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ABSTRACT

The state of the art for the design of control systems in commercial industries is evolving from control based strictly on measured sensor inputs to “on-demand” objective model based control systems where the control system model has sufficient capability to detect, calculate and respond to “on-demand” system-wide mass balances of metrics including pressure, temperature, resistance, flows and thermal transfers across mechanical and electrical systems in both steady and transient states. This paper suggests that the design of ship HME & DC systems can be improved by incorporating these new modeling techniques for energy management and carbon reduction. Capturing the ship control system model validated during design for use as the control and management model during operations as an “objective” model based control systems (OMBCS) would perform “conventional” distributed, survivable ship control as expected on a modern warship while also providing additional levels of performance monitoring and control in real-time during operational use. A proven technology, the industrial use of objective model based control design combined with the installed objective model based control system has shown operational cost savings of 15 to 85%. 

INTRODUCTION

The purpose of this paper is to re-invigorate the discussion of the roles and capabilities of naval ship control systems.  Currently ship control systems are understood to control the ships machinery, course and speed and support hotel services and the combat systems. In the past decade control systems in industry have evolved to “control” not only the standard process control functions but also to improve efficiency and energy conservation as well as monitoring, controlling, and as required, reporting of greenhouse emissions. Objective model based control systems (OMBCS) also monitor the location and activity of personnel and equipment with real-time sensing and the ability to adapt changes to the mining process and the environmental systems effectively increasing productivity while improving profitability. This paper will address those elements of commercial objective model based control systems that should be considered for naval ships in order to reduce the Navy’s Total Ownership Costs (TOC) to support the objective of an Affordable Navy.
AN AFFORDABLE NAVY

Affordability remains the biggest challenge facing the Navy shipbuilding program. Recent Navy forums discussing fleet requirements and shipbuilding summarized that reforms were needed to support requirements stability, steady-state production, and commonality among design and production elements to rein in the skyrocketing costs. 
The Navy is committed to Reduce TOC
Ms. Allison Stiller, Deputy Assistant Secretary of the Navy (DASN) Ship Programs, provided the following call for reducing ship TOC. (Stiller, 2011) 

“To build our fleet of the future and maintain the fleet we have, we need stable results and ships and ship systems that come in on time and on cost.  Affordability is a necessary outcome and reduction in TOC is a tangible goal across every part of the life of a ship - requirements through disposal."
· “Design for Affordability - up front aggressive challenge for how requirements are fulfilled.

· Contract for Affordability - competition is good and necessary in helping the Navy achieve its shipbuilding goals.  Incentivizing Affordability.

· Build Affordably - efforts Navy and Industry are working on to reduce construction costs and foster learning.

· Maintenance and Operational Affordability - there are opportunities to explore this facet of reduced total ownership cost.

· Affordability Tools - decision tools which focus on overall affordability.

· Affordable Innovation - when you see me or other decision makers show us the return on investment and make it credible

· Affordable Planning - Navy strategic planning for the shipbuilding plan beyond the FYDP has been stabilized not by a matter of chance but by hard persistent work.  This needs to continue.  When Navy communicates the plan and industry responds to the plan we will continue to press for stability in funding profiles that allow industry to make stable investments”.

The items highlighted above in bold will be addressed in the recommended new approach to control systems discussed in this paper.
Early Design Drives TOC
The Navy has long recognized that the key to cost reductions is increasing the use of modeling and simulation during the feasibility and conceptual design phase when the early decisions and commitments to costs are made, see Figure 1. 
Only by insuring that cost reduction attributes are included in every element of early design can there be any chance of reducing TOC. Thereafter, TOC costs are locked in for the life of the entire ship class.
Past ship cost estimating was based on the ship’s estimated weight. This decision parameter tends to limit size and produce high density ships like DDG51where future updates as well as current maintenance procedures are limited because of constrained space and access for maintenance.

The Navy is committed to Common Parts
The Navy has a stated commitment to use common parts as a major mechanism to reduce costs, improve maintenance and reduce logistics in stocking spares. However, there has been little discussion of taking advantage of creating and acquiring common sub-systems and systems. This will be addressed.
DIFFERENCES BETWEEN NAVY AND INDUSTRY CONTROL SYSTEMS DESIGN 
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One major difference between Navy and Industry is that to date the Navy has not included attributes in their design models that include those attributes related specifically to TOC reduction: The performance metrics for cost, lifecycle cost, reliability and maintainability, improved components that will have a longer mean time between failure (MTBF), return on investment, operational control for efficiency improvement or measurement, control and the reporting of environmental gasses. 

