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Abstract
With the rapidly changing landscape of national security threats, innovative future combat systems must be defined, created, and deployed faster than ever before.  Yet, these new systems, which by definition will be more complex, must exhibit extremely high levels of reliability, durability, agility, and efficiency.  Driving this faster innovation requires changes to traditional processes for military system specification, bidding, contractor selection, military-industrial design collaboration, prototype evaluation, and production.  

This paper will present five simulation-based, virtual prototyping concepts developed in commercial vehicle design that can streamline this process of future combat system development.  We will introduce; (1) the Functional Virtual Prototyping and the Functional Digital Vehicle concept,  (2) the Virtual Test Lab for automated system performance evaluation, (3) the methodology of Subsystem Template Definition and Sharing, (4) Design Robustness concepts, including Six Sigma, for optimizing systems and subsystems, and 5) Virtual Prototyping Maturity Model for accessing organizational simulation capabilities.  We will conclude with a discussion of the Automotive Research Center which is an activity consisting of industry, government, and university representatives focused on methodology and tool development for use in virtual prototyping.

The objective of this paper is to propose a series of methodologies aimed at driving faster innovation of military systems while mitigating risks.  Each of the methods introduced herein have been proven in various focused areas of commercial vehicle design, but have yet to be fully deployed in a military procurement and development process.  We believe the benefits to be achieved through such a deployment are enormous.
Introduction

An engineer starts their day to find two requests from the program manager: 1) determine the impact on vehicle handling due to the manufacturing variation of a rubber bushing on a vehicle in production, and 2) determine the impact on driver comfort, if the maximum cargo load i increases by 10% on the same vehicle.   A quick investigation reveals there are 13 suppliers involved in the vehicle program; getting data and models will be a challenge, but feasible.  After a few phone calls, they determine some basic models are available, but they would require several months of updating and validating to be usable.  It is estimated that it will take six months to answer the questions.   A reasonable estimate, but an answer is needed in a week to respond to a request for quote (RFQ).

This dilemma is common.  Design changes, derivative products, manufacturing variation and changing requirements are constant challenges in any organization.  These challenges are aggravated by the requirement to deliver new systems with higher complexity and new technology in a shorter period of time.  These factors pull in opposite directions, and without a change in tools and processes, programs will be unable to meet performance, cost or timing requirements; or, systems will be fielded that have long-term maintenance costs higher than expected.

The end-user in the field demands that designed equipment operates as intended.  In order to meet this goal, requirements are established within a comprehensive acquisition and review process.  Physical testing is then performed to validate the design meets the requirements, but this testing occurs very late in the process.  As the design cycle is compressed, Modeling and Simulation becomes a strategic tool to drive the acquisition process, ensure problems are identified early, and perform final system validation without issue. 

How is Modeling and Simulation (M&S) being used today, and how should it be structured differently?  How should physical testing and M&S work together?  What technologies are critical?  How should the technologies be organized to work effectively with extended engineering teams?  Can the manufacturing variation be factored in?  Is there a framework to assess capability and improve processes?  The purpose of this paper is to address these questions.

Testing in the Acquisition Process

Fielded systems are validated against functional requirements through a comprehensive physical-testing program, beginning late in the development cycle (Figure 1).  Many times these tests represent the first time the complete system is tested; therefore, unexpected problems are typical.  Depending on the severity of the issues uncovered, results can include delay, cost overruns, or cancellation of programs due to inability to meet program requirements.
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Figure 1:  Acquisition Timeline

Modeling and Simulation (M&S) is used to mitigate these issues, but the organizations responsible for different subsystems are using different modeling systems, so models cannot be easily combined into a complete system model.  There are complete system M&S efforts in the Concept and Technology Development phase, but these are typically cursory and not carried into later stages of development.   Detailed system modeling efforts are restarted from scratch, later in the development phase, but at this late stage there is great inertia opposing change, even if problems are identified.   M&S efforts can be characterized as fragmented, disconnected and untimely, limiting the impact on mitigating vehicle functional shortfalls at a reasonable cost.

