Physical Infrastructure of Next Generation Ocean Observing Systems

The ORION initiative builds on advances in fields such as subsea cable technology, satellite communications, and mooring design, and is fundamentally enabled by the Internet.  The potential and challenges of creating regional-scale cabled observatories, coastal observatories, and global mooring arrays are discussed extensively in a variety of reports
, 
, 
, 
, 
.  While it is clear that many of the enabling technical advances originate from outside oceanography, it is equally clear that the creation of the ocean observatory infrastructure is more than just a straightforward application of existing technologies.  The mooring arrays envisioned for the coastal Pioneer and Endurance arrays involve more individual moorings and instruments than any prior mooring arrays.  The global mooring system requires power and communication connectivity from the surface to the seafloor with reliability hard to guarantee with the existing state of the art.  The regional scale cabled observatory uses telecommunications cables in a way never envisioned by the telecommunications community, to support networks of instruments on the seafloor.

In many respects, the engineering goals of ORION can be summarized as follows:  to make ocean observations easier, and the resulting data more broadly accessible.  In recent years, advances in sensors, platforms, and computation tools such as assimilative ocean models have been dramatic.  However, for the most part such systems are accessible only to the developers.  For some technologies, for example for Autonomous Underwater Vehicles (AUVs) which have been commercialized, participation is somewhat more flexible, extending to scientists willing to take on the burden of maintaining a technical team capable of operating and maintaining the vehicles and its instruments.  The ORION effort seeks to lower the threshold for participation by taking two key steps.  First, an infrastructure to provide power and communications for widely distributed in situ instrumentation will be created.  Second, the resulting facility will take at least partial responsibility for community instruments and make data easily accessible.  The vision is to engage a broad range of scientists, from those who develop instrumentation and carry out complex experiments in the ocean, to those who engage in discovery through interaction and manipulation of oceanographic data sets and databases.

While the objective is to enable the individual PI, the creation of the infrastructure to accomplish this goal is a large undertaking.  The scale of the ORION infrastructure makes formal engineering practices essential.  Management structures must provide for such activities as:  gathering science needs to drive system design, developing and vetting initial functional requirements, deriving system specifications from functional requirements, reviewing system and subsystem designs at various stages of maturity, ensuring designs and fabricated elements meet system specifications, developing training and operational procedures, and more. The large number of activities involved in a project of this scale makes project management a critical ingredient for project success.  The challenge of translating desired functionality into quantitative system performance specifications, and ensuring designs satisfy those performance specifications, elevates system engineering to a central role in the enterprise.

A particular challenge in the development of large scientific systems is ensuring that science needs are clearly represented to the engineers who are designing and building the system.  A substantial upfront investment is needed to derive what are called the ‘functional requirements,’ which are the statement of what functions the users (in this case the scientists) wish the system to perform.  However, the uniqueness of the observatory systems makes such projections particularly difficult.  The designers of new ocean observing systems must anticipate patterns of science use to ensure the resulting infrastructure can support science that has yet to be imagined.  While new and unexpected ways to take advantage of the infrastructure will undoubtedly emerge, a detailed planning process that anticipates patterns of use is clearly a worthwhile investment.  Such a process requires developing scenarios for science use of the system, with the value of the exercise being notionally proportional to the level of detail and realism in the scenarios.  Such a process is just the beginning of science input into the design process, and virtually all ‘large science’ activities have a chief scientist continuously engaged with the engineering team to ensure priorities remain balanced, and to provide science guidance for resolving inevitable conflicts that will arise.