The next section describes the development and use of control systems in the mining industry that may help the Navy achieve reduced TOC objectives.
OMBCS IN MINING TO CONTROL TOC
Designing control systems for mining began with the premises and technologies developed for the world’s navies. Because mines are businesses, defining and controlling TOC is essential. This paper will highlight the differences between designing OMBCS for mining and naval ships as a guide to help reduce Navy TOC. 

Mining operations tend to be in remote locations very much like ships operating at sea. There is seldom electrical power from a grid so diesel generators are used. Fuel for these generators must be trucked in. Temperatures can be extreme. There will be both mining and processing operations at the same location. The operating personnel will live on site for extended periods and work in shift rotations. The work is hazardous and clean air must be provided to as many as 40 levels of depth approaching 2 kilometers below ground. This could be compared to an aircraft carrier with some 20 decks of operations, some below, others above the surface. Heavy equipment must be positioned in various levels of the mine and operated safely and with consideration of fuel exhaust as well as dust and smoke from mining operations. The location of personnel and explosives must be tracked while maintaining safe air to breathe. Other economic considerations are: 
· Electricity costs in most mining areas have risen +60% since 2001 and continue to rise rapidly (and more so in the time it took to write this paper)
· Energy makes up over 10% of mine operating costs, the second largest expense behind labor, up to ~$4M / Year
· Ventilation accounts for up to 50% of a mine’s energy cost 

· Green House Gas/Carbon Emissions costs will be added to financial statements in the future

· Energy costs can determine the commercial viability of mining new ore zones or the viability of a mine
· Air quality and quantity are increasingly important in regulatory health and safety as well as environmental issues 

· Obtaining new technology to address commercial, operational and health and safety matters in underground mining are fundamental to industry growth and personnel safety.
Navy Models to Mining Models

The approach to objective model based control system for mining is derived from CAD and physics based design tools used to design US Navy ships like DDG1000 and the Virginia Classes. In this paper the same physics based design modeling tools were used in industry as were used for the Navy, but with the addition of objective model attributes to reduce TOC and increase profit. Added TOC attributes include the economic costs of operation and control and accounting for environmentally damaging emissions. These new technologies are advanced yet very flexible and are being expanded from mining to tunneling and large manufacturing ventilation control systems. 
Developing OMBCS for Mining

There are five levels of design and capability:  

LEVEL  1

Level 1 provides a surface and/or underground manual control capability with an intelligent human machine interface (HMI) that requires minimum maintenance. The HMI uses the mine level plans, longitudinal and 3D CAD as they evolve over time. An existing or upgraded automation system is fully interfaced via open connectivity standards (OPC). Any number of control HMIs may be implemented. Level 1 includes expandable configuration utilities. Expandable software delivered at level 1 includes all capabilities for all levels as future options. 

LEVEL  2
Level 2 provides the capability to define any number of events which are control mode and setpoint pre-sets for each fan, regulator, damper and door. Events may be triggered on a time schedule, by a signal threshold or on-demand. Events support all control modes of all implementation levels from 1 to 5
LEVEL  3
Level 3 provides automatic air flow control via physical air flow monitoring instrumentation or optionally via a high fidelity 3D mine ventilation layout model. One flow is always reconciled with the other. A complete mine ventilation control system may be composed of a hybrid combination of physical and model based control. Level 3 offers additional control for gas concentration and air temperature
LEVEL 4
Level 4 includes an interface to a personnel and vehicle tracking system. On this level of 

Implementation the air flow requirement for each defined mine zone is calculated as per the aggregate ventilation demand for personnel and for each piece of machinery in that zone. Optionally, if the tagging & tracking system covers 100% of a zone, the ventilation demand may also be dependent on the diesel engine and hydraulic-electric running status. An expandable system may be comprised of any number of zone air flow control gates and any number of zones with full coverage. The level 4 control feeds a supervisory air flow setpoint to the level 3 controls.
LEVEL  5
Level 5 improves operating efficiencies: 
· Air distribution that guarantees the mass balance demand supply to a level or zone, and that will modulate surface variable speed fans for minimum energy consumption.

· Combines and allows low activity operations that will consume less air, with other levels where higher productivity operations are required to run more machinery.
Typical Programmable Logic Controller (PLC) and Distributed Control Systems (DCS) and single loop controller based automation systems are illustrated in Figure 2.
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Tagging & tracking systems permit greater energy savings and optimum air distribution. Different levels of savings will be generated from either having mine-wide tracking coverage or through partial coverage via zone gates
Each design and capability level has an increasing cost of implementation but offers increasing levels of energy savings, as well as airflow optimization for production enhancement and health and safety benefits. Project phases provide a Rough Order of Magnitude (ROM) for the implementation costs and savings. The Objective Model brings forward the costs and savings calculations done in the initial Phase 1 Analysis. 

