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ABSTRACT
The Monterey Bay Aquarium Research Institute (MBARI) is developing a high-resolution deep-sea mapping capability to be deployed on the Dorado AUV. Dorado is a modular, 21” diameter, torpedo shaped vehicle that consists of a nose section with core sensors and computers, a tail section with propulsion and steering, and a variable length mid-body section including mission-specific sensors and data logging equipment. 

The primary component of this seafloor mapping system will be a 200 kHz multibeam sonar. The planned survey capability includes high-resolution bathymetry (1 degree X 1 degree beam widths) for sonar altitudes from 2 m to 200 m and a depth rating of 6000m. The deployment of a multibeam sonar on an AUV is a significant challenge because none of the currently available sonars meet the power, size, and weight constraints imposed by the vehicle.  

MBARI is working with Reson Inc. and Bluefin Robotics to develop a new, low-power multibeam sonar which can be readily incorporated into a 21” diameter cylindrical Dorado mid-body, along with ancillary sensors and data logging equipment. The ROV Ventana will be used for initial testing of the mapping mid-body package. MBARI plans to begin field testing of the AUV-mounted mapping system in early 2002.
The Dorado platform is a new class of autonomous underwater vehicle (AUV) that MBARI (in partnership with other institutions) is developing for the oceanographic science community. This vehicle class is a multi-purpose platform with a range of capabilities and sensors intended to further the use of AUVs by science. This paper will highlight the importance of those additional sensors and the requirements associated with tightly integrating AUV systems for science. 
INTRODUCTION
One of the fundamental efforts in oceanography is the use of sonar to map the morphology and character of the seafloor. MBARI scientists make extensive use of seafloor mapping data for guiding Remotely Operated Vehicle (ROV) dive operations, for geological research, and for the support of other programs (e.g. benthic biology). To date, MBARI’s mapping efforts have focused on processing data obtained either by contract surveys or by collaboration with other institutions. However, MBARI science plans increasingly require high-resolution bathymetric surveys, and the costs of obtaining these data using outside resources are prohibitive.

Over the past two years, MBARI has embarked on an Autonomous Underwater Vehicle (AUV) development program. The focus of our AUV efforts is a new, modular vehicle called Dorado (Figure 1) that is intended to support a variety of science needs using mission-specific sensor packages [Bellingham et al., 2000]. Recognizing that much of the institute’s mapping needs can be met most efficiently using an AUV platform, MBARI is now developing a Dorado mid-body section that incorporates high-resolution multibeam sonar.

MBARI is also actively developing software for the processing and display of swath mapping sonar data. Much of this software is distributed as part of the open-source MB-System package [Caress and Chayes, 1996]. The next MB-System release will include new tools especially relevant to processing AUV-based multibeam surveys.

MBARI is well positioned to play a leading role in the development of high-resolution deep-ocean bathymetric surveys from AUVs. MBARI combines existing AUV operational expertise, a new AUV design capable of supporting a full multibeam sonar, an expectation that these vehicles will be used almost daily in years ahead, swath sonar data processing expertise, and an institutional imperative to use the combined technologies to their limits for groundbreaking science. Altogether, these assets will allow MBARI to rapidly improve operational and data processing techniques, to fully exploit the new capabilities, and to disseminate these advances to the broader oceanographic community.

MBARI MAPPING NEEDS 
MBARI scientists and operations personnel often depend on bathymetric maps as part of research programs, for ROV dive planning, and for real-time navigation during ROV dives. Despite the frequent need for swath bathymetry surveys, the institute has always chosen to meet mapping requirements through contract surveys. However, current MBARI science plans will require many high-resolution bathymetric surveys over many years, and the Dorado AUV will provide a new, more flexible platform for deep-sea survey work than has been available anywhere before. These developments, among others, have led us to several independent justifications for developing a deep-ocean, high-resolution mapping capability at MBARI. 

The most obvious reason to operate a swath mapping sonar on a submerged platform is that MBARI science plans require high-resolution seafloor surveys. In particular, the Canyon Dynamics Experiment plans include repeatedly mapping the floor of Monterey Canyon in order to document the movement of sediment through the system. The required depth precision is on the order of 25 cm or less, values that cannot be achieved with sonars operated near the sea surface.

