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Abstract – The Monterey Accelerated Research System (MARS) is designed to serve as a test bed for mitigating significant risk factors in the design of the next generation of scientific submarine cabled observatories.  Installation is currently planned for late 2006.  The overall goal for MARS is to build a small scale observatory with the elements required to gain a better understanding of 1) the methods and costs of developing instruments and experiments for these new observing systems and 2) the methods and costs associated with operating and maintaining such a system for the scientific research community.  This paper will provide an overview of the MARS observatory, describe the MARS development process and the lessons we have learned from this process.  
I.  INTRODUCTION
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The Monterey Accelerated Research System (MARS) is a new generation cabled observatory test bed to support ORION regional cabled observatory activities (Fig. 1). 
Fig. 1 The MARS Observatory Testbed


MARS provides a complete implementation of the design studies started under the NSF sponsored NEPTUNE projects [1].  This new generation of regional scale cabled observatory provides a high power, high bandwidth infrastructure with 4D (X, Y, Z and time) observing capabilities for current, next and future generation instruments.  The design supports spatial scales from sub-meter to 100s of kilometers and time scales from microseconds to decades.  Development of a small scale test bed is a pragmatic measure for mitigating many of the risks associated with the development of larger, regional scale cabled observatories.  The MARS test bed is explicitly designed to address the following.

· Enable the development of new instruments and methods
· Entrain the research technology community

· Test operations, management and outreach methods and costs including industry partnering

· Provide a real life scenario to refine ORION requirements

· Test aspects of NEPTUNE technology 

· Conduct cabled observatory science

II.  SYSTEM ENGINEERING IN A SCIENTIFIC RESEARCH ENVIRONMENT

A. 
 Overview of the System Engineering Process


A project the size and complexity of MARS requires the use of an appropriately rigorous, systematic engineering approach to maximize the scientific return on investment.  The process used for MARS is adapted from the tools, techniques and processes developed for industrial and military projects [2]. We have found at MBARI that even smaller projects benefit from appropriate application of these techniques and a brief overview will be presented here.  

The foundation of the system engineering process is the development of comprehensive user or functional requirements.  These requirements define in the user’s vocabulary what the system must do in order to accomplish the science mission.  We have chosen to call them the Science User Requirements (SURs) to emphasize that these requirements are driven by the science. We have found that development of requirements for a scientific research system differs significantly from the process as practiced in industry and described in the System Engineering literature.  For example, one of the key capabilities of these new generation, high power, high bandwidth cabled observatories is enabling a new generation of instruments and experiments.  In order to deliver on this potential, a critical science requirement is that the observatory must be expandable and flexible in order to support a variety of instruments and experiments, the most exciting of which haven’t even been developed yet.  However, achieving science return in the short term with current generation instruments will be critical in guaranteeing the future operation of these observatories.  These seemingly contradictory requirements are not typical of the systems being developed in industry. To 
MARS has been funded by grants from the US National Science Foundation and the David and Lucille Packard Foundation.

address this (and other) issues, we solicited a range of scientific use case scenarios from probable MARS users (http://mww.mbari.org/moos/MARS/mars_use_case.htm).  Additional use case scenarios were developed at wider community workshops such as the CROW/RECONN, NEPTUNE Pacific Northwest Users Workshop and as part of the ORION RFA process.  These use cases were written by science teams inside and outside MBARI and in most cases have resulted in proposals submissions.  The range of use cases spans novel deployments of existing instruments to experiments that can only be considered with the advanced capabilities provided by MARS.  The MARS engineering team met several times with each science team to flesh out and iterate each use case until the science needs were well understood by the design team and the pros and cons of the design approach was understood by the science team..  


Ideally, the science and engineering teams would collaborate on writing the SURs with the final responsibility for and control of the SURs residing with the project scientist.  After the first release of the SURs the design team would develop the first draft of the Design Requirements (DRs) with the project scientist.  The DRs define how the system will be designed to meet the SURs and are generally the responsibility of and under the control of the project or system engineer.  The science and engineering teams iterate the SURs and DRs until an optimal design emerges.  Defining an optimal design is of course a difficult task and requires significant judgment and experience on the part of the project team.  In the NEPTUNE case, overall life cycle cost was a useful optimality criterion.  In the MARS case, the ability to address the previously identified priorities within the available budget was the overriding factor.  