As with naval ships these mine models will be validated against actual production scenarios and ventilation system capabilities in a fashion similar to validating Navy objective models during ship dockside and sea trials. 
In the Project Phase 2, each implementation level’s costs, related savings and return on investment (ROI) will be analyzed in detail and objectively documented. The Phase 2 results will drive the scope of a project’s Phase 3 OMBC implementation where control options can be selected based on energy costs and environmental considerations such as carbon gasses. 

Personnel Location and Equipment Operation Control Considerations

A key feature of Objective Model Based Control is the provision for the real time location and status of all personnel and equipment. 

Existing inexpensive hardware and mesh networking capabilities are able to track personnel and machinery in mines as deep as 2,073 meters composed of up to forty operational levels, each with side spur operations. Factored in are whether or not equipment is operating and what type of power used, diesel or electric, as well as when and where blasting may occur.

The essential operational factor is safety of personnel by location with breathable air available at all times. The OMBCS calculates all safety factors and makes air flow adjustments for machinery exhaust and dust from blasting and general operations. 

Economic and Environmental Management

The key discriminator of Objective Model Based Control Systems is the planning  / decision aid trade-offs possible and the real time control of the mining enterprise to optimize these costs and even the tax consequences should carbon and other emission taxes become a significant factor. 

Economic considerations in 2009 at a typical remote mine with diesel self-generation have shown a cost average of about $0.23 - $0.29 per kWh. This energy has a carbon footprint of about 0.7 kg CO2 (e) per kWh.

Energy costs from these power sources for ventilation alone of a typical mine may exceed $4 Million / Year thus savings of 50% are significant.

Computational Challenges

Computational power and control experience exists to process the many mining variables in real time that are required for the OMBCS to supplement (or replace) current mine ventilation basic control systems with PLCs and HMIs with supervisory control establishing dynamic ventilation on demand as a function of real-time tracking of machinery and/or personnel location and/or physical air flow and air quality monitoring.
· This demand is optimally distributed in the work zones via the mine ventilation network and in areas where the energy required to ventilate is minimized by upwards of (+50%) while totally satisfying the demand for each work zone.

· The optimized mine ventilation system operates on the basis of inputs from the standard physical air flow monitoring instrumentation or, optionally, via a high fidelity mine ventilation predictive dynamic simulation model of the mine ventilation network along with  emulated control equipment such as fans and air flow regulators. 
· In some applications an optional physics based model always calculates an air flow mass balance where the pressure and density are compensated for depth, and accounts for the natural ventilation pressure flows due to temperature differences. One flow is always reconciled with the other. A complete mine ventilation control system may be composed of a hybrid combination of physical and model based control. Ventilation on demand models offers additional control for gas concentrations and air temperatures.
· Model setpoints are checked for safety bounds and sent to real physical control equipment via the control system
Table 1 provides a list of the calculations required to compute mass balance air flows and return on investment and efficiency factor cost savings in a mine that may have four times the internal volume of an aircraft carrier.

Table 1.  Example OMBCS Calculations
	
	Air Flow Mass Balance Calculations

	1
	Calculations are dynamic with transient and steady state response

	2
	Calculations use compressible flow physics

	3
	Calculations account for mass and energy accumulation

	4
	Systems perform a mass flow balance

	5
	Density is variable and is a function of pressure and temperature

	6
	CFM calculations are based on calculated density

	7
	The mass conservation law is applied at every point

	8
	Calculations solve differential equations simulta​neously in a matrix with fast convergence 

	9
	Systems account for natural ventilation effect

	10
	Standardized Atkinson resistance and standardized friction factors are corrected for density change

	11
	Dynamic transient calculations permit real-time control

	12
	Compute Return on Investment associated with all capitalization and operation control options and actions

	13
	Compute economic cost and environmental implications, and costs for all control options and actions

	14
	Record and account and  report environmental emissions 


OMBSC TO SUPPORT NAVY SHIP TOC REDUCTIONS

Achieving reduced TOC requires more than a focus on the early design phase and the use of common parts. The design process itself must be modified to include economic analysis including return on investment for all acquisition and lifecycle operating costs, maintenance costs, reliability metrics such as mean time between failure (MTBF) for parts and systems, as well as human variables for numbers, skills, training in operations and maintenance. These objectives and others can be included as attributes incorporated into the object models and thus support costing decisions by the use of object model based systems during all phases of design.
Definition of Object Models

Building and using OMBC systems is based on two key definitions, object models and objective models.