Modeling and Simulation can have an impact, but a common environment must be created in the Concept and Development Phase and carried through the entire program (Figure 2).  This will facilitate system level functional predictions early in the program, resulting in fewer problems identified when fully functional physical prototypes are built and tested.   Further, the M&S environment must be integrated with physical testing.  The technology to accomplish these goals is Functional Virtual Prototyping.
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Figure2:  Acquisition Timeline with Continuous M&S + Testing

Functional Virtual Prototyping

Functional Virtual Prototyping (FVP) is based on a process that is analogous to physical prototyping, but allows for faster turnaround in results.  First, you build a virtual prototype of your product (on the computer), then you test it, and finally you review your results through animations and plots.  Through repetition of this process, you can quickly evaluate numerous design configurations and explore your complete design space.  This increases your confidence that the design you ultimately select will meet your targeted specifications for performance.
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Figure3:  Functional Virtual Prototyping

For vehicle systems, the key to FVP is the Functional Digital Vehicle (FDV), which provides a vehicle specific hierarchical structure of major systems, subsystems and test standards.  The subsystems can be built, tested and validated individually by the respective supplier, and then the Lead System Integrator (LSI) can select the subsystems of interest to perform full system testing, early in the design cycle. 
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Figure 4:  Functional Digital Vehicle

Virtual Test Lab

The structure of FVP allows the users to set standards for modeling and testing.  Since physical test standards are typically documented, the FVP environment should use the same standards, creating a Virtual Test Lab (VTL).  VTL unites testing (physical and virtual) with one set of standards, facilitating comparisons, validation and correlation.    By uniting the two mediums, value is added to both.  From the virtual side, virtual prototypes can be validated with less effort and less time.   The faster virtual prototypes are validated, the sooner the results will be used.  From the physical side, the number of test points can be minimized to the areas of greatest concern.  Since the virtual prototype is validated, it can be used to more effectively and quickly identify these test points.  Minimizing the number of test points can save tremendous time and money in the validation phase of a new platform.  

[image: image17.png]srla_rms_2_4 Time= 3.3400 Frame=335





Figure 5:  Virtual Test Lab
VTL can include tests for packaging (interference), handling, durability, ride, vibration and safety (Figure 6).  From the same virtual prototype, a user can determine the loads during a durability event and the cornering capability of a fully loaded vehicle.  Combinations of loading conditions tire inflation pressures and duty cycle can be explored from the engineer’s desktop, before a physical prototype is built.   
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Figure 6: Virtual Functional Tests
Subsystem Template Definition and Sharing

In order to fully realize the utility of the Functional Digital Vehicle, the concept of defining and sharing subsystem template is critical.  As the design process progresses, the virtual prototype models will be relied upon to investigate more and more functionality.  Initially, it may be enough to understand speed of operation, the space envelope of operation, the total power requirements, etc.  This understanding can help drive component topology selection and overall design parameters.  Then, as issues of comfort, noise, vibration, and durability need to be addressed; the virtual prototype model will need to be enhanced.  It is important that the virtual prototype can access subsystem models of varying complexity topology, and fidelity.  For investigations of more complex phenomenon, it will be important to enhance the model by replacing more and more of the rigid subsystem models with flexible counterparts.  Models of the fluid power systems that interact with the mechanical and electrical components will need to be represented.  Automatic control systems that alter the operating performance of the product will need to be accurately represented.  These are all natural extensions of the initial virtual prototype.  Component and subsystem models of varying complexity must be constructed in such a manner so as to be quickly interchangeable.  For instance, when investigating engine performance in a vehicle, it may be important to exercise a fairly detailed engine model that includes a flexible valvetrain with cam-rocker contact.  However, if vehicle dynamics is the main focus, the engine model can be effectively replaced with a much simpler representation.  A template-based design system that allows for quick and easy exchange of subsystem models of varying complexity is of paramount importance for effective design refinement. 

Once the engineering analysts have worked through a few virtual prototyping cycles and helped create validated models that can be exercised through the parameter changes requested by the development engineers, the virtual prototyping environment can be automated through the use of a template-based design system.  It works as follows.  The engineering analysts catalogue: (1) parametric subsystem topologies that are normally considered for new products, (2) typical design parameters that are varied in the design process, (3) the range of validity of various modeling assumptions, (4) the different levels of subsystem model representations required for various levels of fidelity, and (5) standardized test set ups and environments. 