This process of developing SURs based on specific, detailed science use case scenarios for MARS has proven reasonably robust.  As the design developed, the cost and schedule risks of various design decisions could be weighed against a range of specific science use scenarios and both the SURs and DRs modified when necessary to optimize the ability of the system to meet the highest priority science needs given the available budget.  A similar approach was used by the VENUS and NEPTUNE Canada projects and is currently be implemented in the ORION request for assistance (RFA) proposal process.

B. System Engineering Example


As an example of the kind of work undertaken during the system engineering work consider the development of the Data Communication Subsystem (DCS) architecture.  The DCS for a regional scale submarine cabled observatory is more analogous to a terrestrial metro area network than a submarine telecommunication system.  However, the development of reliable submarine telecom systems represents 100s of man-years of engineering at a cost that cannot be considered for a scientific system.  We had two potential DCS concepts.  The baseline was the system proposed in the NEPTUNE feasibility study based on commercial-off-the-shelf (COTS) terrestrial communication equipment technology.  The second concept was based on current submarine telecommunication equipment with a minimum of terrestrial equipment deployed in the water.  A detailed trade study evaluating the two approaches was performed.  The basis of the choice would be on minimizing overall life cycle cost while meeting the draft Science User Requirements We developed a set of evaluation criteria and used them to evaluate the cost of each concept over the 25 year desired life span. 


Since minimizing overall life cycle cost was the decision criteria, some way to compare system reliability and estimate repair costs was required.  The approach we used combined standard reliability engineering analysis and network design software tools. Many of the current tools and techniques used for designing high reliability hardware systems were developed by AT&T Bell Laboratory during their development of the early submarine telecommunicating systems.  Commercial network design and simulation software exists and were used as part of the baseline design process.  Although Bell Labs no longer exists, some of their expertise still resides at Telcordia Technologies and we took the extra step of meeting with their network reliability experts to verify our approach.  We were gratified to learn they agreed our hardware and network design approach was reasonable but were somewhat surprised to learn that no standard approach to network reliability modeling existed.  In general, Telcordia develops a custom model for each network they design.  Our situation was further complicated by the mesh topology proposed for NEPTUNE and the limited weather window for repair activities on the Juan de Fuca plate.  An additional complication is the possibility that a node design could be developed that allowed UNOLS academic ships and ROVs to accomplish much of the required repairs at substantially lower cost than other options.  In order to address these issues we developed a custom meshed network reliability model using Monte Carlo techniques.   


The trade study was a significant effort and generated valuable information about what affects the overall life cycle cost of a scientific cabled system.  The benefits of a mesh topology where any node has multiple routes back to shore and other nodes were quantified and could be used to determine the maximum allowable failure rate of in water hardware.  A less quantitative benefit of the trade study resulted from the competitive nature of the process.  The proponents of each design concept spent considerable effort optimizing their approach as the results of the trade study identified strengths and weaknesses.


In the end, the difference in total life cycle cost between the two concepts was well below the error in the estimates that made up the total.  Unfortunately, estimating life cycle cost for a new system requires a fair amount of judgment and is subject to significant error.  The final decision to use the baseline DCS approach for MARS was based on a combination of qualitative criteria like flexibility and expandability and very real budget constraints that prevented significant expenditures for high risk development efforts.   It is interesting to note that the DCS approach selected by the NEPTUNE Canada prime contractor is the alternate approach considered in our trade study.