The particle physics community is often held up as the prototypical ‘big science’ discipline, and the history of large system developments carried out by this community provides a rich source of lessons.  Galison’s case study of the development of the Time Projection Chamber (TPC) provides insight into the challenges of the science-engineering interaction and the evolving roles of each in big science activities
.  The Time Projection Chamber is a device that allows the three-dimensional reconstruction of many charged particle paths through a volume simultaneously, an essential capability when high-energy collisions produce many secondary particles.  What made the development of the initial TPC challenging was, unlike most earlier large-scale high-energy physics projects, the engineering and physics could not be easily separated into distinct elements of the project.  Furthermore, the complexity of the project made it impossible for any one individual to encompass all the key elements.  Jay Marx, a physicist, who served as project manager for a significant period, articulated his lessons learned, “…THE INTERACTION BETWEEN ENGINEERS AND PHYSICISTS IS CRUCIAL.  Leave an adequate R&D phase in the beginning where the specifications and cost tradeoffs can be argued by physicists and engineers.  These debates should be aggressive and forthright.
”  Other important lessons revolved around the need for engineers to understand the science drivers, and for physicists to understand engineering processes.  

The success of ORION depends on achieving close and productive collaborations between many normally weakly interacting communities.  Oceanographers from a wide variety of disciplines must agree on the fundamental needs driving the creation of next generation Ocean observing systems.  Technologists from a wide array of disciplines will be called on to create new capabilities to enable the physical infrastructure, new instrumentation, and the cyberinfrastructure that binds the elements into a whole.  Engineers will apply existing and new technologies to create the large systems that will be the enabling elements of ORION.  Academic, government, and commercial organizations will all play essential roles.  To succeed, we will need to attract and retain the best talents in all these domains.  This requires an atmosphere of partnership, built on mutual understanding, respect and trust.  The GEMINI telescope program confronted challenges reaching such synergy early in its history, and as a response adopted the “General Principles for Gemini Partner Interactions.”  We suggest the ORION community consider discussing and articulating its’ principles.

Establishment of testbeds for the observatory program provides a way to develop experience with observatories on a smaller scale before committing to the design of the full-scale systems.  Such testbeds not only allow testing of technical elements of the observatory, but by enabling the development of an ‘observatory user community,’ build an experience base which will be invaluable for informing the science needs and functional requirements for the larger systems.  The regional scale cable observatory has two testbeds; the NSF funded US testbed is MARS, while the testbed for the Canadian NEPTUNE program is VENUS.  Further, the ~6 node regional scale cabled observatory being installed by NEPTUNE Canada can be regarded as a testbed for the subsequent larger US regional scale cabled observatory.

Instrumentation

The power, communication, and timing infrastructure of new observatories effectively opens the door to the deployment of more complex, more power intensive devices than can presently be routinely deployed in the ocean.  Further, the distributed nature of ORION provides the ability to make simultaneous observations in widely distributed parts of the ocean.  Consequently while the opportunities for instrument developers to create new classes of ocean instruments has never been greater, the demands of ensuring those instruments are calibrated, reliable, and openly available are significant.

What sorts of instruments will the availability of abundant power and continuous connectivity enable, and how will scientists interact with them?  The borehole experiments described by the Fluid-Rock Interaction and Its Influence on Life working group illuminate some of the possibilities.  The geohazards posed by gas hydrate decomposition would investigated by an experiment in which heating elements were used to heat hydrates and the effects on the surrounding seafloor monitored for a period of a year.  Pumps for sampling fluids from nearby boreholes would be employed in addition to a variety of sensors.  Such an experiment is possible only within an infrastructure that can provide substantial power over the extended period, and having a high bandwidth communication link would make chances of success much higher.  Looking to the future, one might expect in situ experiments to be a significant ORION activity, and early science interest for the MARS cabled observatory seems to confirm this.

At the MARS User Meeting at the December AGU Conference, eight proposed activities were outlined
.  One of those was a benthic lander, which is accompanied by three benthic crawlers
.  One of the crawlers, which carry a variety of sensors, is already assembled and operating in a test tank in Germany.  Design of this system took maximum advantage of a high bandwidth link, using Internet capable actuators and sensors to eliminate the need for onboard intelligence.  The interface to the crawler is a web page, which among other items displays images from a still camera.  Experiment options unavailable with a fully autonomous system are possible.  One simple example:  a scientist can choose the location on the bottom for the benthic chamber experiment.  Construction of the crawler took four months.  This vignette suggests the possibilities:  by assuming human supervision or shore-side computation, the in situ hardware can be simplified dramatically while increasingly flexibility.  By drawing power from a cable, restrictions on hardware selection driven by power management are greatly relaxed, as compared to battery-operated systems.  These two factors should allow the oceanographic community to expand from passive observation and sampling, to direct in situ analysis and experimentation.

