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1. Statement of the problem 

Oceanographic Science is limited in the ability to understand the processes and cycles of the oceans in a temporal and spatial way. All of the science currently done at MBARI either addresses time or space (sometimes neither) but not both.

1.1 Why it is important

Science has stated that our understanding of the ocean and the associated processes, functions and life cycles will not be complete until long term observations can be done over large areas. Three quarters of the Earth’s surface is water and we can only sample on a random and spot basis. Science is unable to predict behaviors and make conclusive statements because of this lack in access.

1.2
  Present State of the Art

Currently several national institutions and a variety of nations are supporting AUV programs. A large variety of forms and capabilities have come about.  Due to power and other technical limitations vehicle progress has been slow to date. Additionally all AUVs are currently mission specific and have little capability of mission modification even when re-configured. The state of the art is beginning to move ahead in the area of pressure tolerant fuel cells. A few AUVs are now commercially available and beginning to show reliability and mission readiness features. Interfacing and personnel required to launch and recover are still unacceptable. MBARI has already started looking into non-contact power and data transfer technologies.

1.3 How it relates/contributes to MBARI’s mission and strategic plan

The AUV project is relevant to MBARI’ mission in a variety of manners. This technology is enabling for ocean bottom observatories to fill in the gaps between stations. MBARI also has several instruments coming from the current projects that could benefit from the use of a platform which is capable of running preprogrammed paths, Genosensor being one of them. Another function that has been requested by the MBARI science staff is to make vertical profiles over a large area on a fixed grid. This kind of work is currently accomplished in an incomplete manner by CTD casts from ships, fixed moorings with limited depth sensors, drifter buoys which often are swept away from the area of interest, and XBTs or other non-reusable resources which also require expensive surface support personnel and ship time. This project is also in an area that MBARI can make significant contribution to the existing technology. Making technology advances available for science at MBARI and for the general science community is part of MBARI’s charter. 

2. Approach to the problem

This proposal outlines a multi-year project with the eventual delivery of an AUV system providing flexibility, power management and data telemetry to support a wide variety of oceanographic scientific interests in the Monterey Bay or around the world.  Several options are presented in this proposal which offer a comprehensive path to gaining experience, accomplishing unique technology advances for science, and building the required technology base for a successful AUV science operational capability.

To address the problems brought about with entering into the AUV field for operations and science three approaches will be run as simultaneous activities of the MAUV program. The first portion of this approach is to team with a national leader on an advanced AUV system. The second portion is to purchase a current AUV system (the best compromise between performance and cost) and begin optimizing the interfaces and operational aspects. The final portion of the approach is to draw on AUV work completed and the continuing efforts here at MBARI. 

2.1. New AUV System overview and plan

Teaming arrangements with an experienced leader in the system design of the new AUV will be determined in a joint effort between MBARI and MIT. MIT has been funded to create a new long endurance AUV for the National Ocean Partnership Program (NOPP) and has asked MBARI Research and Development to consider collaboration on this project. The extent, determination of responsibilities and deliverables is yet to be decided. The beginning phase for brainstorming this new vehicle starts in the third week of June 1997. Based on the progress of this and subsequent meetings a detail program will be planned for a multi-year collaboration with MIT.  The outcome of this collaboration will be the outline of a system with advanced features and should have upgrade capability for MBARI science based on the work done for the NOPP vehicle. Efforts between the two institutions will create a baseline vehicle architecture with common core components. This next generation vehicle is expected to be the baseline structure for the long term future of AUV operations at MBARI. 

The basis of this new vehicle is long duration operations. The goal is to substantially improve the power density of the design and also the efficiency of power consumption. The concept is to integrate the latest is power saving technology with the most compact power sources. Some portions of the NOPP requirements will not be applicable to MBARI, however the intended flexibility of the system and the ambitious schedule lead to the vehicle being a fairly simple and straight forward design. Jim Bellingham of MIT has been successful in this kind of vehicle architecture previously with Odyssey. This technical approach lends itself to reducing overall complexity and lower system costs while performance should be enhanced. These goals are identical to those of MBARI. Once the core system is completed, we will be able to reconfigure and adapt it to other AUV missions and tasks. Details for most elements of this project phase will be a function of the decisions made early in the system engineering effort with MIT.