III.  MARS SYSTEM OVERVIEW

A. 
 System Architecture


The basic MARS architecture consists of a high performance power distribution and data communication backbone network and an access network optimized for supporting a variety of instruments and experiment configurations (Fig. 2). 
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Fig. 2 MARS Top Level Block Diagram
The initial MARS deployment consists of a single node at the end of 50+ km of electro/optical cable in 890 meters of water.  The node provides 9 kW of power and 2 Gbits/second of telemetry to scientific users.  In addition, time signals are provided to synchronize data, instruments and experiments.  Coarse time with accuracy of order 10s of milliseconds is provided using standard Network Time Protocol (NTP) over the “in band” Ethernet communication channel.  A precise 1 PPS clock signal with accuracy of order microseconds is provided on a separate “out of band” channel.  The design provides support for hundreds of instruments using secondary nodes and extension cables.  In addition to the core infrastructure, the MARS design includes elements that are required to achieve the full potential of these new generation observing systems.  These include reference designs that simplify interfacing equipment to MARS; subsystems that support instrument development and functional verification at a PIs lab, at the MBARI test tank and during deployment; ROV based tools, techniques and processes for operation and maintenance of the in-water equipment and a framework for managing and allocating resources.  In addition, we have strategic teaming arrangements with other projects to begin addressing the difficult problem of developing the cyber-infrastructure, e.g., data management, distribution and archiving, required to deal with the vast amounts of data even a small observatory like MARS can generate.  


Several key design decisions make it possible to meet the wide range of MARS SURs.  For example, the entire set of active in water electronics can be replaced by MBARI or UNOLS ships and ROVs (Fig. 3).  This allows for economical repair and system upgrades to be accomplished using academic assets as well as with larger more expensive cable repair ships.  The in water cable plant does require cable ship operations to repair or replace and this part of the system has been designed to support state of the art dense wave division multiplexing allowing data bandwidths in the 100s to 1000s of Gbit/second range.  Power distribution approaching 100 kW can be accomplished to support additional nodes by upgrading only the node and shore electronics, no change to the in cable plant is required.  
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Fig. 3 The MARS Node Dry (above) and in the MBARI Test Tank (left)

The issue of how much power and data bandwidth is required to support current and future needs has been a topic of much discussion.  We have analyzed dozens of science use cases for MARS, NEPTUNE and ORION experiments.  These use cases include experiments that can be accomplished with instruments available today and experiments that will not be practical until the next generation of observatories and instruments comes on line.  We have found that 9 kW and 2 Gbits/second per node is more than enough to support current generation experiments.  As an arbitrary example consider a cabled observatory with 26 MARS type nodes.  This observatory would be able to support at each node 5 broadband seismometers, 4 ADCPs (1 profile per minute), 4 CTDs (1 sample per minute), a 16 element 50 Hz to 20 kHz acoustic array and 1 HDTV with lights (assuming standard HDTV compression and 25% duty cycle) and still only use 10% of the available power and bandwidth.  However, there are several experiments currently being planned that will approach the 9 kW of power available at a single node.  For example, we are currently working with the IODP to drill several boreholes near MARS and design well heads suitable for ROV supported experiments.  One set of experiments involves pumping fluid into or out of one borehole and measuring the pressure field and fluid properties at an adjacent borehole.  The initial estimates of power required to support the pumps are in the 5 to 10 kW range.  We have not yet seen any specific science use cases that approach the bandwidth limits of the design.  The only application we have identified that might stress the bandwidth limits is uncompressed, full frame rate HDTV at ~1.5 Gbits/second.  Compressed HDTV only requires 20 Mbits/second and is well within the capabilities of the current design.  Work being pursued at MBARI on automated detection of species and events will address the losses induced by data compression for one specific quantitative video application.  

B.
Power Distribution Subsystem

The PDS is one area where to the best of our knowledge at the time an existing commercial solution could not be adapted to meet our requirements.  Distributing 100s of kW over a large number of nodes to support an ever changing set of science needs required a new approach.  A team from the University of Washington and the NASA Jet Propulsion Laboratory developed a parallel power distribution design that is described in greater detail in a companion paper [3].  The design is expandable to support additional nodes and provides the overcurrent protection and ground fault monitoring necessary to ensure a failure in one experiment does not compromise other experiments.  
C.  Data Communication Subsystem


The DCS uses optical wave division multiplexing to provide 2 Gbits/second of telemetry on each of two Ethernet channels on the node to shore backbone network.  The design is expandable so that additional nodes can be added if needed.  An access network is provided for science equipment on the seafloor (or on land) that uses standard 10/100Base-T Ethernet and TCP/IP protocols.  The DCS is described in greater detail in a companion paper [4].

D.
Out of Band Communication & Timing Subsystem


A separate pair of fibers is dedicated to an out of band communication (OBC) channel that provides a simple, reliable interface to diagnose problems with the complex routers and computers in the node through their console ports.
 In addition to providing a “back door” to the node equipment console ports, the OBC provides a deterministic mechanism for distributing precise time using a 1 PPS clock signal.   

