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1. Introduction

Model-based Systems Engineering (MBSE) is a strategic initiative for INCOSE. The MBSE Initiative was established in 2007 to help advance the practice as outlined in the Systems Engineering Vision 2020 [1].  Since 2007, there has been growing interest in MBSE from academia and industry, and a corresponding evolution in model-based practices along with increased industry adoption.  Some of the model-based practices have been demonstrated through the MBSE Initiative, such as the Telescope Modeling Challenge Team results [2]. As MBSE continues to evolve to support the Vision 2020, the emphasis is to integrate the system model with other engineering models such as mechanical, electrical, software, test, and a broad array of engineering analysis models. This is essential to enable the system model to become a primary part of the technical baseline, and achieve the benefits of MBSE.  This article summarizes the results from the panel at the INCOSE International Symposium 2011 entitled “Integrating MBSE into a Muti-disciplinary Engineering Environment”. 

2. Challenge
Model-based systems engineering (MBSE) formalizes the practice of systems engineering through the use of models. Modeling is a common practice that is shared by most other engineering disciplines, and includes electrical circuit design models, three-dimensional computer-aided design models, software design models, and analytical models used to support performance, physical and specialty engineering analysis. However, each engineering discipline uses different models and tools whose results are not generally integrated. The lack of integration is a source of design discrepancies and errors, and inefficiencies. MBSE can provide a means to integrate multi-disciplinary engineering models including systems, hardware, software, test, and engineering analysis throughout the development life cycle.
3. Panel Questions
The panel included representatives from other engineering disciplines to begin to answer the following questions and help guide the future directions of MBSE.
1) What should other engineering disciplines expect from MBSE?  

2) What should systems engineering expect from other disciplines to enable MBSE?

3) What can MBSE learn from model-based approaches used in other engineering disciplines? 
4) How should the practices and tools be integrated and/or coupled across disciplines? 
5) How are the system, hardware, and software models managed to ensure an integrated technical baseline?
6) How should a program be organized to achieve more effective utilization and application of model-based engineering? 
4. Panel Members
The panel members included representation from various companies and organizations with experience in systems, software, electrical, mechanical, and test, to help address the questions. The panel members included: 
· Sanford Friedenthal (Moderator). Sanford is cochair of the INCOSE MBSE Initiative. He recently retired from Lockheed Martin where he was a Fellow and led the corporate initiative on model-based systems development. He also is the INCOSE liaison to the Object Management Group (OMG) where he is involved in the development of modeling standards such as SysML. Sanford is now an independent consultant.
· Ron Williamson (Enterprise Architect).  Ron is a Senior Engineering Fellow at Raytheon, and has been involved with model based systems and software engineering since the early 1990's.  Ron's experience includes application of software and systems engineering in several customer domains including command, control and intelligence systems, NASA satellite based earth observation information management systems, next generation air and land transportation systems and most recently energy and environment systems. He is a Raytheon/OpenGroup Certified Architect and participates in corporate wide assessments of both systems engineering and enterprise/system of systems architecture artifacts, processes and competencies. Ron participates in the OMG Unified Profile for DoDAF/MODAF (UPDM) standard effort related to modeling standards for Enterprise and System of Systems architecture frameworks. 
· Mark Hoffman (Software Engineer). Mark is a lead software developer at Lockheed Martin Space Systems Company.  Mark has been developing object-oriented software since 1995 and supporting UML modeling for software design since 2000. His current responsibilities include leading the software modeling effort on the Orion Human Space Flight Vehicle. In this role, he has been responsible for establishing the model-based software development approach and environment, modeling the flight software high-level design and architecture, and coordinating the modeling effort across multiple geographically distributed subcontractors. Mark has leveraged the capabilities of model-based design to develop a modular software architecture using design patterns and reuse components to support a large scale software system.
· Alex Jimenez (Electrical Systems). Alex is Technical Group Supervisor for the Electrical System Engineering Group within the Systems Engineering Section at JPL.  He has held several roles including flight system engineer, electrical flight system engineer, assembly test and launch operations test engineer, launch vehicle integration engineer,and electrical system engineering project element manager. He is currently leading the formalization and improvement of how electrical system engineering is practiced including developing and implementing an integrated multi-disciplinary, cross organizational electrical system engineering and harness engineering model based tool and process.
· Hans Peter de Koning (Concurrent Design Methodologist).  Hans Peter is a system engineer in the Systems, Software and Technology department of the European Space Agency’s Research and Technology Centre (ESTEC) in The Netherlands. In his current role, he is responsible for the development and implementation of methods, tools and standards in ESA’s Concurrent Design Facility (CDF, for details visit http://www.esa.int/cdf). In the CDF, ESA performs multi-disciplinary conceptual design studies for future space missions with around 20 disciplines in the team. Hans Peter is also a key contributor to a number of ECSS (European Cooperation for Space Standardization) standards for system engineering, including conceptual data models to support MBSE. He is an active member of the INCOSE MBSE Initiative and led the development of quantities and units for SysML v1.2 and 1.3. Before joining ESA in 1999, he worked in Japan, the UK and The Netherlands, mainly with Fokker / Dutch Space as a thermal control engineer on many space projects and as lead developer of numerical analysis, simulation and design tools. In addition he chaired the Dutch national standardization committee on Industrial Data. Since 1999 he is co-organizer of the annual NASA-ESA Workshop on Product Data Exchange.