2.2. Operational Project plan

The goal of this activity is the development and demonstration of a flexible open AUV system for use at MBARI. The proposed system would be limited due to the simplicity but would have certain characteristics and capabilities that are generic and directly transferable to future systems. Demonstrations would be via sample science missions.  

Purchase of off-the-shelf technology is intended to accomplish two things. First, to begin advance designs and system upgrades of an existing unit which can be tested for effectiveness. The intention is to mitigate any need for a prototype phase in the design of a new AUV by using an existing platform. Secondly, to gain operational experience on science missions and engineering experiments. This allows us to understand the overall requirements of running AUV systems and establish the infrastructure to support AUV operations in the future. This method was employed by MBARI with the ROVs and proved to be invaluable. MBARI is the preeminent operator of Remotely Operated Vehicles for science. The high reliability of the new ROV design (Tiburon) is directly traceable to operational experience we incorporated in the advanced design.  The approach of gaining experience and applying it promptly has proven worthwhile. This model was very successful here at MBARI and did a great job of introducing ROVs to the science community.

Technology areas of interest with an operational system include:

a. power 

b. communication links

c. navigation aids

d. deploy / recovery operations

e. science instrument and hardware integration

f. interfaces for mission planning

g. technology transfer from Otter

h. variable buoyancy development (vertical profile capability for

                Science)

Several AUVs are available for off-the-shelf purchase. A variety of educational institutions and industrial manufacturers are offering turnkey systems. The down selection and recommendation of a system will take place during the 1997 AUV feasibility study.  A leading candidate is the MIT Odyssey vehicle. It has some limitations but it is also relatively in expensive, easily modified, the size is a great benefit for saving on manpower and ship time. It also has the added benefit of being a good hydrodynamic shape. One of the early plans is to develop a variable buoyancy system for AUVs that could greatly enhance the controllability of Odyssey and establish a baseline of power savings. A demonstration of vertical profiling and data collection for science is proposed. The basic philosophy is to do as much as possible with the minimum and use creative methods to accomplish science goals that would otherwise be high cost. Adding only as required for science needs while developing capabilities. 

2.3  In House Efforts with Stanford 

Our long-standing relationship with Stanford has brought technologies from the AUV test bed (OTTER) to ROV operations with the promise of having a positive impact on ocean science for the future.  Prof. Steve Rock has many successful autonomous land based vehicles working and is trying to employee these technologies modified for underwater systems. MBARI and Stanford have successfully operated in the test tank and have demonstrated several advanced features in vehicle controls. The Stanford connection through Prof. Rock adds oversight, experience, and the advanced research element for applying and developing advance controls to MBARI AUVs. 

Future actions would include the application of the developed technologies from Otter being demonstrated in the field on the proposed AUV infrastructure. Future technologies might include, but not be limited to, embedded systems, advanced controls instruments / hardware, new sensors, and improved communications with an AUV platform. 

2.4  Additional efforts and studies for 1999

One additional part of the program is to establish the scientist to AUV interface. The overall goal is to give the ability to scientists, with their technicians, to take an AUV on their own and run a complete operation without engineering or operational assistance. Mission planning code from the Naval Postgraduate School (NPS), developed under federal research funds, has been made available to users over the web. This code is broken into three levels for the various users and functions, the lowest level being engineering designed and the top level being a mission planner.  Don Bruztman of NPS has offered to lend any support he can towards seeing this technology implemented. The benefit of this approach is we can modify it to any extent that we wish and it operates in a real time environment. Future advancements for this Mission Planner will be in VRML (virtual reality mark up language) web based technology that is the 3D version of HTML.  The goal is to interface with a scientist who will visually plan a mission and execute it.  When the vehicle returns the data will plot against the planned mission for accuracy and be directly accessible. 

2.5  Relationship to other MBARI projects

The MBARI AUV project is an enabling technology for some long-term observatories. The concepts have been well published that MBARI would sees a future multi-sensor deployment of AUVs filling in the temporal and spatial data between permanently positioned bottom observatories and mooring systems. COMB is one such program and which will be coordinating design and technical input to allow future AUV docking with power and data transfer. The AUV program also is enabled by other projects. Various sensor and system projects underway or being proposed will advance the capabilities of AUVs and the valve they can add to the ocean science community. The acoustic recognition project, which we are collaborating with Prof. Roman Kuc of Yale on, will allow for low power operations of AUV functions currently being done on Ventana by video. This is an enabling technology due to the lower power consumption and ability to work in disturbed waters that impede vision systems. 