E.
 Science Instrument Interface Subsystem


A critical requirement of the MARS system was to support last, current and future generation instruments and experiments.  To emphasize the importance of the interface to the science users we have partitioned the system to include a SIIS that is the only wet side interface that science users will need to work with.  The SIIS includes the primary ports at the node, science instrument interface modules (SIIMs) that allow past and current generation instruments to easily interface to the primary ports, secondary nodes that allow multiple instruments and experiments to multiplex into one primary port and extension cables that allow instruments, experiments and secondary nodes to be deployed up to 100 kilometers from the main node.

The MARS node provides 8 primary science ports on 12 pin ODI ROV wet mate-able connectors.  Each port provides power at 400 and 48 VDC, a 10/100Base-T Ethernet TCP/IP communication port and a 1 PPS precision time signal.  The 400 VDC can is intended for high power instrument e.g., pumps, lights, ROVs and driving extension cables.  The full 9 kW can be distributed as necessary across any one or all ports.  Up to 1 kW of power can also provided at 48 VDC so that low power instruments, which probably represent the vast majority of instruments that will be connected to any observatory, won’t have to deal with the safety issues of higher voltages.


As we’ve mentioned, these new generation observatories are designed to encourage, enable and support the development of a new generation of instruments and experiments.  This last point, that the observatories are designed to support experiments as well as instruments is important.  We expect that early experiments on MARS and larger RCOs for which MARS serves as a test bed will in large part connect individual instruments to primary ports.  However, the next generation of experiments will more likely be suites of instruments at one or more nodes collaborating with each other to conduct sophisticated, adaptive and in some cases event driven experiments.  In this situation, the suites of instruments would generally communicate with an intelligent controller that coordinate activities between instruments and shore based algorithms, models, cyber-infrastructure and users.  The choice of how much intelligence goes in the water vs. how much remains on shore will of course depend on the exact experiment but providing this feature has several benefits.  1) Local data logging and battery power could power a subset of instruments to insure invaluable data is not lost in the event of a failure in the infrastructure.  2) High bandwidth closed loop control algorithms could be performed at the experiment site.  An example of this approach is the pumping experiments planned for the MARS boreholes.  In these experiments a COTS pump and controller will be configured to run for extended periods at a constant flow rate or a constant pressure at one bore hole with the flow rate or pressure loop closed at the injection bore hole or with data from the adjacent borehole.  The pump will continue to run as expected regardless of traffic volume or outages on the backbone.  It was these issues that drove the choice of Ethernet and TCP/IP.  It is true that the vast majority of past and current generation instruments use RS-232 and proprietary protocols and only a very few, very recent instruments use Ethernet.  However Ethernet became the logical choice for a number of reasons.  Ethernet is a widely adopted standard enjoying the benefits of a large and competitive marketplace providing a range of COTS data acquisition, control, storage, video, computing and other equipment, Ethernet provides a data rate capable of supporting every instrument we’ve seen in our use cases except full frame rate, non-compressed HDTV which can’t currently be supported by any reasonable standard and a range of COTS converters exist and have been tested that can be used to simply and economically convert RS-232 equipment to Ethernet.  We made the Ethernet decision early in the NEPTUNE project and have reviewed it on many occasions with many groups in the science community without objection.


We’ve chosen a 2 phase approach to time distribution.  The majority of use cases can be supported with millisecond or so accuracy.  This can be provided using the widely adopted NTP time protocol over the Ethernet port.  Instruments can be designed to make use of this protocol without any additional hardware.  However, the baseline communication approach uses routers to take advantage of the reliability benefit of multiple routes from any node in a meshed network back to shore.  Routing is inherently a non-deterministic process and achieving accuracy better than ~10 milliseconds is not achievable without significantly more in water hardware and limited COTS availability.  Adding a precision 1 PPS clock to the existing OBC channel was straightforward and didn’t require significant additional in water hardware.  Both time signals are synchronized with UTC(USNO), the same time reference used by the GPS.  This 2 phase approach is identical to the approach provided by GPS receivers and currently used by existing ocean bottom seismometers.