MBARI ROV operations are also enhanced by the availability of high-resolution bathymetric base maps. Bathymetry obtained by mapping from surface vessels is frequently used to plan and navigate ROV dives. However, even high quality bathymetry from hull-mounted multibeams fails to provide a truly useful resolution of seafloor features once the depth exceeds a few hundred meters. At depths of 3000-4000 m hull-mounted multibeams only achieve a lateral resolution of 100-150m. The consequence is that ROV operators must work with a resolution gap between base maps showing large scale structure on scales of hundreds of meters and “in your face” video with a field of view of 2-3 meters. Bathymetric surveys done from multibeams at altitudes of 50-200 m can provide base maps showing structure on scales that can be viewed in ROV video. The utility of high-resolution bathymetry to ROV operations is demonstrated by a towed Reson 8101 survey of Loihi Seamount (Figure 2).  

Also, MBARI expedition plans require seafloor surveys in remote regions. The R/V Western Flyer is expected to do at least one long-range expedition each year, with each expedition plan emphasizing ROV Tiburon operations. In general, benthic ROV operations require a bathymetric base map for identifying dive targets and for navigating to those targets. The 2001 expedition to Hawaii will mostly involve places already mapped by MBARI or collaborating institutions. However, the 2002 expedition is expected to be in the Sea of Cortez, a locale only sparsely mapped by modern sonars. Future expeditions may well investigate previously unmapped sites. In order to operate Tiburon efficiently on expeditions, MBARI must be able to obtain bathymetric base maps at appropriate resolutions. 

We also anticipate that high-resolution bathymetry surveys in the deep ocean will result in high profile and leading edge science. For example, a “microbathymetry” survey conducted in 1999 on the East Pacific Rise with WHOI’s AUV ABE [Bradley et al., 1999; Yoerger et al., 2000] used a 675 kHz Imagenex mechanically scanned sonar. The ABE survey provided higher resolution bathymetry than previously available, resulting in new constraints on models for axial faulting and volcanism on the EPR [Carbotte et al., 2000]. The MBARI AUV multibeam discussed here will generate high-resolution bathymetry with unprecedented efficiency in the deep ocean, and we are convinced that these new observations will yield important new insights in a variety of settings. 

DESIGN APPROACH
The goal of this project is to develop a capability for high-resolution mapping of the deep-ocean seafloor from an MBARI Platform, either ROV or AUV. It is important to remember MBARI has two very successful ROVs that might carry the sensor for additional missions as yet undetermined. To achieve priorities and meet the wide spectrum of science needs, the design criteria had to be specified with the full range of vehicle capabilities in mind.

Over the past year, we have held several meetings within MBARI to define the institute’s long term seafloor mapping strategy. The collective wish list for mapping capabilities included high-frequency multibeam sonar, side scan sonar, and chirp sub-bottom profiling on the Dorado AUV and on our ROVs. We considered sonar performance, MBARI science and development plans, sonar design capabilities, and vehicle capabilities. We selected multibeam sonar over interferometric sonar because multibeams generate better swath bathymetry data and bathymetry is higher priority than sidescan at MBARI.  We determined that the most useful surveys will be conducted with sonar altitudes of 2 m to 200 m. This altitude specification in turn dictated an optimal sonar frequency of 200 kHz to 250 kHz.

Following discussions among MBARI geologists, engineers, and management, we arrived at the following priorities:

· The highest priority is for an AUV mounted multibeam sonar in the 200-250 kHz range, with high lateral resolution (1.5 degree or less beamswidths), and a depth rating of at least 4500 m (preferably 6000 m).

· The sub-bottom profiler capability is a secondary priority.

· ROVs are not high-priority platforms for a mapping capability. However, ROV-based testing of the AUV mapping module may be necessary. 

CHALLENGES
The deployment of a swath mapping sonar on an AUV is a significant challenge because of the power, size, and weight constraints imposed by the vehicle. Sonars deployed on towed vehicles or ROVs are not power limited and can telemeter data to shipboard electronics for processing and control. AUV based sonars must include data processing and logging hardware and the total package must be as power efficient as possible. Because of its 21” diameter, the Dorado AUV also imposes constraints on shape and volume of the electronics packages, and the amount of buoyancy compensation required. Operational realities (the vehicle must be deployed and recovered at sea) dictate that any protuberances from the cylindrical Dorado vehicle will tend to be damaged. Consequently, another very desirable design feature for Dorado systems is to keep all sensor elements, including sonar arrays, conformal to the cylindrical AUV body.