“Object” model in physics based modeling means that each component of the ship’s hull, mechanical and electrical system is an “object” modeled in physics equations such as a pump, pipe, valve, motor, wire, diesel engine, tank, control element, etc. Each object “operates” in a ship system model on a flow sheet, such as the chilled water system, electrical plant, etc., in accordance with worldwide accepted and validated physics equations.  The equations consist of computational attributes, variables, and states. A Right Click on the object will take the designer to the actual source equation(s), the references and a definition of all terms with examples of use. Attributes include HP, type, voltage, size, weight, material, cost, cost per foot, flow rates, power curves, friction, efficiency curves, etc., up to 100 or more static or dynamic attributes. Variables are the values of the attributes. “State” is whether the object is “on” or “off.” Each system’s flowsheet can have one to hundreds of interconnected objects that “operate” under simulation with the fidelity of 99-plus percent replication the real systems they represent.
“Objective” model refers to the objective purpose of the model such as ship machinery control system for ship underway in peacetime or in battle, or a commercial enterprise control system controlling a manufacturing / mining process. Objectives can be “operate the plant,” but could be extended to operate the plant with all of the objectives of operating safely, controlling costs, making a profit and being environmentally compliant.

EVOLUTION OF INTEGRATED OMB CONTROL SYSTEMS FOR SHIPS
FIRST INTEGRATED OMBCS FOR SHIPS
Human factors engineers in Canada provided the design concept for the first object model based distributed, microprocessing control system, the Ship Integrated Machinery Control System (SHINMACS) installed in the Canadian Patrol Frigate and the U.S. Navy’s Osprey Class Mine Warfare ships in 1993. These efforts were spurred by another industry, the electrical power industries that were developing Supervisory Control and Data (SCADA) of large power grids in Canada and USA. The controls companies spun one application to the other. 

These were the first uses of the distributed microprocessors driving “glass” displays with HMI mimic diagrams and action buttons on a computer screen. These systems were also the first to use object models based physics in the design of the control systems. These systems pioneered a new generation of control for naval HM&E and DC systems. 
OMBCS WITH INCREASED INTEGRATION AND AUTOMATION TO REDUCE MANNING
The Israeli Navy took delivery of their first SA’AR-5 corvette in 1993 with an object model based Integrated Platform Management System (IPMS) built with physics object models. IPMS extended the HME automation to add DC functions in order to reduce crew size. This included automated fire and flooding detection in the machinery spaces with automatic fire suppression and dewatering unless the crew determined human action should intervene. Until DDG1000 is launched the SA’AR-5 sets the bar as the most comprehensive use of naval OMBSC systems to automate ships. The SA’AR-5 use of object models to improve functional (objective model) based design did not go un-noticed.