One of the steps in systematically engineering a system is to merge functionality whenever reasonable.  In our case we needed to 1) provide a converter between Ethernet and RS232 equipment, 2) provide a way to power current generation 12VDC battery powered equipment and 3) drive long extensions cables.  The SIIM mentioned earlier is a key element of the SIIS and effectively merges these functions.  Different combinations of these three functions need to be provided at each primary port depending on the specific set of experiments connected to a specific node at a particular time.  Rather than building the node with an ability to configure each primary port as needed increasing node complexity and reducing reliability, we designed a small economical, modular SIIM that can be easily configured with the required functionality, connected to an instrument and tested on shore as necessary.  The goal is that once a SIIM is configured and tested with a specific instrument, it becomes an integral part of the instrument, basically a lump on the instrument or extension cable that provides the interface to the MARS node.


In almost all use cases we have considered for MARS, NEPTUNE and ORION, there is a need to put instrument suites at sites of scientific interest remote from the main node site.  In fact, during the NEPTUNE cable route study, it was clear that the main nodes would have to be placed at some distance from sites of great scientific interest, e.g. thermal vents, in order to protect then node and backbone cable.  The range of scenarios for remote sites include low power, high power, short distance, long distance, single instrument, single PI instrument suite and remote sites that will be of interest to multiple PIs.  All combinations of this matrix can be covered with 2 or 3 extension cables types, the SIIM described above, and secondary nodes using academic (or other) ships and ROVs for deployment.  


10/100Base-T Ethernet has a distance limit of about 100 meters.  Beyond this, an extension cable of some type will be required.  We have developed a ROV cable laying capability at MBARI for our Ventana and Tiburon ROVs both of which are roughly comparable to ROPOS and JASON II.  We currently have one cable qualified for this use that provides 4 single mode fibers that can, in conjunction with a SIIM, provide up to four 100 Mbit/second Ethernet channels with a 600 Watt-km power delivery capability, e.g., delivery of 6 Watts to the end of a 100 km extension cable, or 100 Watts to the end of a 6 km extension cable.  Two additional designs will cover the majority of uses cases.  The second cable type would provide higher power delivery but would only be practical for deployment from an ROV over distances less than a few 100s of meters.  The third cable type would be able provide 9 kW to the end of a 100 km extension cable.  This type of cable could be deployed by a UNOLS class I (or better) ship with a custom spread of deployment equipment than can be installed and removed when necessary.  More expensive cable ships or other ships of opportunity could also be used for this cable type.

The secondary nodes referred to above duplicates the basic MARS functionality without the multi-Gbit/second backbone. We generally expect secondary nodes to be used at sites of scientific interest to multiple PIs.  It is reasonable to expect these sites to be occupied for years to decades and the robust, high power; high bandwidth extension cable would be used.  Since the general use will be on the end of a single extension cable connected to a single primary port at the main node, a single 100 Mbit/second link is all that is required (or available) and the total bandwidth for instruments at a secondary node is also limited to this 100 Mbit/second value.  The secondary ports on the secondary nodes would have the same functionality but the aggregate bandwidth of all instruments at the secondary node cannot exceed the 100 Mbit/second limit and the total power cannot exceed whatever percentage (0 to 100%) of the primary node’s 9 kWatts is allocated to the primary port driving the extension cable.  Secondary nodes can be daisy chained for many “hops” or to multiplex many low to moderate bandwidth/power instruments into a single primary port.


The SIIS also includes elements that we believe are necessary to ensure an acceptably high success rate for experiments working when first deployed.  The concept (as yet unfunded) involves the development of “fly away” MARS node laboratory simulators and a “wet side’ MARS node simulator at the MBARI test tank.  The lab simulators can be provided to developers for testing of their equipment in their lab.  This simulator would provide a simplified MARS primary port for instruments and a connection to the MARS network in a developer’s lab.  The developers could then connect their instrument(s) to the simulator and control them through the internet and the MARS network from the lab.  In addition, a standard test procedure would be provided that when all tests are satisfactorily completed would indicate readiness for the next phase of testing.  The wet simulator is a MARS node on the MARS network in a rack sitting next to the sea water test tank at MBARI.  The primary port wet mate connectors would be cabled into the test tank.  This would provide the ability for complete wet testing in an environment reasonable close to that of the actual MARS node.  Again, a standard test procedure would be provided that, once passed, would indicate readiness for deployment.
IV.  LESSONS LEARNED