2.6  Goals for 1999 

Goals for 1999 include a New AUV System Specification defining the requirements, a collaboration agreement with MIT, a work breakdown structure for the New AUV activity, purchase of an operational AUV and the beginning designs for an AUV variable buoyancy system.  We hope to accomplish MBARI’s first AUV mission outside of a test tank or the harbor and demonstrate a science capability in “at sea” conditions. 

2.7
Goals for 2000 and beyond

Future goals include significant contribution to the specification of a new AUV class.  Another goal is involvement in the design, construction, test, and operation of this new class. Bringing the new AUV technology to MBARI and implementing it in the field. Establishing the detailed infrastructure to support away mission from the Monterey Bay area. Creating the interface capabilities for science ease for use and data retrieval. The last milestone of the project will be the publication initial intent, expended efforts and test results of this technology. The team will be available for follow-on projects resulting from the successful completion of various elements contained within the MAUV proposal.

3.0  Design  

Hardware items planned for the 1999 project year of the AUV proposal include a variable buoyancy system, sensor integration with associated hardware and mission planing software.  Each of these items will be treated as independent issues for purposes of in-house management and costing, this is easily accomplished since they are not interdependent. 

3.1
Variable Buoyancy Design, Build and Integration

A variable ballast system will be designed around the geometry and form factor of the vehicle purchased. The design will be as simple and robust as possible to facilitate the addition of ballast/de-ballast capabilities without incurring large costs and/or possible hazards such as losing a permanently ballasted vehicle. 

The ballast amount will be on the order of +/- 10 lb. and will include an acoustic and/or mechanical (i.e. magnesium) fuse to ensure recovery in the event of a failure in the ballasting system. A simple displaced volume system may be used due to simplicity of the design incorporating the use of many off the shelf items with proven workmanship. A very small compressed air bottle and a ballast bottle with the proper plumbing and valves could provide such a system. A rough estimate of the costs for such a system is as follows:

A. Analysis of the ballast system requirements for the AUV will be completed for space available to include a ballast system. Included in this study will be the effects of the additional weight and size (i.e., syntactic foam required, new resulting form factor, additional structural rigidity required, etc.), hydrodynamic behavior of a ballasted / un-ballasted vehicle and the effect of adding new materials to the AUV (galvanic corrosion, reduced signal strength, etc.)

B. Resulting specification for ballast system including emergency deballast system.

C. Conceptual design of ballast system including overall assembly drawings, incorporation of ballast system, and resulting CB and CG. Concept drawings of ballast system with initial design calculations for drag, strength, buoyancy, trim, pressure and ballast rate. Material compatibility studies to address potential problems and the proposed solutions. Estimate of material and fabrication costs and a timeline. Review by AUV team and changes incorporated as required.

D. Preliminary designs including detailed drawing package, preliminary analysis package, review by AUV team, and a revised schedule with costs as anticipated.

E. Critical design including fabrication drawings, review by AUV team, and purchase of long lead items.

F. Purchase of parts including and fabrication of ballast tank with support assembly.

G. Pressure test components and entire assembly with controlled test of assembly. Field test of assembly as installed.

At this point the hardware will be turned over to the software engineer for the automated controls development. This process will have been started at the same time but tank tests and gain modifications will be required. MBARI will develop an automatic buoyancy control algorithm in the following way:

1. Determine the controls requirements and specifications, such as allowable depth error and power consumption.

2. Investigate previous work.  Determine if acceptable models and algorithms exist, and are available.

3. Model the system mathematically, including models of the sensor(s), actuator(s), and system dynamics.  The sensor model will include accuracy and resolution.  This system model will likely be nonlinear.

4. Develop a computer simulation that includes the dominant effects and non -linearities.  This simulation will be used to evaluate control designs.

5. Design a feedback control law that will maintain a constant depth set point, or track a commanded depth profile as required.  Evaluate the design with the simulation above.

6. Determine and perform a set of tests that verify and validate both the algorithm performance and the software implementation, in real-time, on the target processor.

