obtained from the onboard GPS, which is part of the navigation system. 

The central component of the vehicle navigation system is a ring laser inertial navigation system (INS). The INS is integrated to the DVL in a commercially available package from RD Instruments© called SeaDevil™.  The navigation processing is also contained in the SeaDevil™ package, however several external inputs are required along with the DVL trigger modifications to prevent DVL signals from corrupting sonar mapping data. 

The mapping payload is packaged in a single DORADO AUV mid-body section. DORADO systems are 21” diameter variable length AUVs developed at MBARI, Fig. 1. A typical DORADO module is one of at least three sections that usually comprise a DORADO class AUV. A nose section and tail section are required at a minimum to provide the power and propulsion while building up the low drag shell (or skin) needed to make a minimum vehicle. This modular approach allows custom payloads to be inserted easily and deployed in an AUV operational mode. The design also allows the mapping AUV to be quickly reconfigured into a remotely operated vehicle (ROV) payload. Figure 2 shows the mapping AUV vehicle in the ROV mode mounted to the ROV Ventana. Often, operating at lower altitudes off the bottom are required to accomplish very high-resolution imaging, this is often true in steep terrain. The ROV operational mode also allows the system to operate in dangerous terrain such as places where the speed and flight characteristics of the AUV have a high likelihood of hitting bottom. For mapping the Monterey Bay Canyon and the challenges it presents it is beneficial to have the ability to maneuver around or out from under outcrops or other hazards. 


High resolution seafloor maps obtained from the MBARI Mapping AUV have already been applied on sedimentation studies. While the system was intended to enhance continuing studies, it was also created to enable new science. Currently, plans call for mapping studies to look at canyon mass transport events. Other studies being planned are looking at the hydrates in various basins and other topologies. Similarly there are deep sea resource management questions being enabled by the maps this system is capable of creating. The AUV platform is also enabling other technologies by assisting with the planning, permitting and installation of observatories like the MARS (Monterey Accelerated Research Site) facility already in process at the time of this writing. 

II. SYSTEM Specifications 

III. APPLIED TECHNOLOGY

IV. PERFORMANCE / RESULTS

The MBARI seafloor mapping team began designing this vehicle in January 2003, following the completion of two earlier Dorado class AUVs. The initial sea tests of the vehicle began in April 2004, and autonomous subbottom profiler surveys in and around the upper Monterey Canyon began in May, 2004. The initial multibeam tests commenced in November 2004 with a series of near-bottom, ROV-mounted surveys at sites along the Monterey Canyon axis.

Fig. 12 summarizes the survey tests of the Mapping AUV through May, 2005. The vehicle has operated autonomously for a total of 36 hours along a total track length of 170 km. Subbottom profiler data have been collected during all these missions, and autonomous multibeam data acquisition commenced in early 2005. Near bottom ROV-mounted multibeam surveys have been conducted at four sites along the upper Monterey Canyon axis at depths of 300 m, 520 m, 1000 m, and 1400 m (Fig. 12); these surveys have totaled 30 hours of data collection covering 98 km of tracklines.

The multibeam sonar has been operated to date with incomplete functionality, both in terms of firmware (crude beamforming and bottom detection algorithms) and hardware (a flat Reson 7125 receive array instead of the circular 7100 receive array). The subbottom profiler works well during autonomous surveys, but acoustic interference from the hydraulic systems on ROV Ventana precludes the collection of good subbottom data during ROV-mounted surveys. The sidescan sonars are functioning, but the data are marred by noise, and are not usefully imaging the seafloor. We think that the noise source is electrical rather than acoustical, and are presently working to identify and remove the source(s) of the interference.
Results of both autonomous and ROV-mounted surveys of the canyon axis 520 m site are presented in Figs. 13-16. The subbottom profile in Fig. 14 is typical of data acquired by flying the vehicle close to the seafloor than to avoid sea surface reflection interference. This profile images subsurface structure to a depth of about 40 m and demonstrates that sediments drape the inner canyon walls (the implications of these observations are discussed in [9]). Subbottom penetrations of up to 60 m have been observed in soft sediments near the Monterey Canyon head.

