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ABSTRACT

An international consortium is currently collaborating to develop a regional-scale submarine cabled observatory with unprecedented capabilities.  The goal is to provide a 4D observing capability covering the entire Juan de Fuca tectonic plate for current, next and future generation instruments and experiments over a planned 30 year design life.  The scope of this project dictates a systematic engineering approach to ensure the delivered system meets the user’s requirements in a cost effective manner.  This paper will discuss how the NEPTUNE System Engineering Team is using and adapting standard System Engineering tools, techniques and processes not typically used in the oceanographic research community to the unique circumstances associated with the project.  A major challenge of the design effort is developing a system with high enough reliability to balance operational and initial capital construction costs in order to minimize life cycle cost.  An overview of our reliability engineering process and some initial results will also be discussed. 

1. INTRODUCTION

The potential for seafloor observatories to advance basic research in the oceans has been well documented in several long-range planning reports1),2),3).  In the United States, the National Science Foundation is planning an Ocean Observing Initiative that calls for a range of observatories targeting coastal, regional and global scale science questions.  Several projects in the US and Canada, collectively known as NEPTUNE, are currently collaborating to develop a complete system to address the requirements of a regional scale cabled observatory (RSCO).  This paper will describe the process being used to engineer the system and some initial results from this System Engineering effort.

 The overarching goal of the NEPTUNE RSCO is to provide an infrastructure that provides 4D (X, Y, Z and time) observing capabilities for current, next and future generation instruments.  The spatial scales we are designing for range from sub-meter to 100s of kilometers.  The time scales we are designing for range from micro seconds to 3 decades.  The design process is proceeding and is transitioning from concept development and validation into the preliminary design stage.  The conceptual design provides an 8 Gbit/second data backbone and a power distribution network capable of providing 10 kW peak and 5 kW average power to 25+ science nodes distributed over 3000+ km of standard submarine telecommunication cable.  Accurate time distribution and observatory management functionality are also provided.  Particular attention is being paid to ensuring an effective process for developing, installing and obtaining useful data from the 100s to 1000s of instruments the design can support.

We have chosen the Juan de Fuca tectonic plate as our definition of regional scale.  The concept of developing a RSCO which encompasses an entire plate is particularly exciting in that many globally significant planetary phenomena involving both oceanographic and solid earth processes operate at or below the scale of a tectonic plate4).  The Juan de Fuca plate off the coast of Canada, Washington and Oregon presents a fortuitous combination of features including 1) A myriad of important earth and ocean processes with a range of spatial and temporal scales. 2) A range of significant multi-disciplinary science questions that will benefit from long term 4D investigation with a cabled observatory. 3) A rich history of expeditionary science that provides a foundation for future observatory based science. 4) A spatial extent small enough to allow the entire plate to be instrumented at a budget with a reasonable probability of obtaining funding. 5) Accessibility from nations with suitable shore station and port facilities.

2. NEPTUNE SYSTEM ENGINEERING PROCESS

Hundreds of text books, handbooks, standards and classes address the subject of System Engineering (SE) for projects at every scale from very small to very large.  The NEPTUNE project clearly falls in the large project end of this spectrum where the necessity for a disciplined approach to system development, i.e., System Engineering is required.  Although SE is commonly used and normally a formal requirement for military and space programs, it is not generally employed in a formal sense by the oceanographic research community.  For this reason, the NEPTUNE Executive Team has put in place a System Engineering Team (SET) with extensive experience in developing long life industrial and military submarine systems, high reliability scientific spacecraft and oceanographic research instruments and systems.  System Engineering as a formal discipline is relatively new and a brief history may be useful.  The US Department of Defense was one of the first agencies to codify their process for SE in MIL-STD 499 System Engineering Management originally released in 1969.  This document set the standard for engineering practice in the military and several of the authors spent significant fractions of their careers developing systems according to the dictates of this document.  In 1994, the Perry Initiative redirected US DoD standards development to use existing and emerging standards from the market place wherever possible.  The US Electrical Industries Association (EIA) developed an interim standard EIA/IS-632 Systems Engineering in 1994 which was released as ANSI/EIA-632 Processes for Engineering a System in 1998.  This is now the standard referred to by the DoD for military procurements with a formal SE requirement.  Other standards include IEEE STD 1220 IEEE Standard for Application and Management of the Systems Engineering Process and ISO 15288 SYSTEMS ENGINEERING - SYSTEM LIFE CYCLE PROCESSES.  A trend in the ongoing development of these standards is to focus on the needs of “for profit” companies designing products driven by mass market needs.  The priorities of market driven system design do not align well with systems designed for research purposes and the most recent standards are not directly applicable to our situation.  For this and a variety of other reasons, one of the primary challenges associated with implementing a SE process for NEPTUNE is tailoring existing methodologies to optimally suit the requirements of the project and the nature of the oceanographic research community that will be served by NEPTUNE.  The SE process we are using implements the basic features common to all SE methods but has been tailored to maximize the benefit to our stakeholders: the oceanographic research community and its sponsors.   In particular we have strived to maximize the interaction between scientist and the engineering team in developing requirements while minimizing the overhead associated with this process.