None of the existing commercial multibeam sonars meet all of these requirements. In particular, none of the sonars that can be rated to depths in excess of 4000 m have receive arrays that can be made conformal to the Dorado hull, and none combine adequate data resolution, quality, and low power usage. Consequently, we have chosen to work with a sonar manufacturer to develop a new multibeam that is well suited to integration with an AUV like Dorado.

Navigation is another difficult issue for surveys conducted on any submerged platform. Swath surveys with submeter lateral resolution require navigation with a similar precision, or else the resulting maps show artifacts where bottom features mismatch on overlapping swathes. Inertial navigation systems are improving but the affordable solutions cannot maintain submeter accuracy through the many turns associated with a typical survey. Although the use of long baseline transponder networks can provide vehicle navigation with submeter accuracy [e.g. Yoerger et al., 2000], we envision a need to conduct AUV surveys without investing the ship time for transponder deployment and recovery. Our approach is to gradually work towards better vehicle navigation in general while taking advantage of the swath bathymetry data to solve navigation issues in post-processing.

SONAR AND MIDBODY DEVELOPMENT
The multibeam will have to be embedded in a Dorado mid-body which has structural integrity, which encloses the sonar and data logging electronics, and which integrates mechanically, electrically, while also networking with the core vehicle. We are working closely with Reson Inc. of Goleta, California and Bluefin Robotics Inc. of Cambridge, Massachusetts to develop a common multibeam sonar and Dorado mid-body design that will meet MBARI’s needs while embodying Reson’s most up-to-date mapping technology.

The following sonar specification was created with Reson and MBARI. The specifications are for a system that fully meets the requirements set forth by MBARI science. Figure 3 presents a conceptual view of the multibeam-equipped Dorado.

· Frequency: 200 kHz  

· Receive array: 21” diameter ring, conformal to Dorado hull.

· Transmit array: mounted on bottom of AUV, 350 mm long by 80 mm diameter

· Depth rating: survival to 6000 m, performance guaranteed to 4500 m

· Altitude range: 5 m to 300 m (achieves 120 degree swath to altitudes of 200 m)

· Swath width: 150 degree (we only care about the inner 120 degree swath)

· Beam widths: 1 degree transmit by 1 degree receive

· Number of beams: 200

· Bottom detection resolution: 2.5 cm

· Sidescan: derived from beamformed time series, reported with bathymetry

· Power usage: less than 75W for sonar electronics (probable 40W)  and less than 50W for data collection PC (probable 25W)

The design of the mid-body mechanical elements is a collaborative effort with Bluefin Robotics, along with other elements of the Dorado core vehicle. A preliminary concept is to enclose the electronics within two 17” titanium spheres or cylinders. One key issue is standardizing the mechanical, electrical and computer interfaces between the midbody package and the core vehicle. Interchangeability between MBARI Dorado and Bluefin vehicle elements is highly desirable. We are also requiring that the midbody design allow for the addition of a subbottom profiler and sidescan sonar in the future.

Another concern is the source of the vehicle attitude data used in processing the multibeam data. The Dorado core vehicle sensors include an attitude, heading and reference unit (AHRS) from Crossbow Technology, Incorporated. Although the Crossbow™ attitude data is adequate for use in swath bathymetry, we are concerned that the AUV body may not be rigid enough for the core vehicle attitude sensor to accurately (+/- 0.1 degree) report the motion of a sonar receive array located in the mid-body. Thus we have included a second Crossbow™ unit that will be directly fixed to the receive array.

AUV PLATFORM ISSUES
MBARI is currently developing a new autonomous vehicle (AUV) under the ALTEX program. The ALTEX experiment is an acronym for Atlantic Layer Tracking Experiment, which is intended to track the Atlantic layer of water and monitor some of the effects that water mass is having on the Arctic Ocean.  ALTEX is a joint program involving the efforts of several partners and is dedicated to creating a long-range vehicle for science in the arctic. 