The multibeam bathymetry from the 520 m site ROV-mounted survey is shown in Figs. 15-16. This survey was conducted using 30 m line spacings and a vehicle altitude of about 20 m. The maximum navigation correction required to match features in crossing swathes is 15 m, amounting to 0.1 % of the 15.6 km tracklength. The multibeam survey achieves a lateral resolution of 1 m and a vertical precision of 0.3 m, with the largest component of the error budget deriving from the vehicle pressure depth measurements.
Overall, the Mapping AUV sea testing has been remarkably successful. The vehicle itself has proven to be quite robust, and the operational team is now adept at designing and executing missions that fly the Mapping AUV into the challenging, extreme topography of Monterey Canyon. The subbottom profiler is performing to specification, and is being used to investigate recent sedimentation in and around the Upper Monterey Canyon [9]. Despite the incomplete state of the multibeam sonar, the processed bathymetry data are meeting the science requirements for the mapping system, and we expect to achieve considerably improved performance when the final firmware and hardware upgrades are installed.

V. Conclusions and Future work

The MBARI Mapping AUV has completed initial tests and is now being used for science missions, though the overall system is not yet complete. The system will be considered fully operational once the final multibeam upgrades are installed, the sidescan noise issues are resolved, and underwater communication via the acoustic modem is implemented. We expect to achieve these milestones during 2005.

This new capability is already contributing to existing research projects and driving new research at MBARI. The four ROV-mounted near-bottom surveys along the Monterey Canyon axis will be repeated tri-annually during coming years to monitor changes in the canyon morphology associated with the frequent sediment transport events that are known to occur in the upper canyon [10][11]. We expect to conduct the first large-scale autonomous survey on Smooth Ridge, north of Monterey Canyon, during the latter half of 2005.

The Mapping AUV operational schedule will be fully subscribed during 2006. In addition to surveys studying sediment transport and mass wasting in Monterey and other nearby submarine canyons, the system will be used to study offshore seamounts, hydrate deposits and gas seep sites, to support benthic biological research by mapping deep-water habitats, and to support the emplacement of seafloor observatory infrastructure. These efforts will likely include the first operations outside Monterey Bay. We expect this new deep-ocean, high-resolution seafloor mapping capability to contribute substantially to MBARI science in the coming years. 
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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. Both maps show the same area at the same scale; the location is indicated on Fig. 12.
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Fig. 11. Screen dump of Mbnavadjust showing interactive navigation analysis of crossing multibeam bathymetry swathes. In this case the relative offset required to match bathymetric features is 21 m E-W and 5.3 m N-S.
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Fig. 12. Summary of the MBARI Mapping AUV survey tests. The black lines show tracks of autonomous surveys in and around the upper Monterey Canyon. The red boxes indicate locations of near-bottom ROV-mounted multibeam surveys. The 1400 m site is shown in Figure 1, and the 520 m site is shown in figures 13-16.
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Fig. 13. Vehicle tracks of autonomous (red) and ROV-mounted surveys (black) at the 520 m survey site. The thick red line shows the location of the subbottom profile of Fig. 14.
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Fig. 14. Subbottom profile collected over the inner canyon at the 520 m survey site. See Fig. 13 for location. 
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Fig. 15. Bathymetry and navigation of the 520 m site ROV-mounted multibeam survey. See Fig. 13 for location. The grid spacing is 1 m. Red tracks show the initial inertial navigation; black lines show navigation corrected by correlating bathymetry of crossing multibeam swathes. 

[image: image7.jpg]



Fig. 16. Perspective view from the south of the 520 m site canyon axis with illumination from the north. The apparent sand waves in the active channel (foreground center) are 0.75 m to 1 m high.