OMBCS WITH ARTICIFIAL INTELLIGENCE TO REDUCE MANNING
In 1993, DARPA, under its Ship Systems Automation (SSA) program, sponsored the Platform Readiness Operator Associate (PRO/A)  research initiative that intended to integrate information processing, intelligent decision aids, and advance display capabilities that would enable a single human operator to handle ship operational duties currently performed by ten (10) naval crewmen under all operating conditions. The goal was for the crew to decide what to do and the ship would make it happen. (Ray, 1997) 
PRO/A extended the HMEDC object modeling installed in the SA’AR-5 to create a knowledge system that determines, explores, and correlates platform objectives. A total ship objective model was created and “run” in parallel with the designed PRO/A OMBCS to verify, validate and assist the operator commands to the control system. This included monitoring the actual machinery sensor readings against the as-built metrics. This was an early concept of what NAVSEA later developed as the Integrated Condition Assessment System (ICAS).
The driving forces behind PRO/A was mid-1990s naval assessments that said: “In the Navy’s future there will be fewer ships, fewer operating personnel, and at the same time more complex operational requirements. The reduced size of the Navy and reduced manning per ship are being forced by fiscal constraints … which requires that manpower, currently consuming about 50% of a ship life cycle costs, be significantly reduced.”
The naval political and financial environment today is unchanged from the constraints of twenty years ago.  
FIRST U.S. NAVY OMBCS FOR INCREASED INTEGRATION AND SURVIVABILITY 
Also in 1993, NAVSEA awarded a contract for its own OMBSC system called the Standard Modeling and Control System (SMCS). This was NAVSEA’s fist 32-bit, distributed microprocessor based control system. Distributed control meant that sensor / control remote terminal units and the associated HMI display screens were distributed around the ship permitting operators (with PW logon) to operate the ship from main spaces, engineering controls station, bridge, CIC, and repair lockers in order to improve ship survivability by eliminating the possibility of a single point cheap kill of the entire control system should the vital permissive control signals reside only in one central processor. SMCS was designed, built and hot plant tested to be installed in the DDG-51Class.  
FIRST U.S.NAVY OMBCS SMART SHIP TO INCREASE INTEGRATED AUTOMATION TO REDUCE MANNING 
When the SMCS control system completed hot plant testing in Philadelphia in 1996 NAVSEA decided that SMCS belonged on the Chief of Naval Operations’ first Smart Ship, USS Yorktown (CG-48). The attributes of SMCS that lead to its selection for the Smart Ship included the high degree of integration of the HME control with the functionality of the Navy’s first Battle Damage Control System. This became the Navy’s first HMEDC OMBCS. Also included was an integrated bridge. The much smaller footprint of the control consoles eliminated 12 tons of analog consoles and freed enough compartment space that within a couple years NAVSEA could use this space as an expanded AAW command center. Other benefits were major personnel reduction for operating and maintaining the control system and engineering plant, and the SMCS highly survivable distributed architecture to eliminate single point failures.
The SMCS OBMCS was also selected for LPD-17 and later as the initial approach for the control system for DD-21 / DD-(X) / DDG-1000, and subsequently exported to more than eight international navies.
EVOLUTION OF OMB DESIGN TOOLS
The OMB ship control systems evolution could not have occurred without a parallel evolution in the underlying object model based physics tools for ship design integrated with 3D CAD. OMBC systems can be and ought to be derived directly from the OMB design of the ship. The same design tools can be used for both objectives seamlessly. Both OMBCS and OMB design tools were used for the designs of DDG1000 and the Virginia Classes.
LPD-17 Introduced 3-D CAD and OMB Design Tools

The first ship program to formally require both 3D CAD and dynamic object physics modeling was LPD-17 in 1998. All ship design was completed using 3D CAD; vital portions of the HMEDC systems were modeled dynamically using physics based design tools. These portions included electrical power protection devices, vital fluids such as firemen and chilled water and the main ballast tanks to demonstrate that ballast and de-ballast mission profiles could meet on operational mission timing requirements. It most cases the engineering / CAD design had to be updated to support dynamic operation versus static design.

Data Integration of CAD and Physics

This use of OMB design tools led to both 3D CAD and physics object modeling being specified for DD-21 in 1999 with the additional functionality of electronic data integration between that CAD and physics models for both of the shipyards involved, BIW and Ingalls. NAVSEA funded the data integration effort that stayed with the DD-21 program as it transitioned to DD-(X) in 2002 and later to DDG-1000. The computer screens of the CAD designers were modified to add a “physics” button to automatically import and apply object physics models to each of the CAD objects to create a realtime simulated operation of the systems for dynamic verification and validation prior to approval. 

Object Modeling to the Total Ship Level

The Navy National Shipbuilding Research Program (NSRP) with shipbuilders support demonstrated data integration between physics object modeling design tools and 3 major CAD tools in the period 2001-3. Physics based OMB design tools developed 2002-6 creating OMBCS models up to the total ship level. This permitted the OMBCS to support verification and validation of control systems by running them in simulation connected to a ship’s virtual hull, mechanical, electrical and damage control (HMEDC) systems and “operated” through all intended operational scenarios, at all latitudes, sea states, sea surface temperatures and weather. The first “total ship” OMBCS was built for the Australian – New Zealand, ANZAC, frigate in 2006-7.
OMBCS Historical Summary
The short history of OMBCS shows that there were limited efforts to reduce TOC injected into the controls systems with the exception of DARPA PRO/A and Smart Ship. Even then the TOC reduction was primarily limited to crew reduction. While machinery condition assessment was a feature in IPMS, PRO/A and SMCS, the purpose was to improve the Engineering Operational Sequence System (EOSS) and Engineering Casualty Control (EOCC) processes by more quickly identifying machinery faults and options for work around and repair. The focus was not on reducing TOC by extending the MTBF of systems. The emphasis was on the “operational” attributes of the HMEDC objects rather than “Objectives” of reducing TOC.
USING OBJECT MODELS TO REDUCE TOC
A 1997 paper on the design of ship control systems postulated the “designer’s challenge” to support naval warfare in the time period 2015 and beyond. (Kasturi and Famme, 1997)
The term Total Ownership Cost (TOC) had not yet been coined. But the paper describes how essential it would be to make a ship survivable and use automation to reduce crew size in future naval operations in an era of reduced oil availability and when warfare broke down into the “chaos” of  irregular warfare. New hull forms for speed and efficiency were projected along with increasing the level of systems integration within the ship and between ships to reduce manning. The Abstract read: 
The challenges for ship designers are time and change. Time: the ship design and construction can take ten years.  The resulting ship will be expected to serve its navy for thirty to forty years!  Change: The thirty to forty year time span of a ship’s life will see major changes in the world political environment, technology and resulting threat. How well can a ship and its control systems are designed in the face of these challenges?  The high weapon lethality and short response time to react to modern threats, combined with projected manpower reduction in naval ships, will lead to increasing levels of automation and systems integration. This level of integration is predicted to give way to a merging of ship control and combat systems control networks into an environment of ubiquitous computing, supporting what has been described as an “autonomic” ship operational and threat response system. Some ships may be operated by remote control from a combined operations / ship control center during portions of their combat mission. This merging of functions and architecture may extend to inter-ship engagements (cooperative engagement) and extend to integrate ship systems from many allied navies. 