Certain ORION activities are driven by the need for spatially distributed measurements.  For example, the Earth Structure working group outlines the need for filling in the global coverage of seismic stations, especially in the southern hemisphere where there are few oceanic islands.  This is an example of an activity where ORION will need proven instrument designs that can be replicated in quantity, deployed and operated reliably by staff other those who designed it, which are designed to connect to the infrastructure, and which produce data and metadata which can be readily archived and incorporated into databases.  Since instrument development is expected to be a significant activity, review processes for verifying instrument designs and functionality of supporting data archiving and accessing systems prior to full deployment will be a necessity.  

Distributed observations of the water column are more complex, often requiring a heterogeneous mix of observational assets, for example moorings, drifters, and mobile platforms.  Autonomous Underwater Vehicles (AUVs) can provide dense, in situ measurements that cannot be obtained via a fixed infrastructure, and largely for this reason half of the ORION science workgroups identified AUVs as an important observatory element.  The spacing of seafloor observatory nodes, whether elements of a global mooring array, or distributed on the backbone of a regional-scale cable observatory, will significantly under sample many processes in the spatial domain.  Presently, propeller-driven AUVs with physical, chemical, biological, and/or bottom mapping sensors, have endurances on the order of a day or less.  A docking capability allows AUVs to draw on the power and communication infrastructure of a seafloor observatory enabling extended, sustained operations of AUVs.  However, docking has only been demonstrated as a proof of concept, and is not an operational capability at present.  Furthermore, the present generation of AUVs are serviced by humans between operations.  Consequently, a high priority for ORION is the development of AUVs and docking systems capable of operating without human presence for extended periods.

While the instrumentation possibilities afforded by ORION are exciting, a host of challenges must be addressed.  For example, who will own, maintain, and operate community instrumentation?  Will this be the role of facilities, or of teams of scientists and engineers?  Will the traditional individual PI instrument development model be sufficient to create instrumentation for ORION, and if so, how will instruments be transitioned to community use?  The concept of a community instrument encompasses several needs.  Certain classes of measurements or operations will be common needs of large groups of users, and these should be available to all.  Furthermore, instruments that require a significant investment should be designed to satisfy the broadest possible range of users, not just the needs of a single investigator.  Finally, the  

The development of community instruments brings a unique set of challenges, as was learned in the Gemini community instrument programs
.  The construction of the twin 8 meter telescopes, one on Mauna Kea and one on Cerro Pachón were matched by several community instruments development efforts.  The underlying logic was that investment in creating the 8-meter telescopes ($184M) demanded an equivalent effort to ensure first-rate instruments.  The scale of each of these development efforts was roughly comparable to larger oceanographic instrument programs.  As events unfolded, all of the developments were delayed, with not a single community instrument ready to be used when the telescopes became operational.  A meeting was held to discuss the lessons learned, with 14 presentations.  The central issue raised was the importance of effective project management, with a list of both important and undesirable features identified.  Many other topics were discussed including identifying the customer (the Gemini project office rather than the end users, who are too far removed), importance of having the science drivers clearly identified, the need to avoid feature creep, and streamlining contract procedures.  Software was a common problem, and one of the solutions identified was to create a standard for instrument development.  In short, although community instrument programs are smaller scale than the observatory infrastructure, they need to be taken seriously. 

Cyberinfrastructure

The ORION cyberinfrastructure will be the glue that binds the instruments, archives, processing, data discovery, and visualization tools into a seamless whole.  While there are important lessons to be learned from the high-energy physics and astronomy experiences, the problems faced by oceanography are unique.  Oceanography spans a wide range of disciplines, including such disparate fields as geophysics, physical oceanography, and microbiology.  Our sensors operate in a highly hostile environment, and produce results that require expert attention to ensure quality.  Our data sets are heterogeneous, including seismic records, satellite observations, video, sonar maps, CTD sections, and genomic databases, to name but a few.  We run oceanographic assimilation and modeling systems that require large computing resources.  In short, the diversity of science activities likely to be supported under ORION test the limits of current computing and data systems in nearly every sense.  