A. 
 Project Organization


Scientific submarine cabled observatories are large, complex projects.  At this point, they are system integration projects, not research projects.  Real progress didn’t start until we defined MARS as separate development project separate from previous research oriented projects but driven by ORION needs.  We identified a single MARS project manager and a technical team led by a single system engineer and the subsystem team leads.   The general system engineering approach required for projects of the nature has been developed over many decades on numerous projects.  Definition of requirements, thorough analysis of design options, configuration control, interface definition and control, design reviews, development of test plans and procedures and a host of other elements are all necessary and required for a successful project implementation.  Significant cost, time and risk will be incurred if these tools, techniques and process aren’t already being applied successfully at all levels of the project. 
B. 
Science User Requirements


The timing of the MARS project was such that we were not able to follow the ideal requirements development process described above.  We were able to enlist the support of a variety of scientists from MBARI and other institutions.  However, we would have benefited from a dedicated, specific project scientist responsible for the SURs.  The project scientist would serve as the liaison to the greater community to make sure the SURs were properly reviewed and, to some extent, approved by the science user community.  Keeping the SURs under the control of the project scientist and separate from the DRs (under the control of the system engineer) is important in ensuring the entire process is science driven.  We recognized the dangers inherent in this non-ideal situation and made every effort to verify the MARS SURs and DRs against the MARS and wider community use cases.  
B. Design of High Reliability Submarine Equipment


The difficutly in designing submarine equipment that will last for decades in the ocean should not be underestimated.  Engineers experienced with long life submarine systems need to be involved from the beginning of the design development process to ensure that any design concept being pursued has a reasonable probability of meeting the design, analysis, packaging, thermal, reliability, test and installation requirements.  
C. Mission Assurance


A clear, appropriate mission assurance plan is required early in the project life cycle to ensure everyone involved is addressing all the details e.g., quality control, hardware and software design standards, manufacturing standards, configuration control, required for a successful mission. The lack of a MARS MA Manager made this goal difficult to achieve.

D. Industry involvement


We made a strategic decision early in the MARS project to involve industry as an integral part of the MARS team.  It was clear to us that solutions to several particularly risk elements of MARS existed in the commercial sector.  These elements include deployment, design of the cable plant including cable and cable terminations, HV testing and some long life design issues.  These elements have been addressed successfully for decades by the telecommunication industry and it made great economic sense to select key industrial partners for MARS.  Our partners, Alcatel and Maripro/Nautronix delivered high quality equipment in a timely manner and have been critical to the success achieved so far.  Industry clearly has a valuable role to play but controlling costs is crucial.  At this point, the research elements of observatory development have been addressed.  Clearly defined requirements and specifications can be defined by the academic community and firm fixed price proposals with the necessary cost controls can be solicited from industry.  These kinds of contracts are not possible at most academic research labs.  As an example, consider the 10 kVDC to 400 VDC converter required for MARS.  To the best of our knowledge at the time, this kind of device was not available commercially.  The initial specifications, analysis, design and prototype was accomplished by the MARS academic partners.  However, we had significant difficulties in producing the deployable unit and a firm price and schedule for the final unit could not be fixed with any assurance.  Our partner Alcatel had been involved with the PDS design team from the beginning of MARS and had serendipitously just been awarded the NEPTUNE Canada RCO contract.  Alcatel was able to take over the development of the deployable unit on an economically reasonable, firm fixed price and schedule contract basis.  
III.  FUTURE WORK


Delivery of the 10 kV converter is scheduled for July 2006.  Final system integration and test will follow with deployment scheduled by November 2006.  Commissioning will follow and we expect MARS to be ready for use in April 2007.  In parallel with the design development process, we are working with NSF and the ORION project office to develop the plan for MARS operation and maintenance.  Several projects have already been funded to deploy equipment on MARS and we are working with these design teams now.  During this same time frame, we hope to start development of the nodes simulators.  A critical goal of MARS is to test bed the risk elements of scientific cabled observatories to benefit future efforts.  We are working with groups in the US, Canada and Europe to develop mission assurance, interoperability and instrument quality control standards that we hope will benefit all these efforts. 
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