2-1. Requirements Definition and Design Development

The goal of any SE process includes the definition of requirements and the development of the system and its subsystems that meet them.  This process is iterative, multi-level and proceeds through the development phase of the project.  Figure 1 outlines our process and highlights one modification we have made to the usual process of developing requirements.  We explicitly refer to the top level requirements as science requirements in order to support our goal of having our stakeholders take ownership of the science requirements by defining their needs in their words.  

Figure 1 NEPTUNE REQURIMENTS/DESIGN DEVELOPMENT CYCLE
Examples of top level science requirements from the NEPTUNE Requirements Document are as follows.
4. Science Requirements
4.1. The RSCO shall provide a complete observing system providing the following. 
4.1.1. Power delivery to all instruments on the network 
4.1.2. A data network interconnecting all instruments with each other, all shore stations and the internet
4.1.3. Functional control of all instruments on the observatory
4.1.4. Time distribution 
4.1.5. Data management and data archiving functions
4.2. The RSCO shall be designed as an expandable and configurable system to support 
4.2.1. Current experiments and instruments 
4.2.2. State of the art experiments and instruments 
4.2.3. Experiments and instruments that will be developed over the expected life of the system
4.3. The RSCO shall provide for management and archiving of data that will be useful for current, next and future generation experiments including data mining activities.
4.3.1. The RSCO shall provide a capability for ensuring the primary data stream from instruments connected to the observatory also has the meta-data required for proper interpretation, management and archiving as required in 4.3.
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Given these top level science requirements, the SE team can start the process of developing the top level system architecture.  At this level the system architecture identifies the overall system topology and partitions the system into subsystems.  Various design alternatives have been developed and compared against the science requirements.  As shown in figure 1, iteration continues until a preferred system architecture begins to emerge.  In general, several variations of the preferred architecture are carried forward to the 2nd level.  At this level, the requirements for the subsystems are defined and the subsystem designs are developed in more detail.  Key design requirements that define the NEPTUNE RSCO functionality are excerpted from the NEPTUNE Requirements document here.

1. Power Network

1.1. The total power delivered to any node shall be greater than 10 kW. 
1.2. The total power delivery capability of the RSCO shall support an average power greater than 5 kW to each node in the observatory.

2. Data Network

2.1. The data network shall support an aggregate data rate from all nodes greater than of 5 Gbits/second.

2.2. The data network shall support a maximum data rate from a single node greater than of 1 Gbits/second.

2.3. The data network shall support a maximum data rate from a single instrument of 100 Mbits/second.

2.4. Data latency shall be low enough to support tele-operations.

3. Time Distribution

3.1. The RSCO shall provide for time distribution to all instruments on the observatory.  This time signal shall provide the ability to resolve the year, day, hour, minute and second with 1 microsecond accuracy.

4. Science Instrument Interface

4.1. The primary instrument interface to the RSCO shall be a single wet mateable connector.  This connector shall be serviceable by typical (or better) academic class ROVs (e.g., ROPOS, Jason II, Tiburon)

4.2. The primary instrument interface shall provide an IEEE 802.3 100BASE-T connection, a high power feed capable of delivering 9 kW continuous power at a maximum voltage of 480 VDC, a low power feed capable of delivering 500 W continuous power at 48 VDC and a time signal.

4.3. The ability to connect many, of order 10 to 100, instruments to each RSCO node shall be provided.  An example of how this could be accomplished would be a second layer multiplexer that can be connected to a primary instrument interface by ROV during the annual field season.