The transformational nature of a well-designed data system has been demonstrated by the recent experience of the astronomical community.  Increasingly, principle investigators access their own telescope observations through the same data access systems that archive users employ.  The astronomical community has employed cyberinfrastructure for more than improving data accessibility.  Remote operation of telescopes, so called 'point and click astronomy,' is now a reality
.  While the new 8 meter telescopes fostered a revolution in observational capability, the cyberinfrastructure that developed around the giant telescopes fostered a revolution in the way that astronomers work.  The changes may be even more far reaching for the oceanographic community.

The importance of Cyberinfrastructure to the success of the ORION enterprise was evident in the ORION meeting.  A significant investment in this area is already being made both inside and outside oceanography.  The Ocean.US Data Management and Communications (DMAC) Report
 provides a useful starting point for ORION.  Developing common ground and an agreed on framework so that disparate efforts are cumulative rather than competitive is a high priority.  Important lessons regarding strategies for development can clearly be gained from other large science endeavors, notably the development of cyberinfrastructure to support the large astronomical telescopes and the contemporary National Virtual Observatory initiative.   We need to understand these lessons and use relevant elements to shape our plans.  ORION is ideally placed to manage the community discussion to develop a framework for developing an oceanographic cyberinfrastructure, and then to coordinate with other communities on common needs.  The science that ORION will enable should fundamentally change our understanding of our planet; the technology created to build ORION may have equally important impacts.  A successful ORION cyberinfrastructure will have the following characteristics:

Connecting an instrument to the infrastructure, and capturing the instrument data and metadata in ORION archives should be a straightforward, reliable process.  Protocols and standards should exist to ensure that instruments are interoperable on different observatory networks.  Implementations should ensure that the integrity of associations between data, metadata, and physical devices are preserved and the opportunity for human error minimized.  Authorized users should be able to command and interrogate an instrument through straightforward interfaces.  While a web will satisfy many end users, the system must also provide a collection of well documented application programming interfaces (API) with open source, documented, and functional reference models for a variety of software development environments as well as a well engineered web services interface.

Preservation of raw and derived data products, and ensuring their accessibility, will be a primary function of ORION.  In many respects, the primary product is data.  Persistent archives should be maintained by the system including a metadata chain to track data changes over time.  Quality control and assessment and rich metadata descriptions of the data must be widely available globally, to permit immediate use, while quality assessment annotations will be a continuing process.  Data should be easily located and accessed.  While the system must support the varied and distributed forms of marine data and metadata, users should be unencumbered by traditional barriers such as data formats, volumes and distributed locations.  Heterogeneity of instruments, software, and data will be a fact of life and a source of scientific insight.  A key objective will be to ensure that this heterogeneity provides opportunity rather than complexity for observatory users and operators.  

Data discovery tools should integrate cooperating systems to make data discovery seamless across disparate data archives.  Data discovery refers to the ability of the user to “find” specific data at specific locations without knowing a priori whether the data exist or where the data may be stored.  For the astronomers, existence of archives with well-described meta-data catalogues has led to the development of powerful tools for searching, visualizing and accessing data sets. That in turn has increased the scientific usefulness of that data.  For example, the Hubble Space Telescope archive has delivered 3 times the data to archive users as it has to PIs.  

Users should be able to access computational resources for manipulating data and carrying our modeling and simulations activities on demand.  For example, assimilative ocean models continue to mature, and are increasingly being incorporated into oceanographic field programs, yet are extremely computationally intensive.  While large clusters and parallel machines will be used for specific computations around the world, extremely high-speed access to both data and computation is critical. Computing capability should be available through a computation grid.  A federated data model allows the community to foster domain-specific centers of expertise where methods of automatic quality assessment can be improved and quick feedback about problems can be generated.