ATTRIBUTES TO REDUCE TOC
Today’s physics object models have the inherent capabilities through use of knowable metrics to monitor and control ship systems to reduce TOC and comply with changing environmental requirements. 

PRO/A Example to Reduce Manning

The PRO/A research showed that adding attributes to the model would then enable a single human operator to handle ship operation duties currently performed by ten (10) naval crewmen under all operating condition. 

PRO/A seems to have been tailored for the LCS and other corvette sized ship programs in order to reduce manning while providing the depth of experience and knowledge for the smaller crew to operate safely with less fatigue and stress. In the Navy’s future there will be fewer ships, fewer operating personnel, and at the same time more complex operational requirements. 
PRO/A had three major components built using object models: An Advanced Artificial Intelligence Reasoning System, Ship View Generator and Platform Readiness Information processor. The ship’s HMEDC systems were model in physics object models, the crew tasks were arrayed for all operational requirements along with a decision artificial intelligence (AI) object model run as an “operator associate” to “assist” in executing crew “tasks” at all Operational Conditions, peacetime to combat.
Other Navy priorities eclipsed the DARPA efforts in the mid-90s, but the concepts were briefed to the DD-21 (now DDG-1000) team in 1999 by the authors of this paper. Some of the PRO/A concepts live on.
HVAC Example

In 2006 an Allied navy requested a highly detailed model of a modern submarine HVAC system for safety and efficiency. An objective model had never been made and serious crew safety issues required resolution. This HVAC model requiring dynamic real-time air and heat flow balance between more 2000 HVAC objects. A detailed air and heat flow network analysis was also performed in an objective model based physics design tool. 

For the 2,000 objects modeled, 90% of all simulated results were within 1% of the physically measured results and 8% were within 2%. The remaining differences were found to be a result of physical measurement survey er​rors and equipment sizing and were corrected. 

This experience in OMBSC analysis provided the confidence to extend conventional physics based design tools used in programs like LPD-17 and DDG-1000 to the mining industry.
Machinery Assessment Examples
 Realtime use of Integrated Condition Assessment System (ICAS) and Failure Effects Analysis (FEA) model data attributes attached to the OMBCS can optimally balance the use of ship’s equipment / systems and provide advanced notice of potential equipment failure. Vibration analysis on rotating machinery can reduce preventative maintenance substantially by deferring maintenance until the vibration signature shows that a bearing is actually wearing. One of the authors was commanding officer of a frigate that was the first surface ship to have installed Adaptive Line Cancellation and Enhancement (ALICE) vibration sensing analysis for all rotating machinery to improve ship quieting for ASW operations. The maintenance benefit of ALICE was that PMS open and inspect was waived as long as the bearing signatures remained normal. The mean time between actually opening bearings for inspection was extended many times the recommended period thus saving thousands of maintenance man hours and the “waste” of expensive spare parts to replace bearings that were satisfactory. (USS Cook FF-1083, 1977) Fleet wide condition assessment can reduce TOC by many millions of dollars.
For similar purposes NAVSESS Philadelphia in 2004-5 funded modeling of FFG-7 high and low pressure air compressors in order to use the models to validate the Navy Integrated Condition Assessment System (ICAS). The models provided the needed metrics for ICAS and also could be used training operators and maintainers.
Common Parts to Common Systems

A previous ASNE paper, “Performance Based Design for Fleet Affordability” (Famme, 2009) described how affordability objectives can be assisted by expanding the design focus beyond ship common component parts (pumps, pipes, valves, motors, wires, switchboards, GT / diesel engines, etc.) individually, up to common dynamically validated designs of sub-systems and systems, and further to a total ship design using the power of physics modeling and simulation. A total ship model can integrate all Navy defined operational objectives into a real time operating model, derived directly from the ship’s design models, This model can then be run in parallel with the actual ship control system, like PRO/A, in order to provide the operational crew ship systems performance metrics within and across all associated hull, mechanical, electrical and damage control (HMEDC) systems. 