4.4. The SII shall provide the ability to locate instruments at locations up to 100 km from the main science node.  A variety of capabilities shall be provided that provide a range of cost vs. performance options.   

Iteration between design and requirements continues as shown in the figure until the preferred subsystem design begins to emerge.  The process repeats for the next level that addresses sub-subsystem development.  An example of a sub-subsystem is the optical transport sub-subsystem of the NEPTUNE data communication subsystem.  In general, we do not formally go deeper than the sub-subsystem level.  A metric for evaluating the effectiveness of this process is how often changes at one level ripple outside that level.  For example, changes in the optical transport sub-subsystem should not require changes in the power distribution subsystem.

As we pursue the development of NEPTUNE, we are continually reminded of the unique aspects of our community.  For example, some standard SE processes only involve the users in the definition of top level requirements.  Lower levels are referred to as implementation details and by implication, not of interest to the stakeholders.  In our case, researchers need to be aware of every design detail in order to ensure their data is not biased by the infrastructure and can be properly processed and interpreted.

The reader should not make the assumption that because we have a SE process in place, we are able to execute it without deviation.  Real world events make it difficult to follow even the best laid plans.  Two examples we have to deal with are 1) funding opportunities for subsystem design occurred before SE and project management funding was in place.  2) Even when funding for SE activities was in place, the limited availability of key staff forced us to pursue lower level subsystem design before higher level details were fully developed.  This kind of difficulty is to be expected in any large project and minimizing their effect is part of the process. 

2-2. Science Community Involvement in Requirements Definition and Design Development

Development of science requirements for NEPTUNE that reflect the best thinking of the research community is critical to its long term success.  NEPTUNE, in conjunction with our sponsors, is actively pursuing the further development, refinement and validation of the science requirements for a RSCO.  This activity includes sponsoring workshops with the goals of 

1) Informing the regional community of the opportunities provided by NEPTUNE.

2) Maximizing the opportunities and linkages provided by NEPTUNE and its test beds as regional and coastal observatories.
3) Entraining a broad spectrum of researchers and forging teams that will pursue creative opportunities using NEPTUNE.
The focus of these workshops is on establishing the key science requirements, experiments and technology deployments that will ensure success, particularly in the first years of operation.  The workshops are typically organized around interdisciplinary research themes.  For example, the recent NEPTUNE Pacific Northwest Workshop focused on Ecosystem Dynamics and the Carbon Cycle, Fisheries and Marine Mammals, Ocean Dynamics and Cross-shelf Processes, Geophysics and Seismology, Fluid Fluxes and Geochemical Processes in the Sediments and Crust.  The IODP Borehole and MARS Observatory Workshop and the VENUS Science workshop are example of other workshops we have participated in.  Upcoming workshops we expect to participate in include the IODP/OOI workshop and the DEOS Observational and Interactive Oceanography workshop.

  A key product of these workshops is the development of “use scenarios”.  These scenarios are descriptions of complete experiments that help the engineers understand how the RSCO might be used by current and future generations of researchers.  They include the process for how a Principal Investigator (PI) might propose a new generation of experiments to address worthwhile science questions, the development of new instruments, initial instrument/experiment prototype testing, preparing an instrument suite for deployment on the RSCO, deployment, operation and data management, processing and archiving.

A key role in our organization chart is that of Project Scientist who chairs a Science Working Group (SWG).  The SWG has two roles.  Internally this group would work with the NEPTUNE engineering team to ensure the requirements are properly defined and the designs address them without deficiencies that may not be apparent to the engineers.  In addition, the SWG would work with the research community outside of NEPTUNE to ensure the proposed design meets a wide range of research opportunities.  Although the NEPTUNE engineering team currently works closely with a number of scientists, primarily at our home institutions, establishing a permanent RSCO SWG with the requisite broad range of skills is a high priority.

3. NEPTUNE SYSTEM CONCEPT

This section will provide more detail about the results of our development process and describe the current state of the NEPTUNE RSCO design.  We have completed development of the top level system architecture and partitioned the preferred system concept into subsystems.  Concept Design Reviews (CoDRs) for high risk subsystems have been held.  These CoDRs are held to demonstrate that the preferred system or subsystem concept provides a cost effective, operationally effective and suitable solution to identified needs; meets established affordability criteria; and can be developed to provide a timely solution to need at an acceptable level of risk.    