Distributed collaborations should be enabled by tools that support the exchange of complex information and make decision-making possible in real time.  Given the long timeframe of operations, it is unrealistic to expect all relevant science parties to be collocated, consequently 

Security methods must be well developed to prevent unauthorized modifications to the ORION instrumentation or archives.  The system must be able to inherently control access to individual scientist experiments; e.g. instrument development.  The use of the Internet by financial institutions to support customers provides encouragement that these problems are not insurmountable.  

The default data policy for ORION is that the system is open.  The ability to detect and respond to episodic events and to run real-time assimilative models depends on immediate data availability.  

Automation of control functions will be a necessity for ORION.  Observatories will operate 24 hours a day, 7 days a week over many years or even decades.  A large number of science observations and experiments will coexist at any given time, with the possibility that an interesting event, for example an eruption at a spreading center, might change operational priorities on a moments notice.  The desire to detect and respond to episodic ocean processes is a fundamental oceanographic need.  The challenge will be to optimize the use of the resources of the facility, and minimize the interference between various observatory operations, to maximize the science achieved.  The diversity and number of deployed systems will render a purely reactive control model of the observatory inefficient and slow.  Consequently tools for capturing science objectives and relating these to resource management, so called scheduling and replanning tools, will be important elements of ocean observatory systems. 

The investments in the cyberinfrastructure will come from a variety of sources, and be distributed to a large number of performers.  How can we ensure the individual elements results in a functional system?  Or put another way, how can we ensure that the opportunity to contribute to the cyberinfrastructure is open to all?  An open design process and standards based implementation is essential.  Standards and protocol definitions must be openly published and the standards development process open and inclusive.  Fostering buy-in from all stakeholders is an essential element of the process.  The resulting design and standards must be of sufficient breadth and quality to guarantee interoperability of all observations and products.  The initial capital investment – it should be incremental to take advantage of outside developments (hardware and software, concepts etc). invest only when needed, so can use latest best.

There are established synergies between the cyberinfrastructure needs of scientists and the research interests of computer scientists.  The need for distant collaboration led the high energy physics community to create the World Wide Web
.  Mosaic, the first graphics capable browser was created by National Center for Supercomputing Applications, an organization whose charter is to create computing and information technologies to enable scientific discovery.  CERN, the world’s largest particle physics center, lists creation of the World Wide Web as one of their three greatest achievements
.  The cyberinfrastructure needs of the ocean community provide fertile research opportunities for computer scientists.  Consequently, building strong collegial ties and collaborative efforts with the computer science community provides a means to greatly increase ORION capabilities.

General Principles for Gemini Partner Interactions

1. The primary goal of the Gemini project is to provide superior facilities to produce

world-class science.

2. The Gemini partnership was formed to realize this goal.

3. The partnership seeks to take advantage of the complementary strengths of the

individual partners to achieve a whole which is greater than the sum of its parts.

4. It is recognized that the partnership has designated the IGPO as the steward of its

limited resources. The IGPO has the responsibility of synthesizing the scientific

aspirations of the partners into a single, cost-effective program.

5. It is also recommended that the individual partners are the stakeholders in the

enterprise and are making major intellectual, technical, and financial contributions to

the program. They are not commercial vendors.

6. It is accepted that there will be healthy tension between the capabilities and the costs

of program elements supplied by the partners. We are committed to resolving these

issues in a collegial and professional manner.

7. The partners, including the IGPO, will actively work to foster mutual respect among

all people throughout the partnership.

8. Open two-way communications among the partner and IGPO team members are

essential to the success of the Gemini effort.

9. The goal of all those involved in negotiations will be to obtain and execute

agreements that are fair and balanced with respect to the interest of both the

partnership and the individual partners.

10. Given the scale of the components of the instrument program, the use of good project

management techniques is essential to meeting Gemini program goals.

11. Formal agreements must be as simple as possible, consistent with clearly defining the

terms and specification of the mutual expectations of the involved parties.

Note: These principles are provided as developed and accepted in July 1997 by the

Gemini partners.
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