Total Ship Object Model Example
If the total ship model is properly implemented and integrated with the ships OMBC/ ICAS system the following contributions to reducing TOC can be expected. (Famme, 2009)
· For Training the OMBC system model will be able to support crew training from the individual, to the team, and finally to the total ship, ashore and embedded afloat using the OMBC design model as validated.

· Operator and maintenance training across engineering, damage control & combat systems
· Total Ship Training System
TOC savings are created because separate simulations for ship training systems ashore or afloat will not have to be acquired at a significant cost using models that were not dynamically validated for the specific ship. 

In 2001, PMS430 sponsored an International multi-navy demonstration of the Battle Force Tactical Training (BFTT) system at the annual Inter-service /Industry Training System Education Conference, I/ISEC, Orlando Florida, The USN participating “ship” unit was a notional Aegis CG-47 that was provided with an embedded total ship HMEDC physics model that “ran” in parallel with the CG-47 OMBCS HMI model provided by the Navy. The HMEDC and control systems models were interfaced to the BFTT Aegis combat systems model. The HMEDC model was enhanced with the Damage Control Asset Management System (DCAMS) and a decision aid system supported by the ship’s physics model’s computed progressive flooding mapped to the ships’ cross curves of stability, as well as fire spread and smoke spread models. The damage control team and evaluators were outfitted with wireless graphic devices to record damage and to enter corrective actions taken by the crew in accordance with EOSS, EOCC and CSOSS procedures. All data was recorded for playback and evaluation.
This same object models can also provide support during deployed operations and ashore for Distance Support from NAVSEA.

Capture the Navy Intellectual Design Property to Reduce TOC.

Building and using a total ship model also provides the opportunity to archive and reuse the Navy paid-for intellectual property of the entire 3D CAD / Physics Object Models of the ship class. The combined CAD-Physics model can be archived for review and reused by the Navy and the shipbuilders for future ship programs. The OMB design and control models contain all of the parameters of each object with access to the actual equations / assumptions of the designs. Today all of this intellectual property, for which the Navy paid millions of dollars, is not captured in an organized manner. It is primarily stored in the engineering notebooks of thousands of engineers and designers. Using OMB design and control systems would automatically and with virtually no additional cost allow the Navy to capture, review and “replay” the ship design process thus capturing the actual model that cost many millions of dollars that was created in 3D CAD with the associated physics object models for each CAD drawing. CAD shows that systems fit: Physics shows that systems work.  
The NAVSEA PMS430 ROI analysis for embedding the described Object Model simulation aboard ship had an ROI equaled $10.63 for every dollar invested in building and integrating the training model into the OMBCS. (PMS430, 2001)
Potential TOC Reduction Using Object Modeling

TABLE 2.  OMBCS Lifecycle Savings 30 Ship in Class 

	Table 3. 

Design and Lifecycle Phases
	Projected Savings Reuse PBDC Models 30 Ships in Class over Life Cycle of 30 Years   ($M)

	Ship Requirements
	Given

	Concept Design
	Complete

	Preliminary Design
	Complete

	Automation Design Updates - Full Reference Model Avail.
	($0.50)

	Contract Design
	Complete

	Detail Design
	Complete

	Construction 
	Complete

	Tests-Trials  - Full reference Model Available as Performance Standard
	($1.00)

	Training PBD models embedded for Eng.-DC training reduces travel/time lost
	($30.00)

	Decision Aids PBD models improve efficiency - support CSOSS-EOSS-EOCC
	($50.00)

	Distance Support PBD models support NAVSEA trouble repair for reduced crews 
	($60.00)

	Modernization Ship-Alts - PBD Ref Models used to pre-validate modernization
	($60.00)

	Savings per Ship 30 Yr.
	($201.50)

	Life Cycle Savings: 30 ships in Class
	($6,045)


The cost of OMB object and objective design modeling for a class of ships as described in this paper might be in the range of $25M. The Navy return on investment is in the range of $242 for every $1 of model cost. To be conservative, the estimated cost of building the total ship object model was doubled. 