The current NEPTUNE topology is shown in Figure 2 with science nodes in the vicinity of the science sites of interest that have been identified to date.  
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Figure 2 NEPTUNE OBSERVATORY TOPOLOGY

The baseline design is documented with a series of top down block diagrams that start with the overall system block diagram at a high level (Figure 3).  In addition to graphically describing the system, these block diagrams graphically indicate the interfaces between all the subsystems.  This simplifies the generation of another essential system document, the Interface Control Document (ICD).  These three documents, the requirements document, the block diagrams and the ICD completely define and describe the system to our stakeholders and the engineering team.
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Figure 3 NEPTUNE TOP LEVEL BLOCK DIAGRAM

The next level of detail in the system is shown in Figure 4, the block diagram of the current baseline node.  The system is partitioned into 6 major subsystems: power network, data network, observatory management, time distribution, science instrument interface and data management and archiving.  The power and data network are described in detail in other papers presented at this workshop.

Managing a concurrent engineering process with design activities that are rapidly evolving at geographically distributed sites is a challenge.  As a way to minimize miscommunication, wrong assumptions and general chaos, we are using the concept of a baseline system design.  This baseline represents the current complete approved description of the system and is documented by the requirements, block diagrams and the ICD.  This approach allows the design activities to continue working at their own rate but we have implemented a process for incorporating changes to the baseline that allows for early evaluation of proposed changes by the entire design team.  The goal is to prevent changes that may result in the best timing subsystem (for example) known to man but may require such serious compromises in other subsystems that the system as a whole suffers.  

4. RELIABILITY

Understanding and defining the top level system reliability requirements and developing a system architecture that meets those requirements at a life cycle cost compatible with the expected funding level is a critical element of the design and a significant part of the SE process.  The reliability team working on NEPTUNE has significant experience in developing long life systems for industrial and military submarine cabled systems as well as NASA spacecraft for science missions.  As the first step in our reliability plan, we have defined the reliability requirements for NEPTUNE in terms we believe are comprehensible by our stakeholders.  The current, admittedly ambitious, reliability requirements are as follows.

14.1 90% of all nodes shall have a probability of full functionality greater than 95% in any one year period.
14.2 A single node shall have a probability of full functionality greater than 99.9% in any one year period. 

14.3 The probability of more than 70% of the nodes not being fully functional in any one year shall be less than 0.1%. 

14.4 All failures occurring in any one year period shall be repairable during an annual 30 day repair period.  At the end of this repair period, the RSCO shall be restored to full functionality.

14.5 The RSCO shall be designed so no single point failure shall degrade the system functionality below an acceptable limited availability state. 
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Figure 4 SCIENCE NODE BLOCK DIAGRAM

  We are integrating reliability engineering into the standard design engineering process on NEPTUNE.  For example, to the greatest extent possible we only use parts or modules with an established reliability history.  This applies to components being selected for use on custom designed circuit boards as well as COTS equipment such as Layer 3 switches.  We are using the failure rate model developed by AT&T5) to analyze the components and modules we are using.  This model has an initial infant mortality period where the failure rate decreases with time followed by a period of constant failure rate followed by a wear out period with increasing failure rate.  It should be pointed out that the AT&T model shows the transition between infant mortality and constant failure rate at 10,000 hours, which is well beyond the usual burn in period for equipment of this type and particular attention will have to be paid to this issue.  In general, non-mechanical electronic devices do not exhibit wear out for the 30 year design life we are considering.  Electrolytic capacitors are an example of a device that does exhibit wear out due to the electrolyte drying out and are not on our qualified products list.  Two key parameters defining an element’s reliability include the hazard rate ( and it’s statistical distribution or model.  The more common, but often misused, term mean time to failure (MTTF) is equal to the reciprocal of the hazard rate in the constant failure rate period.
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The hazard rate is usually given in units of failures in time (FIT), 1 FIT is one failure in 109 hours or 114,000 years.  A reliability metric more appropriate for our purposes is the survivor function S which gives the probability an element with hazard rate ( will fail in a given time t.  For the constant failure rate model, S is given by
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  Given the FIT rates for the components and modules in our system we can develop a reliability model for the system with the best reliability information available to date.  At this point, we are primarily concerned with the “wet” hardware, i.e., the science nodes and backbone branching units (BBUs).  Our reliability model consists of a node reliability model that feeds data into a system reliability model.  These models allow us to 1) identify and understand the impact of low reliability elements, 2) calculate the node, subsystem and sub-subsystem survivor function, 3) estimate the number of failed blocks in the system, 4) understand the effectiveness of redundancy, 5) define the de-facto reliability allocations, 6) perform sensitivity analyses and 6) do quick “what-if” network availability estimations using maximum likelihood calculations as well as more robust estimations using Monte Carlo methods.  The node reliability model is based on the node reliability block diagram (RBD) that models the reliability structure of parallel and serial combinations of elements that must be operational for the node to be considered operational.  The RBD is not intended to convey anything about functionality or connectivity.  A simplified node RBD for the NEPTUNE science node is shown in Figure 5.
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Figure 5 NEPTUNE SCIENCE NODE RBD