7. If feasible, test the control software module on the vehicle in the test tank.
3.2
Sensor Integration

Several advanced sensors will be purchased from the appropriate vendors for the purpose of putting advanced missions together. These sensors may include an Inertial Navigation System, an Acoustic Doppler Velocimeter, Compass, Pitch/Roll, and Gyro along with the CTDO which deemed correct by science.  These sensors will be integrated into the AUV (TBD) and will enable MBARI to begin operations of science experiments doing precision transects and other plan missions. 
3.3
Mission Planning Software

The objective of the mission planning software is to allow the science users of the AUV to design and execute missions, without requiring extensive knowledge of artificial intelligence and vehicle specific programming.  Ideally, the user will design the mission by selecting parameters such as way points, depth versus time, or depth versus location, etc., on a web-based GUI.  Then, strategic-level mission planning algorithms translate these requirements into a program, or some type of intermediate form that is uploaded to the vehicle.  The on-board computer contains lower-level mission planning algorithms that carry out the requested instructions, while performing real-time, tactical functions such as obstacle avoidance and vehicle safing.

These types of algorithms are complex and are currently the topic of much active research.  The MBARI development will begin by evaluating the present state-of-the-art and developing a Software Requirements Specification and a Software Test Plan.  This work will be coordinated with our MIT collaborator and other cooperative experts such as those at NPS.

4.0  Operation and maintenance  

The following sections address the support and operations issues.

4.1 Basic platform assumptions, requirements, and operational goals 

The AUV Team will be comprised of Engineering and the Marine Technicians that will work at testing the existing system, and integration of new tools and applications. Marine Technicians should be able to maintain and help support this AUV shore side, and in the field 1999 and beyond.  The AUV team will operate this AUV in 1999. The system will transition into science staff for field combined engineering and science operations after 2000, with operational support as needed. Eventually the system will be completely science oriented and operationally maintained. Engineering efforts will consist of upgrades and advanced systems designs as proposed at that time.  Vessels of opportunity should be able to deploy and recover this vehicle, in addition to our own larger vessels in 1999. This will give us plenty of flexibility in testing, deployment, and recovery operations. The primary design goal is that these operations will conducted off small vessel (i.e. MLML vessel John Martin). Subsurface Navigation and communications may be a part of any proposed operation, therefore the use of an LBL, USBL, and acoustic modems may be necessary in performing any missions or emergency tracking. These systems can be typically operated and maintained by the Marine Technicians.  The MBARI test tank may also provide an avenue to perform basic testing of systems, before we migrate to offshore operations. 

4.2 Staffing Issues

Currently the Marine Technicians are committed full time to the existing ROV operations. An AUV platform will require a trained group in the future for support. We recommend that MBARI commit the majority of time from a TSD technician to this effort at an early stage, and then supplement this with part time commitments from the other Marine Technicians (pulled from discontinued efforts in DMO), and along with the technical support staff. As this project develops any additional support requirements can be scoped and addressed in the future with the updated proposals. 

4.3 Facilities 

Our current facilities can temporarily support a single AUV maintenance and development effort within building B. Once the expansion of building B is done an area suitable for maintenance can be determined. Once a commitment has been made to an AUV project it would be desirable to optimize an area for AUV and ROV related operations. 

5.0  Deliverables

A. Collaboration agreement with MIT

B. New AUV Specification with MIT

C. Work breakdown structure for new AUV

D. Purchase of an existing AUV

E. Design and construction of an AUV Variable Buoyancy System

F. Bring Mission Planning software in-house and evaluate

G. Updated Proposal for 2000 and out years.

6.0
Project Team and Contribution to project

W. J. Kirkwood – Project Lead MBARI, demonstrated capability in vehicle design and project management with Tiburon and previous engineering efforts.

D. Clague – Lead Scientist MBARI, represents MBARI science department interests as Director of Science in Research and Development for MBARI

M. Greise – Project Engineer MBARI, 10 years of experience in detailed design and analysis of underwater systems. 

C. Grech – Project Operations MBARI, represents the operational considerations and development of infrastructure for MBARI. Previously a leading pilot on Ventana and was Chief Pilot of Tiburon.

J. Bellingham – Collaborator MIT, specialty in AUV design and technology, renowned career for development and advanced of autonomous underwater vehicles, Adjunct status at MBARI

S. Rock – Collaborator Stanford, specialty in AUV advanced control concepts, key leader in joint effort of Otter demonstration vehicle at MBARI. 

R. McEwen – Controls Engineer MBARI, experience in advanced control systems, will implement and evaluate the mission planning software along with the variable buoyancy controls hardware and software. 
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