· Nicholas Di Liberto (Integration and Test). Nicholas is a principle system engineer for the Electronics Systems Sector of Northrop Grumman. For the past 5 years, he has been working developing Integration and Test methods and plans for large scale distributed radar systems. He currently is the Integration and Test Technical lead for the Northrop’s Air and Missile Defense Radar (AMDR) program. He is also an active member of Northrop Grumman’s Model Driven Engineering Community of Practice and Integration & Test Community of Practice working to adapt MDE methods into the I&T arena. 

5. Panelist Position Statement Summaries
Each of the panelists provided an overview of their position statements during the panel. There position statements are included as part of the Panel Proposal [3], and their presentations [4, 5, 6, 7, 8] can be found on the INCOSE Connect Site (need reference URL).  Each of the panelists has experience participating in model-based systems engineering efforts from the perspective of their discipline, and all agree that there is significant value in integrating MBSE with the other engineering disciplines. Some of the messages from each of the panelists are highlighted below.

Ron Williamson, Enterprise Architect, Raytheon
· MBSE sets the context for other engineering disciplines by specifying system behavior, structure, -ilities, and constraints.
· Compatible model vocabularies and semantics (e.g., interface, component and thread) is key to integrating across disciplines.

· Loose coupling between discipline models is more viable in the near term than fully integrated models.
Mark Hoffman, Orion Flight Software, Lockheed Martin
· Using the model-based approach to develop over one million lines of 1 flight code for Orion Crew Exploration Vehicle.
· MBSE should provide more timely information, improved traceability from system to software requirements, use of scenarios to drive test cases, and enable change impact analysis.
· MBSE can learn from model-based software development including organization of large models, configuration management approach, and reuse of design/architectural patterns
· A model architecture is needed to tie all the models together.
· Program management and configuration management have critical role in managing large modeling efforts.
Alex Jimenez, Electrical Systems Engineer, Jet Propulsion Lab
· Integrated model-centric approach to cable harness design has substantially reduced manual entry errors between electrical design and mechanical design and fabrication.
· MBSE should help to further improve productivity and quality by more precisely and seamlessly specifying the requirements and interfaces

· Integrate across disciplines by automating design data exchange and applying configuration management to exchanged parameters 
· Need to ensure sure tool venders understand tool integration challenges and dependencies, and are helping to solve them.
· Assess end-to-end ROI of improvement across disciplines, versus within a single discipline
Hans Peter de Koning, Concurrent Design Engineer, European Space Agency
· Discipline specific engineering modeling fairly mature (except systems engineering), but models are poorly connected

· MBSE can learn from the mature methods of other disciplines (mechanical, electrical, controls, software, database design)

· ESA Concurrent Design Facility supports an integrated repository approach

· MBSE repository enables a cross discipline data/model hub (e.g. requirements, functions, logical and physical architecture, interface definition, verification definition, traceability)

· Integration approach should federate models, maintain loose coupling, and use MBSE as central data hub 

· Don’t standardize tools, but encourage use of open standards (protocols and API’s)
· Technical baseline management and multi-disciplinary collaboration needs to leverage product life cycle management and learn from open source software community
Nicholas Di Liberto, AMDR Integration and Test Lead AMDR
· MBSE can help test engineering provide early confidence in test approach and identify impacts of change. 
· The system model can be augmented to capture the test design to improve traceability from requirements through test, and increase the fidelity of the test plan.

· Debug the test plan and keep tests in sync with requirements.  
· Provides rationale of why a test was defined, and to what requirements. 
· Managing the model requires clear responsibility and disciplined approach
6. Common Themes 
The following are some of common themes that surfaced from the panelists and open discussion.
· MBSE offers significant benefits to other disciplines by providing more timely and accurate information that cuts across disciplines, such as the concept of operations, system functions, interfaces, system structure, shared parameters, and traceability. This information can improve the quality of design requirements and change impact assessment.
· MBSE is immature relative to the model-based approaches used by other engineering disciplines, and should learn from their approaches. This includes approaches to configuration and model management, reusable models and design patterns, object-oriented modeling concepts, model execution, model rigor and discipline, and more.
· The modeling environments should be loosely coupled, at least in the near term to enable interoperability among the engineering models and tools. However, a model architecture should be established to show how the models integrate, and what information is provided by what model. The system model can serve as a hub to integrate other models and critical design parameters. Model transformation is a promising approach to achieve higher levels of integration and interoperability. 
· A standard-based approach is key to success, and includes the need for tool vendors to support standard interfaces.
· A common lexicon is needed which is extended for each discipline, such as component, interface, and thread (as Ron points out). This common lexicon should be shared among the models semantics.

· The model based approach should be viewed as an enabler of collaboration, but by the same token, the organization, program, and project cultures must be prepared to embrace this collaboration.

· Implementing an MBSE approach requires a migration path that includes incremental improvements and measured successes. Look at the end to end benefits across disciplines versus the benefits of a single discipline such as the benefits of an integrated tool chain from system interfaces through cable design.
7. Summary
MBSE is continuing to mature and evolve. A critical role for MBSE, as it is for systems engineering in general, is to serve as an integrating function across the engineering disciplines. In MBSE, the system model can serve as a hub for integrating other models, and become part of the technical baseline. 

The panel results provide several insights that can serve to guide the future direction of MBSE. These results can be factored into the overall INCOSE MBSE Initiative. The results can also be given visibility through various forums to encourage collaboration among systems engineering and the other engineering disciplines to address these issues. 
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