Then an analyst utilizes a template-based design system to create a series of design templates that can be used by the designers and development engineers to evaluate design changes.  These templates automate the creation of the subassembly and system models.  They allow input only within the range of the validated modeling assumptions.  They hide the complexity of the model by only presenting the parameter changes that have traditionally been varied.  And they automate the selection of subassembly representations in accordance with the type of test or performance output that is requested.  If this is integrated with a product data management system, it allows for quick comparisons of new design performance with previous designs or competitive target designs.  The analysts publish these design templates internally for use throughout the design process and even later in field troubleshooting.  

This makes it possible to have an Army-wide virtual prototyping process where any engineer at an LSI can access a validated model of any subsystem from a supplier (Figure 7).  They can replace design parameters, add automatic control systems, and run the vehicles through standard test procedures to understand the effects of proposed changes.  This is extremely powerful in stimulating creative input and capturing corporate design knowledge.
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Figure 7: Army-wide Collaboration

Design Robustness

Once a system-level virtual prototype is validated, then a very rigorous design investigation process, such as Six Sigma, is within reach very early in the design process.  First, a complete battery of product functional tests are defined and finalized.  Next, potential design changes are identified in terms of component parameter changes, system topological changes, and potential manufacturing tolerances.  Performing the complete battery of selected tests with all combinations of parameters and tolerances is both impractical and unnecessary.  Statistics-based, Design-Of-Experiment (DOE) methods are used to consider the entire universe of combinations of these changes and determine what combinations of these parameters must be simulated in the battery of virtual tests in order to give a statistically relevant prediction of the envelope of operating performance.  The identified combinations are then simulated using both the virtual prototype and the battery of virtual tests, and the results are exported in either spreadsheet or web-friendly format.  The results can be used to assess the relative importance of the design parameters and in combination with optimization techniques help determine the ideal design configuration.  This approach also facilitates rapid, knowledge-based decision making in product design review meetings.  Requested changes to system design points or parameters can be immediately assessed for their impact on performance, safety, durability, comfort, and cost.  Faster decisions and a better balance of competing functional performances result from this approach.

Virtual Prototyping Maturity Model

Effective use of Modeling and Simulation requires much more than successful delivery on a single analysis or project.  This is particularly true for initiatives such as simulation-based acquisition and the Functional Virtual Prototyping process where data must be shared, designs from various suppliers evaluated, physical and virtual tests coordinated, and where many different organizations have input.  To assist commercial as well as government organizations in developing a capable M&S environment, a Virtual Prototyping Maturity Model (VPMM) has been created as a standard for developing and assessing virtual prototyping capabilities.  The five-level VPMM functions as a road map for capability development, provides paths toward higher levels of capability, and assists in creating strategies for continuous improvement.

The five levels are:

Level 1
Initial (Trouble shooting; poorly defined CAE, CAD, and design processes; single department or single user analysis)

Level 2
Repeatable (Standardized testing; focus on methods development and model validation; single attribute performance evaluation; multiple users within a department; coordination between test and analysis)

Level 3 
Defined (Product validation; teams of engineers and designers in collaboration; template based environment; well documented processes)

Level 4
Managed (Virtual Prototyping (VP) is standard part of development process; design sign-off based on VP results; hardware mainly for final validation; enterprise-wide deployment; multi-disciplinary issues investigated; design of experiments and robustness methods in use)

Level 5
Optimized (Virtual Prototyping required, optimized, and web enabled; continuous improvement process in place; global teams including suppliers and design teams)

This approach can be used by an organization to assess internal capabilities, or in the case of a military program, used by the Lead System Supplier (LSI) to rate the capabilities of the extended engineering enterprise.   The assessment results should be used to create effective and achievable action plans to increase capability over time.

Using Functional Virtual Prototyping to Drive SMART

Functional Virtual Prototyping can be used as a strategic tool in the SMART process.  Creating a common environment early in the technology demonstration phase of the program, and deployed to the supplier base is critical to success.  The environment should contain the following:

1) A template based structure that would allow the vendors to try new subsystem and system concepts.

2) Validated models of the technology demonstrator

3) A library of tests that represent simulation equivalent of the physical validation tests

4) A library of relevant data  (terrain, tires, bushing….)