The ALTEX development effort provides a vehicle capable of 1500 kilometers under the ice and high latitude navigation. The new modular vehicle that is a partial spin-off of that effort, referred to as Dorado at MBARI, is intended to be the modular system that will provide a flexible platform for years to come in support of ocean science. MBARI is proceeding with this vehicle development along with the acoustic survey payload module that is capable of meeting the highly accurate sea floor surveys requested by science.

The Dorado design approach is to use pressure tolerant sub-systems to the greatest extent possible. The new vehicle is controlled through an articulated tail section with a ducted propeller called the tailcone. The tailcone offers several advantages over the more traditional fins used for control. First the system keeps the control surfaces within the 21- inch diameter of the vehicle. Secondly the surface is continuos and not as prone to damage during launch and recovery. Continuing with the modular thinking the sub-components of the tailcone, as with all systems on the vehicle, is also designed to be modular for field repairs should they be needed.

Another key element being developed as part of the ALTEX program that allows for long duration missions is the fuel cell. The fuel cell being developed is pressure compensated, allowing it to be deep-ocean rated. The fuel cell section contains aluminum and uses peroxide to produce 66 kWh of net energy. The section is neutrally buoyant and fits in a diameter (21 inch) hull section.  The fuel cell is 66 inches long and provides power to run the AUV at 3 Knots for 200 plus hours or other combinations of speed versus time. The liquid reactants are low cost and significant portions of the cell stack are re-useable making the total cost low over multiple runs.  

DATA PROCESSING ISSUES
Data reduction and analysis will be accomplished using MB-System, an open source, NSF-funded software package for the processing and display of swath sonar data [Caress and Chayes, 1995, 1996, Caress et al., 1996; http://www.mbari.org/data/mbsystem/]

One important recent addition to MB-System is a new tool (mbnavadjust) that uses crossing and overlapping bathymetry swaths to obtain optimal navigation solutions. We are now using this tool to process data from poorly navigated surveys (e.g. surveys by towed vehicles, ROVs, and AUVs). Examples include the deep-towed multibeam survey of Loihi Seamount shown in Figure 2.  Access to this software means that we will be able to meet the science and operational requirements for high-resolution bathymetry surveys even with less-than-perfect navigation.

INITIAL TESTING
The multibeam mid-body package will require extensive interactive testing because so much of the sonar and AUV elements will be newly designed. Interactive testing cannot be performed on an AUV, but bench and test tank testing will also be inadequate because of the need to investigate sonar performance over a real seafloor. We therefore plan to build a ROV Ventana toolsled to incorporate the entire AUV midbody and allow testing its full functionality from the ROV platform. 
PLAN AND PROGRESS TO DATE
The development program encompasses three primary facets: 

· The development of the multibeam sonar by Reson.

· The development of a Dorado midbody to incorporate the multibeam and associated electronics.

· The construction of an ROV Ventana toolsled to hold the mapping midbody package during initial ROV-based testing.

We are well into the design phase for the first two (most important) parts of the project, and will work on the toolsled over the summer, 2001.

We expect to receive delivery of both the multibeam from Reson and the midbody package from Bluefin during November or December of 2001. We will proceed with bench and tank testing during December, followed by ROV based testing in January and February 2002. Once the system functions well in an ROV context and its performance are understood, then we will proceed with actual AUV field testing through the spring of 2002.

CONCLUSIONS
The development of the AUV Dorado multibeam sonar midbody package will be the focus of MBARI’s seafloor mapping program over the next few years. We will begin field-testing of the system in early 2002, and hope to be routinely operational by the end of the year. The ability to efficiently map the deep ocean seafloor at submeter resolution will provide fundamentally new observations in a variety of geologic settings and enable MBARI to operate its full suite of vehicles more effectively.
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Figure 1. The MBARI Dorado AUV.
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Figure 2. Bathymetry of the Loihi Seamount summit obtained (left) using a ship mounted 30 kHz multibeam sonar (Simrad EM300) and (right) using a deep towed 240 kHz multibeam sonar (Reson 8101) operated at altitudes of 100-200 m. The higher resolution obtained by surveying closer to the bottom with a higher frequency sonar is evident. The bathymetry is shaded according to the slope magnitude. The Reson 8101 data were provided by F. Duennebier and J. Smith of the University of Hawaii.
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Figure 3. Conceptual view of Dorado AUV equipped with a 

multibeam sonar. Picture courtesy of Reson Inc. and Bluefin Robotics Inc.