Doubling Equipment “Life” can Reduce TOC 19%
A NAVSEA ROI model for the doubling of the life of “parts” showed a 19% reduction on TOC for the ship program (Strickland, J. 2011) The submarine community seems to have already adopted this strategy to reduce TOC with the Virginia Class.
Commercial Object Models Come with Attributes to Reduce TOC

Object model design tools used for both ship and control system design come “out of the box” with attributes that if populated with data can allow designers to select the “parts” / “system” with the lowest TOC. These attributes should be used during design to select TOC reducing components. When ICAS and OMBCS are fully integrated the sensing and metrics can be used to achieve optimum performance, efficiency and full life of all HMEDC and combat system parts, components and systems markedly reducing TOC.
Ship designers could take greater advantage of the software they already purchased. Here is the example of a ship object library for a ventilation fan object model used in the mining control systems (Every object in the entire ship model has similar attribute categories).  An example of   attribute categories is listed here: 
“FAN - AIR HANDLING”

· Identification
· Description
· Graphical representation
· General Specifications and Features of the Model
· Normal operating modes of the model
· Standard Malfunction available
· Data interpretation
· Mathematical model description
· RULE variable description
· STATE variable description
· References
· Nomenclature”
An “Opened” HVAC Library Icon Attributes list is a shown in Table 3. Attributes included in this standard set: 
Table 3. Standard Object Attributes
	Attribute Description
	Units

	Equipment Cost
	$

	Installation Cost
	$

	Spares Cost
	$

	Documentation Cost
	$

	Labor Hours Install
	Hrs.


The above Object Library attributes can easily be expanded to include addition TOC attributes such as performance metrics for:

·  Lifecycle cost
·  Reliability 
· Maintainability
· Mean time between failure (MTBF)

· Return on investment
· Operational efficiency 
· Training costs

· Operator costs
Additional performance indexes or figures of merit can be created that best guide designers to design to meet TOC from the very first tap on the keyboard. 
Ship as a Truck

A total ship model with an object model based ship control system for a class of ships seems to be a perfect match for the NAVSEA concept of viewing a ship as a truck. (SD-8, 2011) The world naval markets have witnessed significant commercial success of the Damen series of commercial, off- the-drawing board vessels over abroad range of sizes. The natural extension of a standard hull would be to integrate standard HMEDC objective modeled sub-systems and systems, with an objective model OMB control system. As was demonstrated in the SMCS program, when the SMCS OMBCS was moved from a DDG to CG, the fact that the control system was built as object models made the conversion very easy. The whole process of moving the SMCS OMBCS from the DDG-51 hot plant in Philadelphia to the CG-48 Smart Ship, installing it and rewriting the code for the different reduction gear set took about 12 weeks.

Korean Navy Use of Objective Modeling

In the 90’s Korea embarked on an effort to improve its naval ship design process by following a path for ship development as described in this paper. The Objective was to lower cost and risk with the increased use of modeling tools from other countries.  Korean naval ship development has seen a progressive improvement in the use and integration of advanced Computer Aided Design (CAD) and Computer Aided Engineering (CAE) design tools.
In particular CAE Engineering tools were introduced and used for HM&E and DC system analysis and Independent Verification & Validation (IV&V), first on isolated systems then applied to both major and minor  ship programs, such as the Landing Platform Helicopter (LPH) Dokdo, and the Aegis Destroyer KDXIII programs, as well as the Fast Missile Craft (PKX-A).

Using an evolutionary approach the ROKN has continued to increase its use of modeling and simulation in its new ship programs that are now being more fully implemented in the design of the ROK Navy’s first 3,000-ton KSS-III submarine, currently under design in South Korea using indigenous technologies. As part of this program a concurrent virtual ship model comprised of both CAD & physics models is being constructed as part of the design and review process in order to better control cost and reduce program risk.  Similar efforts will be undertaken in the ROK’s next Frigate program (FFX) and the next Salvage Vessel, (ATS).
CONCLUSIONS

The authors have first-hand experience in the use of objective models based design and control systems for ships. Object modeling has been used by shipbuilders for every phase of design of the ships and their control systems. The true synergy and cost saving comes from the ability to translate the ship object model design directly into the ship’s object model based control system  to achieve  the TOC savings of Table  2. 

The same object modeling tools have supported every level of control system integration and automation discussed in this paper. The only difference has been  the customer’s acceptance f the capabilities of the object modeling tools and the customer’s imagination and ability to overcome cultural barriers to build and use systems with higher degrees of integration, automation and operational decision aids. TOC reduction using object model based design and control is the new frontier.
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Figure 1.  Early design drives future costs.





Figure 2. OMBC Mining System
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