Examples of this approach include Joint Strike Fighter (JSF), Logistics Vehicle Supply Replacement (LVSR).  In the JSF example, Lockheed-Martin was the strategic sponsor for a template-based tool for landing gear design, called ADAMS/Aircraft.   During the technology demonstration phase of the JSF program, Mechanical Dynamics Inc. (MDI) and Lockheed-Martin worked together to specify, create and validate the tool.  Shortly after the selection of Lockheed-Martin for JSF, the tool was commercialized as ADAMS/Aircraft and was made available to the general public.  This product is being using by Lockheed-Martin as their virtual testing platform to test the various JSF landing gear configurations during landing and take-off.  The topologies for the various configurations and standard tests are included as standard templates in ADAMS/Aircraft, providing access to all licensed suppliers for use in their design activities on JSF and other programs.

Another example is the Logistics Vehicle System Replacement (LVSR ) program (www.marcorsyscom.usmc.mil), a U.S. Marines (USMC) program.  The LVSR created a customized FVP tool in the technology demonstrator phase of the program, lead by Nevada Automotive Test Center (NATC).    The tool contains validated virtual prototypes of the current Logistics Vehicle System (LVS) and three LVSR concept vehicles, generic data for each vehicle and standard USMC validation events.  These validated virtual prototypes became the basis for development of a vehicle evaluation platform, which centers on customized vehicle templates.  The templates capture all of the fidelity and accuracy of the validated virtual prototypes, while achieving an ease of use threshold suitable for design engineers to efficiently design and evaluate their designs.  The customized templates will be made available to all potential vendors at the time that the LVSR request for proposal (RFP) is released; tentatively June 2002.  The vendor virtual test results will be included in their response to the RFP. 

The Automotive Research Center

To complement efforts toward implementing a simulation based acquisition system the Army has created the Automotive Research Center (ARC) which is a U.S. Army Center of Excellence for advancing technology for high fidelity simulation of military and civilian ground vehicles. ARC is the key research partner of the National Automotive Center at the Tank-Automotive Command in Warren, Michigan.  The stated goal of the ARC is to study and demonstrate the creation of a flexible, agile simulation system composed of a hierarchy of models of varying resolution that can be tailored to meet a range of simulation objectives and can significantly impact the product development process of military and commercial automotive manufacturers.  This clearly in keeping with the strategies outlined in this paper, particularly with respect to creating system and subsystem models of varying complexity that can be accessed and used at different stages of the virtual prototyping process.

ARC research has five thrust areas: 

Thrust 1: Intelligent Vehicle Dynamics and Control 

Thrust 2: Synthetic and Virtual Environments 

Thrust 3: High Performance Structures and Materials 

Thrust 4: Advanced and Hybrid Powertrains  

Thrust 5: Integrated System Design and Simulation 

Again in keeping with the success factors of a capable virtual prototyping environment as outlined, the Center is studying the creation of modular templates that allow tailoring a particular simulation task to the required application.  One of ARC's special strengths is that its activities encompass detailed, high fidelity simulation modules, backed by experimental verification, as well as system integration technologies that connect individual models to meet system level objectives. 
Conclusion

Modeling and Simulation is key to meeting the challenges of a faster development and acquisition cycle.  In order to have an impact, Modeling and Simulation needs to, 1) use a common environment created in the technology development phase, 2) contain a system of sharable templates, and 3) integrate with physical testing.  Functional Virtual Prototyping (FVP) and the Functional Digital Vehicle (FDV) are enabling technologies to meet those goals.  FVP can be used to answer questions earlier, faster and quicker.  Questions ranging from the vehicle durability to vehicle handling characteristics can be answered from the same environment.  This can than be extended to explore the impact of statistical variation, including manufacturing variation, creating enablers for management systems such as Six Sigma.

To guide an organization in the development and deployment of an FVP environment, a capability model called the Virtual Prototyping Maturity Model has been created.  The model defines levels of capability, with the ultimate level enabling an engineering organization to drive a design via virtual prototyping.  The model can be used to assess current capabilities, including suppliers, which can be used to create achievable action plans to attain the highest level of capability over time.
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