  This RBD indicates that, for an instrument to get its data to either the right node or the left node the following logic statement must be true.

INST AND PMAC AND OT AND (L2 OR L2) …

AND (L3 OR L3) AND (PS OR PS)              (3)

Finding tools to support the system reliability analyses we wanted to perform proved surprisingly difficult.  Our reliability team has experience with a number of software tools designed for reliability engineering but none of these were suitable for modeling the system in a way that addressed our reliability requirements directly. After evaluating various tools, we have been using the HyPerformix Toolbox™ discrete event simulation (DES) package.  DES allows us to set up a graphical representation of an arbitrary topology and simulate the nodes with simple C/C++ routines that model the node functionality.  In our case, we only had to build one routine that modeled the science node RBD and one routine for the BBU node.  The DES operates on the concept of transactions or message passing.  In our system model we have arbitrarily assigned one instrument to each science node.  The simulation starts by initializing all blocks in all nodes as good.  Predicted failure times are calculated for each block in each node.  In simulated time, each instrument generates a message once a week.  As the message makes its way through the node RBD it compares the current simulation time against the predicted failure time for each block in the node.  Blocks whose failure time is less than the current simulation time are marked as bad and recorded in the message.  The node functionality is computed as shown in equation (3) and logged in the message.  Once an instrument message leaves the node it becomes a network message.  Network messages must pass through other science nodes on the way to the shore stations but only through the optical transport module.  The simulation continues every week for a year.  At the end of the year, all nodes with failed blocks are repaired and the simulation runs again.  Given the low failure rate of the blocks we are using, thousands of runs are required to accumulate stationary statistics.

This reliability model allows us to estimate the expected value as well as the expected maximum and minimum number of 1) nodes that fail, 2) nodes that are working but lose connection to both shore stations due to failed nodes on either “side” and 3) the number of failed blocks in the system.  This data allows us to directly address reliability requirements 14.1 through 14.4 above.

In one of the trade studies we pursed, two design implementations of the data communication subsystem have been analyzed in detail.  The two designs use fundamentally different approaches to meeting the reliability requirements.  The first design further develops the concept presented in the feasibility study4) by using the latest technology for IP over Ethernet networks.  This approach uses moderate reliability hardware in a mesh topology to achieve the desired reliability.  The system RBD from any instrument to shore is the mesh topology described above with each science node in the mesh having the science node RBD also shown earlier.  BBUs can be designed as essentially passive units and for the purposes of this discussion are considered to have a FIT rate of 0.  In this design, data from any instrument on the observatory has to pass through several science nodes and BBUs to get to shore.  The higher failure rate associated with having to pass through several nodes possessing only moderately low failure rate is mitigated by the fact the mesh topology provides multiple paths back to shore i.e., multiple nodes have to fail at key locations to isolate working nodes from shore.  Even though the simple mesh proposed has only two cross-connects, the number of paths back to shore for any node is high.  Take for example node CLT at the Cleft site.  Its shortest path to shore requires 5 nodes to be operational.  It also has a path that requires 7 operational nodes, 2 paths that require 9 operational nodes and at least 7 paths back to shore.  As a simplified example of the benefits of multiple paths, consider a system where an instrument has n parallel paths to shore, each path with e identical elements, only k of which have to be working for the system to be functioning properly.  The probability of system success, Psystem 
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  (4)

where P is the probability that each identical element in the system is operational.  Table 1 gives Psystem for a range of n and e with k = 1 and an arbitrary value of P = 0.8 for a single element. 

	
	NUMBER OF PATHS

	ELEMENTS PER PATH
	1
	4
	5
	6
	7

	5
	0.33
	0.80
	0.86
	0.91
	0.94

	6
	0.26
	0.70
	0.78
	0.84
	0.88

	7
	0.21
	0.61
	0.69
	0.76
	0.81

	8
	0.17
	0.52
	0.60
	0.67
	0.72


TABLE 1 RELIABILITY IMPROVEMENT FOR A K of N SYSTEM

The benefit of a mesh topology is clear and this is the basis for the high availability of the Internet, which is on the order of 99.999%.  Availability, A defined as 
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where MTTR is the mean time to repair for the system.  Availability is commonly used to define the reliability for terrestrial data networks and submarine telecommunication systems but doesn’t give a robust estimate in our situation.  The weather window on the Juan de Fuca plate is such that, depending on the repair strategy, the MTTR can be as long as 11 months.  This combination of factors can hide significant differences in system reliability in the third and higher significant digit of the availability number.  

Defining the reliability requirements as we have instead of in more usual reliability terms like availability allows us to talk about reliability with our stakeholders in terms that have meaning for non-reliability engineers.  For example, reliability requirement 14.1 can be seen as a statement of the probability we will be satisfying most (90%) of our customers.  Reliability requirement 14.2 is the probability of satisfying a single Principle Investigator concerned about how likely she is to get data back from her instrument on the observatory.  Reliability requirement 14.3 is another way of stating the probability the observatory will, for all intents and purposes, fail completely.  Reliability requirement 14.4 states we will be spending better than 80% of the available weather window supporting science and not maintaining a failure prone observatory.  On the other hand, our experience has been that asking a scientist or funding agency to decide whether the science benefit achieved by improving the availability from 99.99% to 99.999% is worth an additional $10 million dollars in life cycle cost is not likely to stimulate a useful conversation.

  The second design approach adapts submarine telecommunication hardware with phenomenally low failure rates for use in a network where data is added at submarine nodes instead of the usual situation where data is only added at the shore terminuses of the system.  As an indication of the failure rates that have been demonstrated on a regular basis by the major submarine telecommunication system providers, submarine optical repeaters have a proven failure rate of order 20 FITs.  Given that a typical trans-oceanic system may have 90 repeaters, the total number of failures expected for the entire system is 180 FITs or 1 failure in 630 year and the actual failure rate of deployed systems supports this value.   

 Preliminary runs of the system reliability model provide interesting results.  The system RBD from instrument to shore for the telecom approach is essentially the same node RBD shown above in series with a large number of near zero FIT rate repeaters.  Intuitively, one would expect this system to do a better job of meeting our reliability requirements and this is the case for the probability of a single node getting its data shore.  However as we’ve shown, the lower FIT rate and larger number of nodes in series for the IP over GbE design is mitigated by the presence of multiple paths and our model indicates the reliability degradation is small compared to the telecom approach.  For the reliability requirement for 90% of the nodes getting their data back to shore the two design approaches are similar from a reliability perspective.  In this case, since 90% of the nodes have to be functioning for their instruments to get data on the network and the nodes in both designs have similar FIT rates, the systems have essentially identical probabilities of meeting this requirement. 

It should be pointed out that the reliability efforts described here are just one aspect of a comprehensive Mission Assurance program.  The plan for NEPTUNE includes continued development of rigorous part and vendor qualification processes, a more through evaluation of the reliability parameters for the parts and modules used in the design, failure mode effect and criticality analysis (FMECA), development of quality control procedures and so on.  A better understanding of the reliability of critical components and commercial equipment we may be using that don’t have established reliability histories and address the infant mortality issue raised earlier may require highly accelerated lifetime testing (HALT) and highly accelerated stress screening (HASS) techniques. 

5.  CONCLUSION

The System Engineering process we are using for NEPTUNE is proving useful in coping with the challenges associated with developing a system of this complexity.  As our interaction with our stakeholders and the design development process continues, we continue to adapt our own experiences as System Engineers as well as other System Engineering models to the unique needs of this project.  We are looking forward to continued interaction with a broader cross section of the research community in continuing to develop the requirements and design of a RSCO.  By integrating the process of designing reliability into our system early, we have a better understanding or how design decisions at the top and lower levels affects the performance and life cycle costs of a RSCO.  We will continue to develop and refine our reliability engineering in a way we believe will benefit the design of any RSCO.  
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